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Summary
The experiments presented in this thesis deal with two 

aspects of the transcriptional control of herpes simplex 
virus type 1 (HSV-1) immediate early (IE) gene expression.

Stimulation of the IE gene set is mediated by a protein 
component of the virion, Vmw65, whose gene has been mapped 
on the viral genome (Campbell et al , 1984). A specific DNA 
fragment, BamHI F, containing the entire coding and flanking 
sequences for Vmw65 has been sequenced using a bacteriophage 
Ml3 shot-gun cloning strategy and the dideoxy sequencing 
technology. The fragment is 8,055 base pairs in size. The 
mRNA for Vmw65 has been positioned precisely, by nuclease SI 
mapping. The predicted open reading frame for Vmw65 consists 
of 490 codons and translates to a protein of molecular 
weight 54,342. The protein would appear to have no 
outstanding physical characteristics, such as regions of 
extreme hydrophobicity or hydrophilicity, but has 
significantly more acidic residues than the average protein, 
especially towards the carboxy terminus. The 5' and 3' 
flanking sequences of the gene exhibit recognisable signals 
known to be involved in the regulation of transcription and 
termination of eukaryotic genes. A homologue to Vmw65 has 
been identified in the genome of varicella-zoster virus 
(VZV; A.J. Davison, personal communication). The proteins 
from the two viruses are highly conserved at the level of 
amino acid sequence and approximately colinear, although the 
VZV equivalent is 80 amino acids shorter than Vmw65 at the 
carboxy terminus.

Three other genes can be detected in the sequence of 
BamHI F, consistent with the mRNA mapping of Hall et al
(1982). The functions of the products of these genes are 
unknown. All three genes have homology to genes on the VZV 
genome at the level of amino acid sequence, but the degree 
of conservation is variable. The region of VZV which is 
analogous to the BamHI F fragment shows an identical 
arrangement of genes to HSV-1.



The second aspect of IE gene control which has been 
investigated is the reported autoregulation of IE gene 3 
expression by its product VmwI75. This is based on 
experiments which showed Vmwl75 to be present in lower 
abundance at early and late times, when compared to IE 
times, and the observation that a temperature sensitive 
mutant in Vmwl75 (tsK) overproduces IE gene products. The 
investigation involved the use of plasmid constructs in 
which the HSV-1 thymidine kinase (TK) was placed under the 
control of IE promoters. These plasmids were analysed for 
expression of TK activity after introduction into tissue 
culture cells, together with the cloned Vmwl75 gene from 
wild type or tsK virus, by calcium-phosphate transfection. 
The results presented confirm that autoregulation does 
occur. Polypeptide Vmwl75 is able to stimulate expression 
from the promoters of IE genes 2 and 4/5, but not from its 
own promoter. This finding suggests that autoregulation may 
occur indirectly via competitive exclusion of the IE gene 3 
promoter from the transcription machinery at post-immediate 
early times. The reason why Vmwl75 cannot activate its own 
promoter is unclear, however some evidence is presented 
implicating the enhancer region of IE gene 3. The 
observation that Vmwl75 activates other IE promoters, 
presumably in an analogous manner to the activation of early 
and late gene expression, may provide an insight into the 
role of these IE gene products in the viral lytic cycle.



ABBREVIATIONS

Most of the frequently used abbreviations have been 
defined in the relevant area of the text, however those 
which have not are listed below. Abbreviations for buffers 
and media are given in the Materials and Methods section.
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INTRODUCTION



This introduction is designed to cover areas of 
knowledge pertinent to the study of gene expression in 
HSV-1. It is important to examine HSV-1 transcription in the 
light of what is known about eukaryotic transcription in 
general, however, the reader will quickly realise that the 
reverse is also true and the study of the control of viral 
gene expression has been invaluable in constructing rules 
for transcriptional control of all genes. Constraints on 
time and space have forced me to treat the fascinating 
biology and molecular biology of herpesviruses rather 
abruptly.

1. Eukaryotic Transcription

1.1 The Structure of Messenger RNA
Production of mRNA in eukaryotic cells is often not 

simply a matter of transcribing DNA into RNA. Many 
transcription units are much longer than the final mRNA 
molecule (Gilbert, 1978), non-coding intervening sequences 
(introns) being removed, selectively, by a process called 
"splicing". Furthermore, mRNA molecules are "capped" by the 
addition of a methylated guanylate residue at the 5' end of 
the primary transcript (Banerjee, 1980) and 3' 
polyadenylated, probably via a mechanism similar to splicing 
(Moore & Sharp, 1984). A diagrammatic representation of 
these processes is presented in Figure 1. Available evidence 
suggests that capping and transcription initiation are 
tightly linked, or coincident, and that the cap has an 
essential role in translation (reviewed in Banerjee, 1980) 
and possibly in splicing (Konarska et al , 1984). The recent 
development of in vitro cell extracts, which support the 
accurate splicing of exogenous mRNA precursor substrates, 
has allowed the elucidation of several steps in the splicing 
pathway (reviewed by Padgett et a l , 1985). Such systems 
should result in a thorough understanding of this complex 
process, an extreme example of which has recently been 
revealed by the determination of the structure of the human



0  r-*

1
<  —  
Q.

O
U

(N
z

o
XLU

O0:

LU

IÏ

c<$<

ILU_lO
cc
z

ccQ_

O
S§
z
Q od 0
2

c<
<  o<  w

_J LO<

r --3

Q
LU

cXS
< <CC LU



Figure 1 : The Structure of Eukaryotic Messenger RNA

This is a diagrammatic representation of the steps 
involved in post-transcriptional maturation of a typical 
mRNA. The top line represents the gene and shows the 
position of 5' (promoter) and 3' (polyadenylation [pA] and 
termination) flanking signal sequences. Coding sequences 
(EXONS) are shown as large open boxes, non-coding 
intervening sequences (INTRONS) are shown as straight lines. 
The structure of the "cap" is drawn (after Banerjee, 1980) 
and is represented on the mRNA as an open circle. 
Polyadenylation is denoted by AAAA^. Splicing probably 
occurs during, or just before, transport from the nucleus to 
the cytoplasm.



gene for blood clotting factor VIII. This gene spans 186,000 
bp of sequence and consists of 26 exons (ranging in size 
from 69 to 3,106 bp) with introns as large as 32.6 kb 
(Gitschier et a l , 1984).

1.2 The Transcription Machinery
Eukaryotic cells contain three different RNA polymerase 

complexes called RNA polymerase I, II, and III. These 
activities were originally separated by their elution order 
from a DEAE-Sephadex column, but they can be more rapidly 
discriminated by a differential sensitivity to u-amanitin, a 
bicyclic octapeptide toxin isolated from the mushroom 
Amanita phalloides. RNA polymerase (pol) I, refractory to 

a-amanitin, synthesises ribosomal RNA (rRNA) precursors and 
is concentrated in the nucleolus. RNA pol II is responsible 
for the synthesis of mRNA, 50% inhibition of its activity 
can occur at toxin concentrations as low as 0.01 pg/ml. RNA 
pol III transcribes 5S and tRNA genes and is also sensitive 
to inhibition by the toxin, but higher levels (5-10 pg/ml) 
are required. Each of these enzymes is a multi subunit 
complex, the subunits being classified as large (greater 
than 100,000 molecular weight) or small (less than 50,000). 
Only RNA pol III has a subunit of intermediate size. While 
subunit compositions vary between organisms there are 
usually 9-14 protein species as revealed by 
SDS-polyacrylamide gel electrophoresis (Paule, 1981).
Studies using monospecific antibodies have revealed shared 
subunits between the three polymerase classes but little is 
known of the function of these subunits. Purified RNA 
polymerases prefer a single stranded DNA template and do not 
specifically initiate transcription at sites used in vivo 
(for reviews see Lewis & Burgess, 1982; Sentenac, 1985). The 
apparent non-specific transcription by the purified enzymes 
has led to the search for crude cell extracts which mimic 
the in vivo sequence requirements of selected promoters. 
These may then be fractionated and semi-purified components 
added back to purified polymerase in an attempt to 
reconstitute bone fide promoter recognition.



1.2.1 RNA Pol I
Pol I transcription poses a particular challenge 

because of its localisation to the nucleolus, a potential 
control point (Maul & Hamilton, 1967; Boeder & Rutter,
1970), and the possibility that organisation of rDNA in the 
form of tandem repeats, separated by non-transcribed spacer 
sequences (Long & Dawid, 1980), plays a role in 
transcriptional regulation. Despite these reservations, 
nearly all the present information on cis-acting sequences 
responsible for promoter selection (discussed in section 
1.3.1) has come from the development of in vitro extracts.
In vitro systems which support the transcription of rRNA 
genes have proved the most difficult to obtain. Nevertheless 
several groups have succeeded in identifying protein factors 
which play a role in the faithful transcription of these 
genes. Mishimi et al (1982) were able to distinguish four 
fractions, from mouse and human cell extracts, which were 
required for pol I transcription. Fraction C was mainly the 
polymerase itself, fraction D contained proteins which 
mediated accurate initiation, B suppressed random initiation 
at nicks and ends, and finally fraction A enhanced 
transcription in a reaction containing C and D. It appeared 
that some factors which determined species specificity 
resided in fraction D as mouse and human templates 
absolutely required the homologous fraction. This is similar 
to work by Miesfeld and Arnheim (1984) in which extracts 
from HeLa and mouse L cells were fractionated. The authors 
noted that RNA pol I is unlike II and III in that it appears 
to have a narrow species range.

1.2.2 RNA Pol III
Pol III systems which operate in vitro to transcribe 

tRNA and 5S RNA gene templates have been available for a 
relatively long time. Parker and Boeder (1977) were the 
first to demonstrate that isolated Xenopus laevis chromatin, 
but not a naked 5S DNA template, was transcribed efficiently 
by a purified RNA pol III preparation and thus at least one 
chromatin bound transcription factor was necessary. Cell



extracts were later produced which could faithfully 
transcribe cloned DNA templates (Weil et a l , 1979b). A 
protein, of molecular weight 38,600, was subsequently 
isolated which facilitated 5S DNA transcription in an 
otherwise non-permissive Xenopus oocyte extract (Engelke et 
al, 1980). This protein, named TFIIIA, specifically bound to 
an intragenic region in the gene for 5S RNA and a further 
series of experiments showed that this binding site lies in 
a region previously shown to be required for expression of 
5S RNA genes in vivo (Bogenhagen et al, 1980; Sakonju et al, 
1981; Sakonju & Brown, 1982).

TFIIIA is now the best characterised eukaryotic 
transcription factor in any class. The factor has been shown 
to bind stoichiometrically to 5S RNA, which immediately 
suggests a model for autoregulation of 58 RNA transcription 
whereby product and promoter are in direct competition for a 
limiting transcription component (Pelham & Brown, 1980). The 
protein is zinc dependent (Hanas et al , 1983b) and binds 
cooperatively to the 58 gene (Hanas et al , 1983a) where it 
is able to locally unwind DNA (Hanas et a l , 1984). Recently 
a cDNA clone of TFIIIA has been isolated and sequenced 
(Ginsberg et al , 1984). It has been postulated that the 
protein contains 7-11 repeated zinc-binding domains which 
are visible in the amino acid sequence as nine tandem 
repeats of approximately 30 residues (Miller et a l , 1985), 
suggesting a model for TFIIIA binding much like a 
caterpillar in that each segment of the elongated protein 
molecule can independently interact with the DNA sequence 
and transcription through the region displaces only a small 
proportion of the binding potential at any moment.

Despite this wealth of knowledge it is clear that 
TFIIIA is not the sole transcriptional requirement and that 
at least two other factors play a role in the synthesis of 
58 RNA (Lassar et a l , 1983; Bieker et al, 1985). These 
additional factors are required to form a "stable complex", 
a preinitiation complex of promoter specific proteins and 
DNA, which is relatively resistant to disruption and is 
postulated to allow multiple rounds of transcription from



selected promoters and hence maintain expression of specific 
gene sets (Bogenhagen et a l , 1982; Brown, 1984).
Furthermore, TFIIIA is not required for the synthesis of 
tRNA precursors. Several groups have fractionated and 
reconstituted crude extracts permissive for expression of 
tRNA precursors (Segall et a l , 1980; Ruet et a l , 1984; Burke 
& Soil, 1985). These experiments suggest that there are both 
gene specific and general factors involved in transcription 
by RNA pol III.

1.2.3 RNA Pol II
The first cell extracts that supported faithful RNA pol 

II transcription in vitro, from cloned DNA templates, were 
prepared by Weil and co-workers (1979a). In this system, a 
crude cytoplasmic extract was supplemented with purified RNA 
pol II and it was possible to detect RNA initiation at the 
well characterised in vivo start site of the adenovirus 2 
(Ad2) major late promoter. A different, but related, system 
was described by Manley et al (1980) in which whole cell 
extracts of HeLa cells contained enough endogenous RNA pol 
II and associated factors to faithfully initiate 
transcription at several Ad2 promoters. These two systems 
have been extensively used to study the cis-acting sequences 
responsible for promoting mRNA synthesis and these sequences 
will be discussed at some length later. In general, however, 
in vitro extracts have failed to mimic several effects 
observed when DNA is re-introduced into intact cells, and 
therefore a brief summary of these results is in order.

Initially it appeared, for a variety of promoters, that 
only the TATA box (q.v) was required for maximal 
transcription in vitro (Hu & Manley, 1981; Wasylyk et al , 
1980a; Corden et a l , 1980; Tsai et al , 1981; Grosveld et a l ; 
1981). Indeed a single base change (T—>G) resulted in a 
drastic decrease in transcription efficiency (Wasylyk et a l , 
1980a). The first report of upstream sequences modulating 
transcription in vitro was provided by Tsuda and Suzuki 
(1981). Experiments were performed on the silkworm fibroin 
gene either in homologous silk gland extracts or in



heterologous HeLa cell extracts. The authors found that only 
in the homologous system did sequences upstream of the TATA 
box modulate the efficiency of mRNA synthesis. Furthermore, 
in silk gland extracts the fibroin gene was able to compete 
much better for the available transcription machinery than 
either the mouse /}-globin or the Ad2 major late promoters.

In general, obtaining a response from sequences 
upstream of the TATA box has proved more difficult in vitro 
than expected and only a few published reports exist, for 
example it has been shown that the histone H2A far upstream 
sequences are important for transcription of this gene in 
HeLa cell extracts (Grosschedl & Birnstiel, 1982). One 
approach to the study of effects mediated by upstream 
sequences has been to perform competition experiments 
between two promoters. In this way, Gregory and Butterworth
(1983) compared a trout protamine promoter with that of the 
mouse ^-globin gene and observed inhibitory effects of 
upstream globin promoter sequences on transcription from the 
protamine promoter. In a similar way Mishoe et al (1984) 
have shown in vitro effects mediated by the SV40 21 bp 
repeats. Recently, investigators have reported that 
trans-acting factors are responsible for the activity of the 
SV40 enhancer (q.v.) in vitro (Sassone-corsi et al , 1984; 
Sergeant et al , 1984; Wildeman et al, 1984; Sassone-corsi ejb 
al, 1985). It is clear that the factor or factors which 
interact with the SV40 enhancer are not the same as those 
which interact with promoter regions, that the interaction 
spans a relatively large sequence area and that other 
enhancers are able to compete for these factors.

Fractionation of extracts of human cells by 
chromatography on ion exchange columns has resolved several 
components that must be added to purified pol II and 
template in order to reconstitute accurate initiation 
(Matsui et al , 1980; Samuels et al , 1982). Like the RNA pol 
III systems, the requirements seem to reside in only 3 or 4 
fractions, one of which supresses random initiation. Further 
characterisation of these systems resulted in this factor 
being purified to homogeneity (Slattery et al, 1983) and



identified as the well known enzyme
poly(ADP-ribose)polymerase. The significance of this 
observation is unclear but may simply be a consequence of 
the preferential binding to "nicks" and "ends" of DNA 
templates by this enzyme. Another fraction, named TFIIE, was 
associated with a DNA-dependent ATPase activity, a 
significant observation since hydrolysis of ATP or dATP is a 
pre-requisite for initiation in vitro (Bunick et al, 1982; 
Sawadogo & Roeder, 1984). Other workers have independently 
purified a stimulatory factor, called SIX, which interacts 
weakly with RNA pol II. This is a 40,000 MW phosphoprotein 
which is essential for transcription, as antibodies to SIX 
inhibited transcription when added to isolated nuclei. A 
stoichiometric amount of SIX was shown to be bound to the 
polymerase during chain elongation (Ueno et al , 1979; 
Sekimizu et a l , 1982; Horikoshi et al , 1984) suggesting a 
role in chain extension rather than initiation.

At least two promoter-specific transcription factors 
have been isolated and purified. Spl is a component of HeLa 
cells which was initially identified as being a specific 
activator of the SV40 early and late promoters in vitro 
(Dynan & Tjian, 1983a). A second fraction, named Sp2, was a 
more general transcription activator. The authors concluded 
that Spl was involved in promoter selection by RNA pol II. 
Spl has been shown to bind to the 21 bp repeated region of 
the SV40 early promoter by use of DNAase I footprinting 
(Dynan & Tjian, 1983b) and to specifically bind to one 
strand of the DNA duplex in the sequence GGGCGG, for both 
SV40 and a related monkey promoter (Gidoni et a l , 1984). 
Recently, Spl was shown to bind to the HSV-1 promoters for 
IE gene 3 (Jones & Tjian, 1985) and thymidine kinase (TK; 
Jones et al , 1985) and to be required for their 
transcription in vitro. In the case of IE gene 3, only the 
Spl site nearest the mRNA 5' terminus was absolutely 
required in vitro, but the presence of upstream sites 
enhanced the reaction by a factor of 3-5 fold.

A factor (HSTF, for heat-shock transcription factor), 
which acts in an apparently analogous way to Spl, has been
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isolated from Drosophila melanogaster cells (Parker & Topol, 
1984b). This factor is involved in selective activation of 
heat shock genes and binds specifically to a 55 bp region 
upstream from the TATA box, in the absence of RNA pol II. 
Another factor, named the B factor, binds specifically to 
the TATA box region of several promoters (Parker & Topol, 
1984a). Both HSTF and B can bind to the hsp70 gene at the 
same time, however, once cells have been heat shocked, 
binding of the B factor is reduced. It may be that HSTF is a 
B analogue or that residual B protein is present in 
sufficient quantity to allow transcription from promoters 
marked by the presence of HSTF. Davison et al (1983) have 
also described a TATA box binding activity from HeLa cells. 
It is not known whether this is equivalent to the B factor 
in Drosophila.

In conclusion, several protein factors have been 
isolated, and in some cases purified, which act to limit RNA 
pol I, II and III transcription initiation to bone fide 
promoter sequences. The working hypothesis would appear to 
be that promoter sequences will fall into a limited number 
of groups (for example genes for house keeping enzymes or 
heat shock genes) which will be distinguished by a specific 
set of factors and thu,s co-ordinately regulated. As already 
described for genes transcribed by RNA pol III, one possible 
mechanism by which such selective activation could be 
initiated and maintained is via the formation of stable 
complexes. Such complexes have been reported in RNA pol II 
systems (Fire et al, 1982; Davison et al , 1983; Ackerman e^ 
al, 1983; Cullota et a l , 1985).

1.3 Cis-acting Sequences
Most of the results and conclusions discussed in this 

section have come from an experimental strategy known as 
"reverse" or "surrogate" genetics. While individual 
experimental details differ, the general approach has two 
stages. The first is to mutagenise DNA sequences in vitro, 
by means of standard recombinant DNA techniques. Deletion 
mutants are the easiest to construct and can quickly define



regions of interest. Several groups have taken such analysis 
to its logical conclusion and studied point mutations, but 
this requires a correspondingly larger input of time and 
materials. The second stage is to re-introduce these mutated 
sequences into an environment in which they have the 
potential to be transcribed. More often than not this is by 
Calcium Phosphate-mediated transfection into tissue culture 
cells (Graham et a l , 1973b). Alternatively, microinjection 
into tissue culture cells and Xenopus oocytes or analysis of 
transcription in cell-free extracts have been used.

1.3.1 RNA Pol I
Information about cis-acting transcription regulatory 

sequences for this gene class has almost totally been 
derived from the use of in vitro transcription systems. 
Grummt (1982) was the first to report a promoter analysis by 
investigation of transcription from deleted and non-deleted 
mouse rDNA templates in vitro. Her results showed that 
sequences between -33 and -13, with respect to the RNA start 
site, were absolutely required for efficient initiation and 
it was suggested that these sequences were functionally 
analogous to the TATA box (q.v.) of RNA pol II promoters. 
Competition experiments between wild-type and mutant 
templates suggested that sequences upstream may also exert 
an influence. These findings have essentially been repeated 
by other workers (Kohorn & Rae, 1982; Learned et al , 1983). 
The -33 to -13 region contains sequences conserved among 
mouse, rat and human rDNA genes: ATCTT (-38 to -33) and 
TATTG (-20 to -16). A G—>A base change at position -16 
reduced transcription by 95% suggesting that this position 
is of importance (Skinner et a l , 1984). It was also noted 
that extracts made from mouse, human and protozoan cells 
were unable to transcribe heterologous rDNA templates, 
showing that rRNA synthesis in vitro required 
species-specific transcription factors (Grummt et a l , 1982).

Moss (1982) has attempted to map, in vivo, the promoter 
of a Xenopus laevis rDNA gene after microinjection into 
X. borealis oocytes. It was found that only sequences
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between -145 and +16 were required for accurate initiation 
and that promoter elements lay between -13 to -30 and -36 to 
-61, correlating well with the results from in vitro 
systems. Smale and Tjian (1985) have recently attempted to 
apply an approach classically used for genes transcribed by 
RNA pol II to identify promoter elements for RNA pol I 
transcription. The system consists of human rDNA 5' flanking 
sequences fused to the coding sequences of the gene for 
HSV-1 TK and expression assayed after transfection into 
tissue culture cells. Several interesting observations were 
made: (a) transcription of the TK gene was resistant to 

a-amanitin, although some RNA pol II transcription could be 
detected, (b) previously reported in vitro
species-specificity of RNA pol I was similarly observed in 
vivo, (c) the RNA pol I promoter consisted of at least two 
elements - a "core" of about 40 bp overlapping the rRNA 
initiation site and a second, stimulatory, element between 
-234 and -131, and (d) the SV40 enhancer did not stimulate 
RNA pol I transcription from the rDNA promoter. This latter 
finding appears to be incompatible with models of enhancer 
action (q.v.) which involve only the formation of an open 
chromatin structure.

1.3.2 RNA Pol III
The first successful application of deletion analysis 

to the determination of promoter requirements was performed 
by Brown and his colleagues on the somatic 5S RNA gene of 
Xenopus laevis. Two series of deletions were constructed 
from either the 5' or 3' side of the gene and their 
activities in an in vitro transcription system determined 
(Sakonju et al , 1980; Bogenhagen et a l , 1980). In this way 
the authors were able to show that intragenic sequences, 
between +50 and +83, directed RNA pol III to initiate 
transcription. This work correlates well with the discovery 
and characterisation of a transcription factor, TFIIIA, 
which binds to the essential region and helps in the 
formation of a stable transcription complex (see section 
2.2).
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A similar resection approach has revealed that tRNA 
genes also contain intragenic promoters, with boundaries 
between +8 and +62 (Hofstetter et al , 1981; Sharp et a l ,
1981; Galli et a l , 1981; Ciliberto et a l , 1982a). However, 
unlike the 58 gene promoter, that of a typical tRNA gene is 
discontinuous being split into two blocks (A and B) with 
approximate coordinates +8 to +19 and +52 to +62 
respectively. Two lines of evidence support this conclusion: 
first, chaemeric tRNA genes, in which the 5' and 3' portions 
originate from different genes, are efficiently transcribed; 
and second, transcription can occur after replacement of the 
central region (between blocks A and B) with unrelated DNA 
sequences. It has been shown, however, that blocks A and B 
require a critical separation distance which is between 30 
and 40 bp (Ciliberto et al , 1982b). Efficient transcription 
of certain insect tRNA genes, in vitro, requires 5' flanking 
sequences (Dingerman et a l , 1982; Sprague et a l , 1980;
Larson et al, 1983) and if extended to the in vivo situation 
would seem to be a major difference between 5S and tRNA 
genes.

1.3.3 RNA Pol II
One of the earliest approaches to identifying sequences 

involved in the control of transcription by RNA pol II was 
to look for conserved sequence patterns in the predicted 
regulatory regions of various genes. This approach had been 
successful in prokaryotes (Rosenberg & Court, 1979; 
Siebenlist et al, 1980). Initial searches revealed an 
AT-rich region of homology (called the "TATA" Box), first 
identified by Goldberg and Hogness, centred around 25-30 bp 
upstream of the mRNA cap site (Proudfoot, 1979; Gannon e^ 
al, 1979). A second region of homology was identified in the 
area around -70 to -80 of several cellular and viral protein 
coding genes and was named the "CAAT" box (Benoist et al , 
1980; Corden et a l , 1980). The nucleotide sequence around 
the cap site of sea urchin histone genes is also conserved 
(Busslinger et al , 1980) and it has been suggested that 
transcription initiates at a purine (R) flanked by a
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pyrimidine (Y), often CAY (Corden et a l , 1980). It should be 
noted, however, that the conservation of these sequences is 
far from absolute, despite their widespread occurrence, and 
the only true test of function is to introduce a mutation 
and assay for expression. Experiments of this type will now 
be reviewed.

1.3.3.1 The TATA box
As previously stated, this region was identified as a 

putative regulatory element due to its relatively high 
degree of conservation between many different protein coding 
genes. Its functional significance was first shown 
unequivocally in vitro for the chicken conalbumin gene. Upon 
introduction of a single T-^G change in the third position 
of the sequence TATAAAA, a 20-fold drop in the level of mRNA 
synthesis was observed, and a T— >A change in the same 
position resulted in^ a 40-fold drop in transcription 
(Wasylyk et a l , 1980j) . Mathis and Chambon (1981), working on 
the SV40 early promoter, reported that the TATA box was 
essential and functioned in vitro to position initiation 
within a narrow region, consistent with its conserved 
position with respect to the cap site. The sequence was 
shown to perform a similar function in vivo (Benoist & 
Chambon, 1981), although deletion of the region resulted in 
production of novel multiple initiation sites not usually 
seen with wild-type templates, a similar finding to that 
reported in the case of the sea urchin histone 2A gene 
(Grosschedl & Birnstiel, 1980). It is now believed that the 
discrepancy between in vitro and in vivo experiments 
reflected an inadequacy in the fidelity of the in vitro 
systems, as has been discussed. The general conclusions, 
that altered TATA boxes result in lowered transcriptional 
efficiency and that deletion of the same sequences leads to 
production of heterologous 5' termini, are supported by many 
independent experiments (Gluzman et a l , 1980; Ghosh et al 
,1981; Grosveld et al , 1981; Lebowitz & Ghosh, 1982;
Grosveld et al , 1982). Furthermore, deletions 3' to the TATA 
box of the rabbit ^-globin gene resulted in initiation
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occuring at new sites but still approximately 30 bp 
downstream (Grosveld et al , 1981), consistent with the 
hypothesis that a factor or factors bind to the TATA region 
and direct the transcription complex to an initiation site 
at a fixed distance downstream.

It is now clear that the precise sequence which 
constitutes a "TATA" box is relatively variable. Several 
genes lack "obvious" homology to the classical consensus 
(G-GTATA(A/T)A(a /T)-G; Breatjnach & Chambon, 1981), for 
example the SV40 late-early promoter (Ghosh & Lebowitz,
1981), the SV40 late promoter (Haegeman & Fiers, 1978) and 
the Ad2 EIIA and IVA2 promoters (Baker & Ziff, 1981). 
However, when sequences in the equivalent region are 
subjected to mutagenesis, it is apparent that they exhibit 
some of the properties associated with more conventional 
TATA regions. For example, in the SV40 late promoter lies a 
sequence GGTACCTAACC, 21-31 bp upstream of the major late 
start site. C —>T substitutions, which increased the homology 
of this sequence to the TATA consensus, showed increased 
levels of mRNA initiated at the major late position (Brady 
et al, 1982). Similarly, an element has been found in the 
EIIA region of A d 2 which appears to function by positioning 
the mRNA cap sites, albeit rather less tightly than a 
classic TATA box (Zajchowski et a l , 1985; Goding et al,
1985). Both of these results are consistent with the concept 
of a spectrum of "TATA" box elements which exhibit differing 
degrees of control over the site of initiation. The kinds of 
gene sequenced to date have been those which have been 
relatively easy to clone, for example viral genes and those 
for inducible proteins whose mRNAs and products accumulate 
to high levels. There must always be some doubt as to 
whether these genes are "typical" or represent a specific 
sub-class with peculiar properties. Recently the isolation 
and sequence analysis of some "housekeeping" genes has been 
reported. Reynolds et al (1984) have isolated the hamster 
gene for 3-hydroxy, 3-methylglutaryl coenzyme A reductase 
(HMGCoA reductase), a trans-membrane glycoprotein involved 
in cholesterol biosynthesis. This gene is transcribed from
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multiple initiation sites and apparently lacks a TATA 
homologue. The gene for hypoxanthine phosphoribosyl 
transferase (HPRT; Melton et al , 1984) similarly lacks an 
obvious TATA box, but unlike HMGCoA reductase has only a 
single predominant 5' mRNA terminus. Finally the gene for 
human adenosine deaminase (ADA) has been isolated (Valerio 
et al, 1985). ADA has promoter activity within 135 bp of the 
cap site but the only possible TATA homologue is TTAA at 
-27. All three promoters of these housekeeping genes exhibit 
a very high %G+C (82% in the case of ADA) and therefore have 
GC-rich motifs which have been shown, in other systems (see 
below), to be involved in promoter function. These 
observations raise the interesting possibility that there 
exist sets of cellular genes differentiated by specific 
kinds of promoter.

1.3.3.2 Other Promoter Elements
It is in the search for so-called promoter elements 

that the concept of constitutive versus induced expression, 
taken from prokaryotic expression studies, has been invoked. 
Simply stated, it has long been held that all genes have 
sequence elements (the promoter) which will allow a certain 
basal level of expression, superimposed upon this feature 
would be found additional sequences which would confer the 
ability to be regulated up and down and these elements would 
be easily separable from the basal controls. As will become 
clear, this delineation is increasingly difficult to define 
as it has been shown that at least some proteins 
(trans-activators) probably induce transcription to high 
levels by interacting with proteins which bind to basal 
promoter elements (Feldman et a l , 1982; Green et al, 1983) 
and not directly with special sequences. This is especially 
true in the viral situation, e.g. adenovirus (q.v.) and 
herpesvirus (q.v.), and therefore analysis of so-called 
constitutive expression of many viral genes, in the absence 
of viral stimulatory factors, is artificial.
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I. GC-rich motifs
Elements of the form CCGCCC or GGGCGG have been shown 

to be important for promoter function in several systems.
Their relevance was first identified in the case of the
HSV-1 TK gene promoter and in the 21 bp repeated sequences
of SV40, and it is in these two systems that the most
intensive mutagenic studies have been performed. The SV40 
promoters are discussed in detail in section 1.4.2.1.

The HSV-1 TK promoter has been dissected by a method 
known as linker-scanning (LS) mutagenesis (McKnight & 
Kingsbury, 1982). Two series of sequential deletions are 
made from opposite ends of the DNA region of interest. These 
deletion mutants are designed such that they are closely 
spaced and terminate in an oligonucleotide linker containing 
a unique restriction site. By combining suitable members of 
the two series it is possible to produce a third series of 
constructs in which the number of nucleotides in the linker 
replace, exactly, the same number of wild-type nucleotides. 
The sequence in this region therefore differs from the 
wild-type gene only by the linker substitution. This 
process, which essentially introduces clusters of point 
mutations, resulted in the identification of three areas 
important for transcription in Xenopus oocytes - an in vivo 
system generally regarded as detecting constitutive promoter 
activity. One of these regions corresponded to the TATA box, 
which has been discussed previously, the other two were 
located between -47/-61 (the first distal signal) and 
between -80/-105 (the second distal signal) (McKnight et al, 
1981; McKnight & Kingsbury, 1982; McKnight & Gavis, 1980). 
Double LS mutants were constructed to determine whether the 
signals acted synergistically or independently (McKnight et 
al, 1981). These constructs showed that the mutation of one 
distal signal substantially reduced the contribution of the 
other, suggesting that the two signals act in a single step, 
possibly binding a dimeric transcription factor. Results 
from experiments designed to examine how this interaction 
operates suggest that the two sequence elements bind a 
transcription factor or factors in a co-operative manner and
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that there is no direct intra-strand interaction, for 
example by formation of a stem-loop structure (McKnight et 
al, 1984). It has been shown that the transcription factor 
Spl (q.v.; Dynan & Tjian, 1985; Jones et a l , 1985) binds to 
the first and second distal signals in the TK promoter. LS 
mutants in these signals reduce, or abolish, the ability of 
Spl to bind and so it seems likely that this factor is 
involved in the transcriptional control of the TK gene.

Many other promoters contain such GC-rich motifs: 
cellular genes such as human metallothionein-lA (Richards e^ 
al, 1984), hamster HMGCoA reductase (Reynolds et al , 1984), 
mouse HPRT (Melton et a l , 1984) and many viral genes, but 
more detailed mutagenic analyses are required to implicate 
the sequence in the expression of these genes.

II. The CAAT Box
This structure was identified as being conserved 

between several different promoters, in the region -70 to 
-80, and has canonical sequence 5'-GG(C/T)CAATCT-3' (Benoist 
et a l , 1980; Corden et a l , 1980; Efstradiatis, 1980). 
Functional analysis has been performed by deletion of the 
sequence and assay for the production of mRNA in a variety 
of systems. In most cases deletion of the CAAT box results 
in a significant, but not drastic, reduction in mRNA levels, 
for example in the following cases: rabbit /5-globin (Dierks 
et al , 1981; 1983; Grosveld et al , 1981; 1982), the Ad 2 
major late promoter (Hen et al , 1982) and the human #-globin 
promoter (Mellon et a l , 1981). However, deletion of the 
structure from the sea urchin histone 2A promoter actually 
results in an increase in transcription (Grosschedl & 
Birnstiel, 1982). Initial results suggested that the CAAT 
homology present in the HSV-1 TK promoter was not required 
for maximal expression (McKnight, 1982), but recent studies 
using in vitro transcription systems suggest that the CAAT 
box is the binding site for a factor important in promoter 
function (Jones et a l , 1985). In general, it is true to say 
that the CAAT box has been less well studied than the TATA 
box and there is yet no clearly defined role for it.
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III. Enhancers
The upstream sequences known as enhancers have been 

defined by the properties which initially set them apart 
from other promoter elements. These sequences have several 
special features:

(a) they stimulate RNA pol II transcription, by many 
fold, from both homologous and heterologous promoters.

(b) this effect can be seen even when the sequences are 
placed at a considerable distance from the activated 
promoter.

(c) the stimulation can occur in an orientation 
independent manner.

(d) cell-type specificity.
(e) there is some evidence that the increased 

transcription can be seen even when the enhancer is placed 
3' to the promoter.

The first enhancer to be described lay within the 7 2 bp 
repeated elements located between the early and late 
promoters of SV40. Deletion of one of the two repeats was 
not lethal and viable viral progeny were still produced, but 
deletion of both elements abolished transcription from the 
early promoter and the subsequent production of virus 
(Benoist & Chambon, 1981; Gruss et al , 1981). It was quickly
shown that this element could also positively influence 
transcription from other promoters (Banerji et a l , 1981; 
Moreau et a l , 1981) including those for rabbit ^-globin, 
chicken conalbumin and the Ad2 major late transcription 
unit. The effect of stimulating transcription from 
heterologous promoters was observed even if the orientation 
of the 7 2 bp repeats was inverted with respect to the cap 
site. Furthermore, it was not absolutely dependent upon the 
position of the repeat (Moreau et al , 1981; Fromm & Berg, 
1983; Wasylyk et a l , 1983a). Similar experiments revealed 
that proximal promoters were activated in preference to more 
distal ones (Wasylyk et al , 1983a; de Villiers et a l , 1982). 
This effect was even seen on plasmid vector sequences which 
had similarity to eukaryotic promoter elements. An analysis 
of the 72 bp repeat by point mutagenesis revealed only one
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critical nucleotide, which is underlined, in the sequence 
GGTGTGGAAAG (Weiher et al , 1983), although G —>A transitions 
for the first three G residues resulted in a decrease in 
activity. Using this short sequence, weak homologies were 
found to exist in the control region of Moloney murine 
sarcoma virus (MSV), the human papovavirus BKV and polyoma 
virus (Weiher et a l , 1983). Functional analysis of the MSV 
control region had previously shown that the relevant 
sequence could replace the SV40 72 bp repeat and yield 
viable recombinant virus (Levinson et a l , 1982). Close 
examination of several other RNA and DNA viruses has 
demonstrated the presence of enhancer-like elements, e.g. in 
Rous sarcoma virus (RSV; Luciw et al , 1983), polyoma virus 
(De Villiers & Schaffner, 1981; Tyndall et a l , 1981), BK 
virus (Rosenthal et al, 1983), the adenovirus EIA gene 
(Hearing & Shenk, 1983; Weeks & Jones, 1983), bovine 
papilloma virus (Campo et al , 1983), human cytomegalovirus 
(HCMV; Boshart et a l , 1985), MSV (Jolly et al , 1983), HSV-1 
(Lang et al , 1984; Preston & Tanahill, 1984) and herpesvirus 
saimiri (Schirm et a l , 1985).

A variety of experiments have shown that several 
enhancers exhibit a cell or tissue preference, suggesting 
that this might constitute one determinant in the host range 
of the above viruses. SV40/MSV recombinants showed less 
activity in monkey kidney cells than mouse fibroblasts, the 
natural host for MSV (Laimins et al, 1982). A similar 
conclusion was drawn from experiments with SV40/Harvey 
murine sarcoma virus recombinants (Kriegler & Botchan, 1983) 
and SV40/murine leukaemia virus recombinants (Celander & 
Haseltine, 1984). De Villiers and co-workers (1982) have 
shown SV40 and polyoma enhancers to have a cell type 
preference, as have Berg et al (1983). These observations 
immediately suggested that viruses were utilising cellular 
transcription networks and that it should be possible to 
identify cellular enhancers. One strategy was to use SV40 or 
BK virus enhancers as probes to screen genomic libraries 
(Conrad & Botchan, 1982; Rosenthal et al , 1983). Such work 
identified homologous sequences with the requisite enhancer
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properties, although apparently less effective than their
viral counterparts. Another approach to locating cellular
enhancers used direct selection. Fried et al (1983) located
sequences in transformed cell lines near the integration
site of an enhancer-defective polyoma virus. Schaffner's
group have cloned random fragments of cellular DNA into an
SV40 vector which lacks an enhancer - the so-called
"enhancer trap". Interestingly, they discovered that by a
simple duplication of the residual promoter region enhancer nflection was restored (Weber et a l , 1983).

Finally, enhancer elements have been defined in well 
characterised cellular genes. The first such enhancer was 
found to reside in the intron separating the variable (V) 
region, joint (J) segment, and the constant (C) region of 
the mouse immunoglobulin heavy chain genes (Gillies et a l , 
1983; Neuberger, 1983; Banerji et al , 1983). Similarly, 
enhancers have been found in the kappa light chain gene 
(Queen & Baltimore, 1983). These enhancer elements share the 
property of being extremely tissue-specific and are only 
active in B cell lineages, not in non-B cells. Competition 
experiments have suggested the existence of one or more 
tissue-specific protein factors (Mercola et al , 1985) and 
these have been indirectly visualised, binding to the DNA 
sequences, by dimethyl sulphate protection studies and 
genomic sequencing (Ephrussi et al , 1985).

There has been much speculation as to the mechanism by 
which enhancers operate. One early hypothesis, which 
attempted to explain the bidirectional and long distance 
nature of the effects, was that they acted as chromatin 
organisers and there is evidence in support of this model 
(Jongstra et al , 1984). However, it is interesting to note 
that enhancers are unable to stimulate expression of genes 
transcribed by RNA pol I (Smale & Tjian, 1985) suggesting 
that it may not simply be due to open chromatin structure.
An alternative model is that enhancers are recognised by 
factors which facilitate the formation of stable 
transcription complexes. Enhancer-like sequences in the 
Xenopus U2 small nuclear RNA gene have been shown to operate
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by such a mechanism (Mattaj et al , 1985), and two 
independent groups have demonstrated that the concentration 
of RNA pol II is increased on genes driven by enhancers 
(Weber & Schaffner, 1985; Treisman & Maniatis, 1985). It 
seems likely that the mechanism of enhancer action and the 
basis for the cell specificity is by their differential 
affinities for endogenous cell factors.

1.4 Inducible Promoter Elements
1.4.1 Cellular Genes

The "classical" enhancers, such as those of SV40, 
polyoma virus and the immunoglobulin genes, appear to act on 
an all or nothing basis. It is clearly necessary for some 
genes to be regulated over a wider spectrum and respond to 
various stimuli. Many such genes have been described and 
studied, and a small selection of the most detailed analyses 
are presented below.

The phenomenon of heat induction of a small number of 
genes, presumably coordinately regulated, has been described 
in virtually every organism studied and has been termed the 
heat shock response (Schlesinger et al, 1982; Ashburner & 
Bonner, 1979). In each case the new proteins are synthesised 
during an otherwise global inhibition of protein synthesis. 
Except in one case (Bienz & Gurdon, 1982), this regulation 
has been shown to occur at the level of transcription 
(Bienz, 1985). Several heat shock genes have been cloned and 
sequenced. The most extensively studied has been the hsp 
(heat shock protein) 70 gene of Drosophila melanogaster. 
Re-introduction of an hsp70-lac Z hybrid gene into flies 
suggested that the 5' flanking sequences to -194 were 
required for co-ordinate induction (Lis et a l , 1983). It was 
observed that hsp70 was still induced by heat even when 
placed in heterologous environments such as mouse, monkey or 
frog cells (Corces et al, 1981; Pelham, 1982; Mirault et al , 
1982) suggesting that the induction mechanism has been 
highly conserved. This fact has been used to systematically 
mutate and assay the hsp70 promoter in monkey COS cells and 
Xenopus oocytes, revealing that only sequences from -47 to
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-66 are absolutely required for induction (Pelham, 1982; 
Mirault et al , 1982; Bienz & Pelham, 1982). This region 
contains an 11 bp element, with dyad symmetry, which is 
conserved in nearly all heat shock genes and has a consensus 
sequence C-GAA-TTC-G, called the heat shock element (HSE). 
This element is sufficient to confer inducibility on a 
completely non-responsive gene (Pelham & Bienz, 1982). 
Subsequent studies identified a transcription factor (HSTF) 
which specifically binds to the HSE in vitro (Parker &
Topol, 1984b). Interestingly, this factor could be isolated 
from both heat shocked and normal cells, suggesting that the 
protein must somehow be activated by heat shock. In a 
totally different approach Wu (1984) demonstrated that two 
factors bound to hsp promoters in isolated nuclei. One, 
presumably HSTF, bound to heat shock promoters during heat 
shock but not detectably before, while a second factor bound 
tightly to the TATA box region under both conditions.
Several of the known heat shock genes have multiple HSEs 
which appear to be functional (Bienz, 1985) and it has been 
argued that multicopy expression systems such as COS cells, 
and oocyte injection, are artificial and that, in fact, far 
upstream sequences may be required for optimal expression in 
a situation where only one or a few gene copies are present. 
Dudler and Travers (1984) sought to overcome this objection 
by introducing only a small number of copies of promoter 
deleted genes into flies, using P element transformation 
(Spradling & Rubin, 1982). Their results showed that 97 bp 
of 5' flanking sequences were required for induction of the 
genes to wild-type levels. This conflicts with previous 
results which suggested that sequences to -66 would suffice, 
but is in agreement with the biochemical studies on the 
binding of HSTF. A sequence with an 80% match to the -66/-47 
HSE lies between -72 and -85, suggesting that full induction 
of hsp 70 in situ may require binding of two molecules of 
HSTF, perhaps co-operatively.

The metallothionein (MT) genes comprise a small 
multigene family which responds, at the transcriptional 
level, to heavy metal ions such as those of zinc and cadmium
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(Karin et a l , 1980; Durnam & Palmiter, 1981), to 
glucocorticoid hormones (Karin & Herschman, 1979; Hager & 
Palmiter, 1981) and to interferon (Friedman et a l , 1984).
The function of the MT proteins is less clear but may 
involve storage of zinc, heavy metal detoxification or free 
radical scavenging (reviewed by Karin, 1985). Brinster et al 
(1982) were able to show that the 5' flanking sequences 
responsible for heavy metal induction of the mouse MT-I gene 
lay in the first 90 bp upstream of the cap site. A more 
detailed analysis revealed that a proximal metal regulatory 
element (MRE) lay between -59 and -46, and on the basis of 
homology with human MT-I and MT-II genes it was postulated 
that the MRE sequence was CCTTTGCGCCCG (Searle et al , 1984; 
Stuart et a l , 1984; Karin et al , 1984a, b; Richards et al , 
1984). However, multiple copies of the MRE (named a-e in 
order of increasing distance from the cap site) can be 
discerned (Carter et al , 1984; Karin et al , 1984b) and it 
was not clear whether they all contribute to induction in 
situ. Searle et al (1985), making use of the unique BamHI 
sites in McKnight's TK LS mutants (q.v.), have studied the 
effect of inserting MRE sequences at many different points 
within the TK promoter and in combinations. The authors 
found that two MRE sequences were required to obtain 
significant induction and that inducibility could be 
increased by addition of more copies. Furthermore, the MRE 
was most effective in constructions retaining one or more of 
the TK distal elements and was relatively sensitive to 
distance effects, suggesting that it is not enhancer-like.

Human a- and ^-interferon (IFN) genes are expressed by 
many cell types as a response to viral infection (reviewed 
in Lengyel, 1982). IFN- genes are also induced by synthetic 
double stranded RNA, e.g. poly(rI).poly(rC). The increase in 
expression of IFN is due, at least in part, to an increase 
in the rate of transcription (Raj & Pitha, 1983; Nir et al , 
1984; Hiscott et al, 1984^, and induction must be mediated 
by pre-existing factors as the response does not require 
protein synthesis (Cavalieri et al, 1977).
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In the case of IFN-a Weissman's group have clearly 
shown that the 5' flanking region mediates viral induction 
and that this induction is transcriptional (Weidle &
Weissman, 1983). They also demonstrated that not more than 
117 bp of the flanking region was required for inducible 
expression and noted that it contained a purine-rich 
sequence which is highly conserved amongst the known IFN-a 
genes. Recently, this group reported that a 46 bp promoter 
segment from IFN-a rendered an unrelated ^-globin promoter 
inducible by Newcastle Disease virus. This segment lies 
between -109 and -64 (Ryals et al , 1985).

While the IFN-a and IFN-/J genes are clearly related by 
virtue of their homology, both in coding and 5' flanking 
sequences, there is evidence to suggest that they are not 
co-ordinately regulated. After induction of fibroblasts, 
only IFN-jS mRNA is produced, whereas leukocytes express 
predominantly IFN-a mRNA (Hiscott et al ,198^) . Experiments 
designed to examine the sequence requirements for IFN-/J 
induction give contradictory results. Maroteaux et al 
(1983b), using an SV40-based vector in a transient 
expression system, concluded that only the TATA box and cap 
site are absolutely required. In these studies, however, 
cycloheximide was used together with poly(rI).poly(rC) for 
optimal induction and the relevant controls were not 
reported which is puzzling since the same workers have also 
shown that cycloheximide alone can stimulate expression of 
IFN-^ (Maroteaux et al, 1983a), and thus these workers 
cannot distinguish the two effects. From experiments in 
which IFN-^ cDNA clones were stably introduced into mouse 
Ltk“ cells it was concluded that only the coding sequences 
were absolutely required for induction (Pitha et al , 1982). 
Tavernier et al (1983) monitored IFN activity in monkey 
cells transfected with SV4O/IFN-0 plasmids. By deletion 
analysis of the 5' flanking sequences they were able to show 
that the region between -186 and -144 was required for 
induction and noted homology in this region to sequences 
involved in steroid hormone responses, however IFN-/5 mRNA 
levels were not measured. Zinn and co-workers (1983) studied
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the regulation of IFN-/} genes introduced into mouse cells on 
a bovine papilloma virus vector. Cell lines were derived 
which contained many copies of the hybrid constructs, but 
which were maintained extra-chromosomally. In this system, 
sequences to -107 were shown to be responsible for maximal 
constitutive expression and also induced expression. A 
sequence GAGA (-77 to -74) was part of this constitutive 
promoter but its deletion had a relatively greater effect on 
induced expression than other mutations and the authors 
argued that it formed part of an inducer element. Evidence 
was also provided for the existence of a second element 
between -210 and -107 which acted to depress constitutive 
expression and alter the kinetics of induction, suggesting 
that it could be the site of action of a cellular repressor.

Clearly the use of different systems to determine the 
induction sequences might explain some of the discrepancies. 
The suggestion of direct cellular inhibition of 
transcription from the IFN promoter is consistent with the 
observed stimulation of expression by cycloheximide. Further 
experiments revealed that the region from -37 to -77, called 
the interferon regulatory element (IRE), acted like an 
inducible enhancer in that it could act regardless of 
orientation and in a relatively distance independent manner 
(Goodbourn et al , 1985). A minimal regulator of 14 bp lay 
within this region (5'-AA(A/T)A--GAAAGGR-3') between -77 to 
-64 and is repeated five times within the 5' flanking 
sequences of both a- and ^-interferon genes, which might 
explain the inability to completely abolish induction.

The above examples serve to show that one general 
mechanism for the co-ordinate induction of cellular genes is 
by the interaction of common regulatory molecules with 
conserved cis-acting sequences elements. These elements tend 
to be present in multiple copies which are often degenerate 
and probably have different affinities for their putative 
regulators. This duplication may be a simple evolutionary 
mechanism by which single copy genes have increased their 
ability to compete for regulatory molecules. To date there 
are few examples where the regulatory molecules have been
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identified, but two such systems are the co-ordinate 
induction of enzymes involved in certain yeast metabolic 
pathways and mammalian steroid hormone responsive genes.

In the yeast Saccharomyces cerevisiae a number of genes 
have been described which appear to be co-ordinately 
regulated by means of cis-acting, so called, upstream 
activation sites (UAS). For example, transcription of at 
least three genetic loci involved in galactose utilisation, 
GALl, 7 and 10, fail to be induced in strains harbouring 
recessive mutations at the GAL4 locus, which suggests that 
the GAL4 gene product is the trans-inducer of galactose 
induction (Johnston & Hopper, 1982; Laughon & Gesteland,
1982). The GALIO gene has sequences more than 100 bp 
upstream of the TATA box which mediate induction of 
transcription by galactose (Guarente et al , 1982). This 
element also exhibits properties one might expect from an 
inducible enhancer in being orientation independent (Struhl, 
1984) and is able to confer galactose induction on the 
usually non-responsive CYC 1 gene, an effect still dependent 
on a functional GAL4 gene product.

A similar network appears to exist for heme induction 
of certain yeast genes. The gene CYC 1 has two UAS sequences, 
at about -275 and -225, that respond to heme, and mutations 
at the HAPl locus reduce heme activation, suggesting that 
the HAPl gene product mediates the induction process. Again 
these UAS regions are able to mediate induction even when 
placed upstream of the heterologous LEU2 promoter (Guarente 
et al, 1984). It will clearly be of interest to further 
characterise these two regulatory genes and to determine 
their mode of action.

Steroid hormones bind to specific receptor proteins 
which are then translocated from the cytoplasm to the 
nucleus. These "activated" receptors are able to bind DNA 
(Mulvihill et al, 1982; Payvar et a l , 1981). One well 
studied example is the hormonal regulation of expression 
from the retrovirus mouse mammary tumour virus (MMTV).
Stably integrated provirus can be stimulated to produce mRNA
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by the hormone glucocorticoid (Ucker et a l , 1981; Ringold et 
al, 1977), and this transcription initiates from a unique 
site in the long terminal repeat (LTR; Hynes et al , 1981). 
Purified glucocorticoid receptor selectively binds to MMTV 
DNA in vitro (Payvar et al , 1981; 1983; Scheidereit et al,
1983) and it has been shown that this is due to the presence 
of a "glucocorticoid response element" (GRE) in the LTR 
which activates adjacent promoter sequences (Geisse et al, 
1982; Chandler et a l , 1983). Similar work has been done on 
two other glucocorticoid responsive genes - the human 
metallothionein-II gene (Karin et a l , 1984b) and the chicken 
lysozyme gene (Renkawitz et al , 1984). This has led to the 
proposal of a consensus glucorticoid-dependent enhancer of 
sequence : 5'-(C/T)GGT-(A/T)CA(A/C)(A / T )-TGT(C/T)CT-3'. 
Homologues to this sequence are also present in two other 
glucocorticoid responsive genes - the rat growth hormone and 
human proopiomelanocortin genes (Cochet et a l , 1982).

The last example serves to describe the most likely 
model for specific activation of genes; direct binding of 
regulatory molecules to specific DNA sequences in the 5' 
flanking region of the target gene. These activator 
molecules must then somehow make available the promoter for 
RNA pol II transcription or mark it as "activated". The 
following description of two viral systems suggest that this 
is not the only stimulatory mechanism.

1.4.2 SV4Q and Large T Antigen
The simian virus 40 is a member of the papovavirus 

family. It has a small double stranded genome, which has 
been completely sequenced, and consists of 5243 bp (Fiers e^ 
al, 1978). Other features which have made it an attractive 
virus to study are; it is readily propagated in tissue 
culture, producing large yields of virus (Tooze, 1980), in 
certain cell types the virus has the capacity to initiate 
transformation in vitro (Shein & Elders, 1962), and it is 
oncogenic in hamsters (Eddy et a l , 1962).

During a lytic cycle the genome is expressed in two 
temporal phases, early (E) and late (L), punctuated by the
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onset of viral DNA replication (see Figure 2; Tooze, 1980). 
Various species of mRNA are formed by differential splicing 
(Berk & Sharp, 1978a; Aloni et al , 1977). The E temporal 
class consists of two mRNA species which encode two proteins 
called large T (MW 90,000) and small t (17,000) antigens 
(Thimmappaya & We i ^ a n ,  1977; Prives et a l , 1977). During a 
lytic infection, large T is responsible for the induction of 
a number of cellular enzymes (Tjian et a l , 1978), it
negatively regulates its own synthesis (Tegtmeyer et al ,
1975; Khoury & May, 1977), it is involved in initiating 
viral DNA replication (Tegtmeyer, 1972) and is required for 
maximal expression of late mRNA (Khoury & May, 1977; Keller 
& Alwine, 1984; Brady et a l , 1984a). The role of small t is 
less well understood but some evidence suggests that it may 
be required for transformation of resting cells (Sleigh e_t 
al, 1978). Two abundant L mRNAs, 168 and 198, encode three 
major proteins; VPl, the major capsid protein, and V P 2 and 
VP3, minor structural components. A fourth, small, open 
reading frame has been noted in the leader region of the 
late 168 mRNA (Fiers et a l , 1978) and termed the agnogene 
(Dhar et al , 1977). Jay et al (1981) have detected a 7,900
MW protein species, which is probably the product of this
gene, accumulating late in infection. The protein has a 
short half-life and binds to single and double stranded DNA. 
It has been suggested (Hay et al , 1982; Hay & Aloni, 1985) 
that the agnoprotein directs premature termination of late 
transcription, late in the infectious cycle, by a mechanism 
akin to attenuation in bacteria (Yanofsky, 1981).

Despite these interesting observations, it is clear 
that control of both E and L gene expression occurs mainly 
at the level of transcription initiation and is mediated by 
sequences in a relatively small region of the genome around 
the origin of DNA replication (see Figure 2; Tooze, 1980). 
This, approximately 400 bp, DNA sequence contains the 
promoters for both E (Hansen et al , 1981; Benoist & Chambon,
1980) and L (Brady et a l , 1982) transcripts, both of which 
have been subjected to intensive in vitro mutagenesis in 
order to distinguish functional elements.
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Figure 2 ; The Control Region of SV4Q

A cartoon of the SV40 control region is drawn, noting 
the salient features discussed in section 1.4.2. Ll-8 
represent the known late mRNA initiation points. Tl-3 
represent large T-antigen binding sites. E and L indicate 
Early and Late transcription units, not specific 
transcripts, which are discussed in the text.
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Early transcription can be detected both at early and 
late times. Before the onset of DNA replication. Early-early 
(EE) mRNA is initiated in the "core" sequences required for 
DNA replication origin function (Reddy et al, 1979). These 
EE mRNA 5' termini lie 21-25 bp downstream of a sequence 
TATTTAT, a reasonable candidate for a TATA box, which Ghosh 
and co-workers (1981) showed to be responsible for the 
positioning of these cap sites. Benoist & Chambon (1980,
1981) also concluded that this TATA box positioned the EE 
mRNA S' ends in vivo. Two further early promoter elements 
have been defined: a 72 bp repeat region was shown to have a 
crucial role (Benoist & Chambon, 1980; 1981; Gruss et al, 
1981) and also the 21 bp repeated sequences are important 
(Fromm & Berg, 1982; Everett et al , 1983). Deletion and 
point mutations within the 21 bp repeats indicated that the 
CCGCCC motifs, present as multiple copies, constituted an 
important component of the early promoter, but are only able 
to act in the presence of the 7 2 bp repeat (Benoist & 
Chambon, 1981; Gruss et al, 1981). As described above, the 
72 bp repeats contain an enhancer function, capable of 
cis-activating transcription from heterologous promoters 
(see section 3.3.2). After DNA replication is initiated, 
there is a switch from mRNA intiation at the EE sites, which 
lie in the origin, and residual late early (LE) 
transcription initiates from sites further upstream (Ghosh & 
Leibowitz, 1981; Hansen et al, 1981), this change being 
mediated by large T antigen. It is now clear that the 21 bp 
repeats contain overlapping elements involved in promoting 
EE and LE transcription (Baty et a l , 1984; Hansen et al ,
1981), GC elements III to Vlare involved in the function of 
both promoters while repeats I and II are important only for 
EE transcription. When EE promoter function is impaired, the 
LE promoter increases in activity suggesting that the two 
promoters are in competition (Wasylyk et al , 1983b).

Parallel studies on the interaction of large T antigen 
with the early promoter were pursued in several 
laboratories. Purified T antigen binds specifically to three 
closely spaced sites around the origin of replication in a



29
sequential manner (Tjian, 1978; Shalloway et al, 1980). This 
binding protects 30-35 bp of DNA from digestion by DNAase at 
each of the three sites, which also span the EE mRNA start 
sites and TATA box. Site I has the greatest affinity and 
site III the lowest. Binding to sites II and III is reduced 
by mutations which eliminate binding to site I (Myers et al , 
1981; McKay & DiMaio, 1981; Tenen et a l , 1982) suggesting 
that binding occurs co-operatively. Jones and Tjian (1984), 
using méthylation and éthylation interference as a probe, 
concluded that clusters of G residues were important in the 
binding sites and that interaction was localised to only one 
face of the DNA helix. In vitro and in vivo transcription 
studies suggested that the binding of T antigen to site I is 
directly responsible for repression of EE mRNA synthesis 
(DiMaio & Nathans, 1982; Hansen et a l , 1981; Rio et al ,
1980). Further studies by Rio and Tjian (1983), in which 
site II was completely replaced by an equivalent sized piece 
of bacterial DNA, indicate that site II also plays a role in 
the repression of early transcription. Deletion of site III 
appeared to have no adverse effect on viral growth and the 
viruses did not over produce T antigen (DiMaio & Nathans,
1982) suggesting that this site had no role in repression of 
EE transcription. However, single base substitutions in the 
promoter proximal region of site III showed altered 
transcriptional properties both in vivo and in vitro (Das & 
Salzman,1985). Host cell proteins have also been shown to be 
required for the transcription of SV40 promoters. The factor 
Spl is necessary for efficient in vitro transcription from 
the early promoter (Dynan & Tjian, 1983a, b ) , discussed in 
section 2.3.

Sequences involved in the promotion of late (L) mRNA 
transcription have been analysed in considerably less 
detail. The L mRNA initiation sites are not preceded by a 
recognisable TATA homology although the sequence GGTACCTAACC 
(located 21-31 bp upstream from the major late start site) 
may function as such in vitro (Brady et a l , 1982). Hartzell 
and co-workers (1984a) have implicated the 21 bp repeats in 
late promoter function and this finding correlates with the
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observation that these elements are able to function 
bidirectionally (Everett et al, 1983). Further studies 
(Hartzell et al, 1984b), using a transient expression 
system, identified two sequence regions which affected 
maximal late expression. One sequence element lies in the 
minimal origin of replication and probably reflects the 
requirement for template amplification, the second falls 
within the origin proximal portion of the 72 bp repeats - a 
region which contains L mRNA initiation sites. In vitro 
analysis of a series of deletion mutants suggested that an 
important promoter element lay in the origin distal 21 bp 
repeat (Brady et al , 1984b). At present the situation is 
confused and a more subtle approach may be needed to 
differentiate the EE, LE and L overlapping promoter 
elements.

It has been proposed that the increase in L mRNA after 
the onset of DNA replication is also dependent on the 
activity of T antigen (Cowan et al, 1973; Khoury & May,
1977). Studies using a temperature sensitive mutant of large 
T, tsA, suggested that the ability of T antigen to 
positively influence transcription from the L promoter was 
dependent on cell type and, by implication, on the 
interaction of T antigen with host proteins (Alwine &
Khoury, 1980). In order to disengage transcription from the 
obvious increase in template copy number, also mediated by 
large T, two approaches have been taken. Keller and Alwine
(1984) used recombinant plasmids carrying the bacterial 
chloramphenicol acetyl transferase (CAT) gene under SV40 
late control. By deleting origin sequences and 
co-transfection with plasmids which express T antigen, they 
were able to show that expression from non-replicating L-CAT 
constructs was significantly increased in the presence of T 
antigen. Origin competent plasmids showed even higher levels 
of L promoter activity. Brady and colleagues (1984a) 
obtained qualitatively similar results using either intact 
and origin deleted plasmids or intact SV40 DNA and DNA 
synthesis inhibitors, detecting expression of the late 
transcription unit by immunoblotting of VPl. Both groups
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used mutant T antigen systems to conclude that the 
trans-activating function of the protein required an intact 
DNA binding domain. In order to reconcile the apparent 
paradox of a bidirectional enhancer (Gruss et al, 1981; 
Moreau et a l , 1981) not stimulating transcription from the 
late promoter early in infection, it has been suggested that 
the mechanism of T antigen trans-activation is by 
competition with a cellular repressor which acts at the 
early time (Brady et al, 1984a). Lastly, Keller and Alwine
(1985) have detected two sequence elements which mediate 
late gene expression in the presence of T antigen. One 
element contributed about 35% of maximal transcription and 
was active only when the origin sequences were intact. This 
element lies within the origin distal 72 bp repeat and may 
correspond to the TATA box-like element of Brady et al 
(1982). The second element lies in a 33 bp segment around 
the junction of the two 72 bp repeats. This sequence 
functioned in the absence of the origin and T antigen 
binding sites and may be responsible for trans-activation.

In summary, the present model for control of SV40 gene 
expression must accomodate three distinct properties of the 
controlling region:

(a) the relatively tight control of EE mRNA initiation 
by conventional TATA box and CCGCCC promoter elements, 
selectively activated by the upstream enhancer.

(b) the binding of T antigen with concomitant 
down-regulation of E mRNA expression (including a shift in 
the promoter utilisation), activation of DNA replication and 
increase in L transcription. It seems likely that the effect 
on transcription, at least in part, may simply be by steric 
hindrance of RNA pol II upon T antigen binding.

(c) the role of T antigen, distinguishable from its 
role in increasing template copy number, in trans-activating 
L promoter elements.
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1.4.3 Adenovirus and the EIA gene product
The EIA coding region of adenoviruses 2 and 5 (Ad2 and 

Ad5; see Figure 3) has been intensively studied due to its 
role in both adenovirus gene expression and transformation 
(Berk et al , 1979; Jones & Shenk, 1979a; Sambrook et al,
1974; Johansson et a l , 1978). Two main transcripts, the 12S 
and 13S mRNAs, are produced from the EIA region and these 
differ internally only by the size of a small intron 
encoding about 40 in phase amino acids (Perricaudet et al , 
1979; Berk & Sharp, 1978b; Bos & van der Eb, 1985). Mutant 
viruses containing deletions in the EIA region fail to 
accumulate early mRNAs (Berk et al , 1979; Jones & Shenk, 
1979b). Nevins (1981), by means of pulse-chase experiments, 
showed that this regulation occurred during transcription 
initiation. The phenomenon of promoter stimulation by the 
products of certain viral immediate-early genes has been 
termed trans-activation (see also sections on HSV-1 and SV40 
transcription) and this term will be used here to describe 
stimulation of adenovirus early and late transcription units 
by EIA.

Several groups have shown that the product of the 13S 
transcript alone is capable of trans-activating adenovirus 
promoters (Carlock & Jones, 1981; Riccardi et al , 1981; 
Montell et a l , 1981; Weeks & Jones, 1983). This transcript 
encodes a number of phosphoproteins, as determined by 
immunoprécipitation and SDS gel electrophoresis (Yee et al,
1983). The protein product of the 13S mRNA, purified from an 
over-expressing E.coli strain, is able to activate the EIII 
promoter upon co-injection into Xenopus oocytes (Ferguson e^ 
al, 1984), suggesting either that the post-translational 
processing is unnecessary for function or that the oocyte is 
able to make the required modifications. It has also been 
shown that similarly purified EIA is active in stimulating 
transcription from EIIA and the major late promoter (MLP) 
upon injection into mammalian cells (Krippl et al, 1984). 
Winberg & Shenk (1984) reported that the 128 product was 
able to activate various genes in the absence of 138 mRNA, 
although less effectively, and it has also been reported
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Figure 3 ; Adenovirus type 2 Early trancription

The main Ad2 early transcription units are indicated. 
The inset shows a detail of the two major ElA transcripts, 
discussed in section 1.4.3. Promoters are indicated by the 
presence of square brackets and arrow heads show the 
direction of transcription.



33

that both 12S and 13S products stimulated expression from 
the EIIA and E U X  transcription units and that this 
stimulation was at the transcriptional level (Leff et a l ,
1984). Rossini (1983) has shown that the EIA region 
activates transcription from the EIIA early (map coordinate 
75; EIIAE) but inhibits expression from the EIIA late 
promoter (map coordinate 72; EIIAL). Both promoters 
transcribe mRNAs encoding the adenovirus DNA binding protein 
but at different times. Recently, evidence has been 
presented to support the view that the product of the 138 
mRNA is responsible for EIIAE activation and that the 
product of the 128 mRNA is involved in EIIAL inhibition 
(Guilfoyle et a l , 1985).

The observation that EIA products were able to activate 
cellular genes, both in situ as shown for the hsp70 gene 
(Kao & Nevins, 1983) and the /3-tubulin gene (Stein & Ziff,
1984), and when introduced as plasmid during co-transfection 
experiments (Green et a l , 1983; Svensson & Akusjarvi, 1984; 
Gaynor et al, 1984) precipitated the search for EIA-specific 
activator sequences. Bos and ten Wolde-Kraamwinkel (1983) 
showed that the EIB promoter of Adl2 is activated by the EIA 
138 product and that sequences within 135 bp of the EIB mRNA 
cap site were important. Impériale & Nevins (1984) failed to 
find specific sequences required for activation by EIA, 
although trans-activation was correlated with the presence 
of a functional promoter region which could operate in 
either orientation and at a considerable distance from the 
cap site. Similarly, Weeks & Jones (1985) found that 
sequences from -105 to -82 in the EIII gene upstream region 
were required for both EIA induced and uninduced expression. 
Placing these sequences at -79 with respect to an 
insensitive TK gene conferred inducibility by EIA. A linker 
scanning analysis of the EIIA region revealed two sequences 
important for promoter function, at -29 to -21 and -82 to 
-66 (Murthy et a l , 1985), the first region corresponding to 
the TATA box. These authors were unable to differentiate 
specific sequences required for activation by EIA. 
Trans-activation of heterologous promoters, in short-term



34

transfection experiments, did not appear to be dependent on 
specific activator sequences (Green et al , 1983; Everett & 
Dunlop, 1984). Such results have led to the hypothesis that 
EIA acts in a general way to catalyse the formation of 
stable complexes (Gaynor & Berk, 1983). Evidence in support 
of this suggestion comes from the observation that EIA can 
repress activity from certain enhancers, e.g. those of SV40 
and polyoma virus (Borelli et al, 1984; Velcich & Ziff,
1985) perhaps indicating that stimulation by EIA, in trans, 
and by enhancers, in cis, are mutually exclusive regulatory 
pathways which compete for the same transcription machinery. 
Interestingly it has been shown that the EIA transcription 
unit is driven by upstream promoter sequences with 
enhancer-like properties (Hearing & Shenk, 1983). The EIA 
enhancer region lies between -141 and -305 in Ad5 and can 
operate both 5' and 3' to the EIA coding sequences, in 
either orientation. Chambon's group, working on Ad2, located 
the enhancer to within 340 bp of the cap site and showed 
that stimulation in cis decreased with distance from the 
promoter but was unidirectional (Hen et al, 1983; 
Sassone-corsi et al , 1983). Their results also suggested 
that the EIA product could replace the cis-acting element in 
achieving maximal expression from the EIA promoter.

To complicate further the story of adenovirus gene 
control, two groups have now reported the ability of EIV 
products to stimulate gene expression. Goding et al (1985) 
suggest that EIV trans-activation of EIIAE transcription 
requires sequences between -48 and -19, acting independently 
of the EIA products. A mutational analysis of the EIV region 
in virus showed that the product exerts pleiotropic effects 
on DNA replication, translation and mRNA synthesis (Halbert 
et al , 1985). The stimulatory function of EIV product may 
account for the sequential induction of adenovirus early 
gene transcription (see review by Flint, 1982). Two studies 
have shown that the EIIA gene product (a 7 2K DNA binding) 
protein can supress transcription from the EIV promoter 
(Nevins & Winkler, 1980; Handa et al , 1983) suggesting a 
possible homeostatic mechanism whereby the levels of EIIA 
and EIV products assume a steady state.
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2. The Herpesviruses

2.1 Basis for classification
Five members of the family herpetoviridae have man as a

natural host (Roizman et al , 1981). To date at least another
80 distinct herpesviruses have been described and isolated 
from a wide range of vertebrate and invertebrate animal 
species. In all cases the initial classification is based 
mainly on virus morphology and therefore all members of the 
herpesvirus family share a consistent structure (see Figure 
4) which has four main features:

(1) an electron dense core, incorporating the 
double-stranded DNA genome (Epstein, 1962; Ben-Porat & 
Kaplan, 1962).

(2) an icosahedral capsid, containing 12 pentameric and 
150 hexameric capsomeres (Wildy et al, 1960).

(3) an envelope, derived from the nuclear membrane and
which is punctuated with virally encoded glycoprotein 
"spikes" (Wildy et al, 1960; Spear & Roizman, 1972).

(4) a structure referred to as the tegument (Roizman & 
Furlong, 1974) which is largely undefined and consists of a 
layer of proteinacious material lying between the capsid and 
envelope.

In these respects, the virus particles of the various 
herpesviruses cannot be differentiated when observed under 
the electron microscope. However, on the basis of biological 
properties and the size, base composition and arrangement of 
their genomes few virus families exhibit as much variation 
as the herpetoviridae (Roizman, 1982). Using this cornucopia 
of biochemical and biological characteristics, a tripartite 
classification of the herpesviruses has been proposed 
(Roizman et a l , 1981). A detailed rational for the scheme is 
presented in Table 1, but the basic feature is a division 
into alpha-, beta- and gammaherpesvirinae based on 
host-range, duration of reproductive cycle, cytopathology 
and location of the viral genome during latent infection.



Table 1 ; The Subdivision of Herpesviruses According to Biological Properties.

Subfamily  Examples
AlphaherpesvirinaeHOST RANGE : Varies from wide to very narrow both in vitro HSV-1and in vivo. HSV-2DURATION OF REPRODUCTIVE CYCLE: Short (<24hr) EHV-1CYTOPATHOLOGY: Rapid spread of infection in cell culture PRVresulting in mass destruction of susceptible cells. BMVLATENT INFECTION: Frequently, but not exclusively, in ganglia.
Betaherpesvir inaeHOST RANGE: Narrow, frequently restricted to the species HCMVor genus to which host belongs. In vitro replicates EHV-2best in fibroblasts.DURATION OF REPRODUCTIVE CYCLE: Relatively long v>24hr)CYTOPATHOLOGY: Slowly progressing lytic foci in cellculture. Infected cells become enlarged (cytomegalia) both in vitro and in vivo. Carrier cultures easily establi shed.LATENT INFECTIONS: Possibly in secretory glands, lympho- reticular cells, kidneys and other tissues.
Gammaherpesvir inaeHOST RANGE: In vivo usually limited to the same family or EBVorder as the host it naturally infects. In vitro all MDVmembers of this subfamily replicate in lymphoblastoid HVScells and some also cause lytic infections in certain types of epithelioid and fibroblastoid cells. Viruses in this group are specific for either B or T lymphocytes.DURATION OF REPRODUCTIVE CYCLE: Variable.CYTOPATHOLOGY: Variable.LATENT INFECTION: Latent virus is frequently demonstrated in lymphoid tissue.

Abbrev iat ions :HSV-1, -2EHV-1, -2PRVBMVHCMVEBVMDVHVS

herpes simplex virus type 1, or type 2equine herpes virus type 1, or type 2pseudorabies virusbovine mamillit is virushuman cytomegalovirusEpstein Barr virusMarek's disease virusherpesvirus saimiri





Figure 4 ; A Diagrammatic Representation of a Herpes Virus 
Particle.

The major features of a herpesvirus particle are shown 
The core probably consists of DNA wound around a protein 
spindle. gP represents glycoprotein.
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2.2 Human disease and herpesviruses
Herpesviruses which infect man are found in all three 

sub-families. The alphaherpesvirinae is represented by HSV-1 
(the sub-family prototype) and HSV-2, and varicella-zoster 
virus (VZV). HSV-1 and -2 most commonly infect skin around 
the genitals, lips and oral cavities (Nahmias & Dowdle,
1968; Nahmias & Roizman, 1973). Less frequently several 
internal organs are involved resulting in severe or fatal 
disease. These two viruses are very closely related but can 
be differentiated antigenically (Plummer et a l , 1981). HSV-1 
and -2 display an important property of the herpes family in 
their ability to establish a so-called latent infection, 
during which the virus does not replicate and is believed to 
lie dormant in nerve ganglia (reviewed by Hill, 1985). Such 
a state, in some individuals, is punctuated by a series of 
recurrent disease episodes (reactivation) at the initial 
infectious site, or elsewhere, the causes of which are 
unknown.

VZV is the causative agent of two distinct clinical 
conditions: varicella (chickenpox) and herpes zoster 
(shingles). Chickenpox is a relatively benign infection of 
childhood whose manifestations are small, fluid-filled, skin 
eruptions. Zoster takes its name from the greek zona, 
meaning girdle, describing a creeping skin condition that 
encircles the torso, tends to occur later in life, and is 
almost certainly the result of a recurrent, previously 
latent, varicella infection, as the viruses isolated from 
the two conditions appear to be identical (Weller et al , 
1958; Richards et a l , 1979).

Human cytomegalovirus (HCMV; a member of the 
betaherpesvirinae) has been established as the most common 
infectious cause of intrauterine foetal brain damage and is 
a major cause of infection after organ transplant (Alford & 
Britt, 1985). Epstein Barr virus (EBV; the 
gammaherpesvirinae) is one of the most common and widely 
disseminated human viruses. It is the causative agent of 
infectious mononucleosis, a rarely fatal disease of the 
affluent West, persisting in the lymphoreticular system and
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excreted intermittently in the oropharynx (Neiderman et al, 
1976). Of more importance is the strong association of EBV 
with two important killer diseases in the third world and 
Far-East: Burkitt's lymphoma (De The et a l , 1978) and 
nasopharyngeal carcinoma (Raab-Traub et a l , 1983).

2.3 HSV-1
The virus studied in the work presented here was HSV-1 

and I would briefly like to discuss some of the salient 
features of the virus before concentrating on HSV-1 gene 
expression and its control. HSV-1 has a linear, 
double-stranded, genome of approximately 100 million 
molecular weight, corresponding to about 140-150 kbp (Becker 
et al , 1968; Kieff et a l , 1971), which is transcribed and 
replicated in the cell nucleus. It is now well established 
that the genome has a remarkable structure in which a large 
sequence region from each end is present internally as an 
inverted repeat and a shorter sequence is directly repeated, 
at each end and between the internal inverted repeats (see 
Figure 5; Sheldrick & Berthelot, 1974; Wadsworth et a l ,
1975; Wilkie, 1976; Delius & Clements, 1976). Thus the 
structure is described as two covalently bound segments: the 
long segment (82% of the genome) has a unique region (U^) 
bounded by 9 kbp inverted repeats, and a short segment (18% 
of the genome) consisting of unigue sequences (Ug) bounded 
by 6 kbp inverted repeats. The direct terminal redundancy is 
known as the a sequence (Wadsworth et a l , 1975) and varies 
in length, from about 280 to 550 bp, depending on the virus 
strain (Davison & Wilkie, 1981; Mocarski & Roizman, 1982).
An interesting feature of this genomic organisation is the 
ability of the short and long segments to invert with 
respect to each other, resulting in a viral population 
within which the four possible genomic isomers are equally 
represented (Sheldrick & Berthelot, 1974; Hayward et a l , 
1975; Delius & Clements, 1976). This inversion process 
requires the a sequences (Mocarski et al , 1980; Mocarski & 
Roizman, 1981; Smiley et a l , 1981; Davison & Wilkie, 1983), 
although the ability to invert is not a prerequisite for 
viral viability (Poffenberger et al, 1983).



CDO

COo

§

mCD

CD
CD

r s i
CD

CO
i h

li­

se I CN

II-

| X

r

' I
II
“4
ÏX

ï l

LU



Figure 5 ; The Structure of the HSV-1 genome

The linear, double-stranded, DNA genome of HSV-1 is 
shown in prototype orientation. Open boxes represent 
inverted repeats, closed boxes represent the "a" sequence. 
The numbers above the genome detail the approximate length 
in kbp of Ul and U g . The numbers in the boxes show the same 
statistic for each repeat. Below the genome are mapped the 
IE genes and the sizes of their protein products, and below 
this are indicated the approximate positions of the best 
characterised HSV-1 genes, which are as follows:

AE alkaline exonuclease
MCP major capsid protein
TK thymidine kinase
MDBP major DNA binding protein
DNA pol DNA polymerase
RR ribonucleotide reductase
gc glycoprotein C
Vmw65 virion transcription activator
dU dUTPase
gD glycoprotein D
gE glycoprotein E

The positions of origins of replication are shown. Finally, 
the relative orientation of the long and short unique region 
are detailed for each of the four genomic isomers.

Note that the mRNA for VmwllO contains two introns.
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The viral DNA is probably replicated by a rolling 
circle mechanism which generates long concatamers of newly 
replicated, unit length, genomes (Jacob et a l , 1979). The 
information necessary for this replication is probably 
substantially virally encoded in the sense that both 
cis-acting control signals, and trans-acting factors, 
involved in DNA replication have been mapped to the genome. 
Each competent viral DNA molecule has three origins of 
replication. An origin is present in each of the two copies 
of the short repeat (Stow, 1982; Stow & McMonagle, 1983) and 
there is third origin in (Spaete & Frenkel, 1982; Weller 
et al, 1985). The a sequences contain signals which mediate 
cleavage and packaging of newly replicated viral genomes 
(Stow et al , 1983; Stow & McMonagle, 1983; Varmuza & Smiley, 
1985).The genome encodes its own DNA polymerase (Keir &
Gold, 1963; Keir et a l , 1966; Chartrand et al , 1979; 1980) 
and several enzymes involved in DNA metabolism, including: a 
thymidine kinase (Kit & Dubbs, 1963; Klemperer et al , 1967; 
Jamieson & Subak-Sharpe, 1974; McKnight, 1980), a 
ribonucleotide reductase (Cohen, 1972; Ponce de Leon et al, 
1977; Dutia, 1983), an exonuclease (Keir & Gold, 1963; 
Preston & Cordingley, 1982; Banks et al, 1983) and a dUTPase 
(Wohlrab & Francke, 1980; Preston & Fisher, 1984). These 
features are shown in figure 5.

2.4 Transcription
The transcription pattern of HSV-1 has been 

investigated from two stand points: the study of virus gene 
organisation by detailed mRNA mapping, and as a model system 
for the study of eukaryotic gene control. It is with the 
latter that most of the work to be described is concerned 
and, therefore, the control of HSV-1 gene expression will be 
treated in most detail.

Transcript mapping has been performed, most notably by 
Wagner's group (reviewed by Wagner, 1984; 1985), as a 
prelude to identification of gene products and their 
function. This work, coupled with large and small scale DNA 
sequencing, has greatly increased our knowledge of the
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virus. An almost complete transcript map of the genome now 
exists (Wagner, 1984; 1985; McGeoch et a l , 1985; Rixon & 
McGeoch, 1984) . The powerful ability to produce mono5pec,|ic 
antibodies from synthetic oligopeptides, predicted from 
sequence data to occur in natural proteins, will allow the 
correlation of gene and product (for example see Frame et 
alf 1985). A detailed account of the HSV-1 mRNA organisation 
is outwith the scope of this introduction, however, certain 
generalisations about the features of HSV-1 trancripts can 
be made and are as follows;

(a) each transcript is controlled by its own promoter, 
located in the 5* flanking sequences.

(b) only a minority of the known transcripts are 
spliced (Costa et a l , 1985).

(c) a relatively high density of transcript "packing" 
is observed often with a complex arrangement of overlapping 
mRNAs which are either 3' co-terminal and encode different 
polypeptides (Rixon & McGeoch, 1984), or 5' co-terminal and 
thus appear to be redundant (Anderson et al , 1981; Hall e_t

1982).
(d) most of the 5' flanking regions contain sequences 

similar to those implicated in eukaryotic promoter function, 
e.g. TATA and CAAT boxes (q.v.); similarly 3' flanking 
regions exhibit recognisable polyadenylation signals 
(AATAAA; Proudfoot & Brownlee, 1976; Fitzgerald & Shenk,
1981) and a possible candidate for a termination signal 
(YGTGTTYY; Taya et al , 1982; McLauchlan et a l , 1985).

The HSV-1 genome is transcribed in at least three 
temporal phases, named immediate early (IE), early (E) and 
late (L) (Clements et al , 1977) or a, /), V (Honess &
Roizman, 1974; Jones & Roizman, 1979). Historically, the 
three mRNA classes have been differentiated on the basis of 
transcript abundance in the presence and absence of two 
kinds of metabolic inhibitor - inhibitors of protein 
synthesis (e.g. cycloheximide) and inhibitors of DNA 
synthesis (e.g. phosphonoacetic acid or ara C) (Swanstrom e^ 
al, 1975) - coupled to analysis of transcripts using 
hybridisation techniques. Thus, IE transcription does not
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require de novo protein synthesis; E transcription requires 
the presence of IE products and is most abundant prior to 
the onset of DNA replication; L transcripts only accumulate 
to high levels after DNA synthesis is initiated. Present 
methods, which allow the isolation of individual genes, and 
the ability to study their expression with very sensitive 
probes, have tended to cloud the neat tripartite division, 
but in general it is still valid.

It is clear that transcription of the viral genome is 
mediated by host cell RNA pol II throughout infection, as 
all detectable viral transcripts are sensitive to a-amanitin 
(Constanzo et al , 1977; Ben-Zeev & Becker, 1977). Pertinent 
to this observation is the fact that naked HSV-1 DNA is 
infectious (Graham et a l , 1973b; Sheldrick et al , 1973), 
although this does not exclude the possibility that some 
viral transcription requires virally encoded modifications 
to the host polymerase, indeed there is evidence to suggest 
that RNA pol II from infected cells has different 
biochemical properties to that from uninfected cells 
(Ben-Zeev et al ,1976).

2.4.1 IE mRNA Transcripts
The most distinct transcript class and the best studied

comprises the IE mRNAs. Transcription of this small group of
messages does not require de novo protein synthesis and
infection in the presence of cycloheximide results in their
over-production (Kozak & Roizman, 1974; Swanstrom et al,
1975; Clements et al, 1977; Jones & Roizman, 1979;
Harris-Hamilton & Bachenheimer, 1985). Transcripts in the IE
class clearly represent only a very small proportion of the
genome (Clements et al , 1977; Watson & Clements, 1978; Jones
& Roizman, 1979; Easton & Clements, 1980). There are onlyHSv/ l
five distinct species, named IE mRNAs 1-5, whose sizes^are 
4.7, 3.0 and three of about 2.0 kbp (Watson et al , 1979; 
Anderson et al , 1980). The map locations and size of the 
translation products are summarised in Figure 5.
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2.4.2 Sequences Controlling IE Transcription
Post et al (1981) were the first to apply promoter 

fusion techniques to the s|Lidy of IE promoters. These authors 
fused IE gene 3 sequences, extending 5* from a region in the 
5' untranslated mRNA leader, to the coding sequences of the 
HSV-1 TK gene. This plasmid construct was then used either 
to produce recombinant virus in which TK was flanked by IE 
sequences (lE-TK), or to biochemically transform LTK“ cells 
to the TK+ phenotype. It was discovered that the lE-TK 
containing virus effectively had its TK gene under IE 
control, that is, TK activity was detectable at IE times 
(1-3 hours post-infection). This suggested that the sequence 
elements which differentiated IE promoters from E and L 
promoters lay in the 5' flanking sequences. The most 
interesting observation came when biochemically transformed 
cells were super infected with TK” virus. It was shown that 
this resulted in a powerful stimulation of the integrated 
HSV-1 TK gene, which had previously been shown to have 
acquired IE characteristics of expression. Post and 
co-workers postulated that the virus inoculum contained a 
trans-acting factor (the so-called virion component) which 
effected a positive stimulation of IE promoters.

The transformation experiments were extended by 
contructing several deletions in the IE gene 5' flanking 
sequences and measuring transformation efficiency. These 
results suggested that the 5' flanking sequences of IE gene 
3 contained seperate promoter and regulator elements. The 
sequences which conferred inducibility on the IE3 gene were 
mobile in that they could be placed upstream of a 
heterologous promoter (that of the natural TK gene) and 
remain functional. Furthermore, these cis-acting responder 
elements were shown to fall within the region -110 and -331 
relative to the cap site (Mackem & Roizman, 1982a). Detailed 
deletion analysis of these upstream sequences have been 
performed and activity determined by transformation or 
short-term transfection assay (Cordingley et al, 1983; Herz 
& Roizman, 1983; Lang et al, 1984; Kristie & Roizman, 1984). 
The conclusions from these studies are generally in accord



42

and are that the major regulator function resides between 
-174 and -331 and operates through "basal" promoter elements 
which lie between +1 and -108. The regulator element 
stimulates expression from the IE3 promoter even in the 
absence of the virion component. This stimulatory ability 
has many of the hall-marks of classical enhancer function, 
that is, it does not require its own promoter, it can 
operate in an orientation independent manner, at a 
considerable distance from the promoter and it shows some 
cell type specificity (Lang et al, 1984; Preston &
Tannahill, 1984).

Fusion of other IE gene promoters to TK, namely lEl,
IE2 and IE4/5, has revealed that they too respond to the 
virion component but, at least in the cases of IE2 and 
IE4/5, do not have enhancer-like sequences (Mackem &
Roizman, 1982b; 1982c; Preston et al, 1984; see section
5.6). Therefore, it would appear that even within a 
relatively well defined gene class, the IE genes, it is 
possible to make further divisions based on promoter 
strength in the absence of the trans-act ing virion 
component.

Mackem and Roizman (1982a, b) noted that upstream of 
the various IE genes there were several conserved blocks of 
nucleotides, in particular, GC-rich rgions with the 
potential to form hairpin loops and an AT-rich motif for 
which they have published two consensus sequences: TAATGARAT 
and GYATGNTAATGARATTCYTTGNGG. A thorough analysis of 
sequences conserved between HSV-1 IE promoters, and between 
HSV-1 and -2 IE promoters, confirmed the conservation of 
these features (Whitton & Clements, 1984; Whitton et al,
1983) and it was suggested that these elements were 
responsible for the coordinate induction of HSV IE genes. 
Functional analysis of the IE4/5 promoter sequences has 
provided direct evidence for the role of TAATGARAT in IE 
gene response to the virion component, however, these 
experiments suggested that sequences flanking the element 
modulated the effeciency of the response (Preston et al,
1984). Gaffney et al (1985) have demonstrated, by using a
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synthetic oligonucleotide containing the TAATGARAT element, 
that this sequence is able to confer responsiveness to the 
HSV virion component, however, this is not to say that other 
sequences do not play a role. Further evidence in support of 
sequences other than the TAATGARAT playing a role in 
stimulated and unstimulated expression from IE3 comes from 
experiments by Bzik and Preston (1986). These authors made a 
series of small deletions into the IE3 regulator element, 
from both sides. Their results suggest that three distinct 
sequence elements in this region play a role in the control 
of transcription and that their effects are cumulative. Two 
of these elements are consistent with the TAATGARAT 
consensus, but, a third motif consists of
-298/cggaaCGGAAGCGGAAACCGCCG/ "275 and is able to activate an 
otherwise non-functional TAATGARAT element. Similar 
sequences have been shown to be functionally important in 
adenovirus EIA and polyoma virus enhancers (Hearing & Shenk, 
1983; Herbommel et al , 1984; Veldman et al, 1985). Recently 
there have been reports of the identification of enhancer 
elements in two other herpesviruses: herpes virus saimiri 
(Schirm et al, 1985) and HCMV (Boshart et al, 1985), and 
that HCMV IE promoters are trans-activated by a component of 
the virion (Stinski & Roehr, 1985; Spaete & Mocarski, 1985).

2.4.3 The Virion Component
Studies by Batterson and Roizman (1983) confirmed that 

the virion component was trans-act ing and probably consisted 
of one or more peptides located outside the nucleocapsid. 
These workers superinfected cells, biochemically transformed 
with the HSV-1 TK gene under IE transcriptional control, 
with different virus preparations. Stimulation of TK 
activity was seen using UV light-irradiated virus 
preparation and, at NPT, using a mutant virus, tsB7, which 
fails to release viral DNA and whose nucleocapsids 
accumulate at the nuclear pores (Batterson et al, 1983). 
Furthermore, it was shown that the related herpesviruses 
PRV, HCMV and BMV were unable to stimulate expression from 
the HSV-1 IE promoter, unlike HSV-2. Campbell, Palfreyman
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and Preston (1984) applied a novel strategy to identify the 
herpes gene or genes responsible for the specific 
stimulatory response. Cloned restriction fragments of the 
HSV-1 genome were transfected into cells, together with a 
plasmid construction in which the IE3 promoter regulated 
expression of the HSV-1 thymidine kinase (TK) gene. It was 
possible to identify those regions of the genome which 
stimulated levels of TK activity. Initial experiments 
located the IE specific trans-activator to the EcoRI I 
region (map coordinates 0.635-0.721). By a process of 
sub-cloning and insertion mutagenesis the authors were able 
to exclude all mRNAs known to map in EcoRI I except one 
(Hall et al , 1982). Hybrid arrested in vitro translation and 
immunoprécipitation studies identified the gene responsible 
as that for Vmw65, a major virion tegument phosphoprotein 
(Marsden et al , 1978; Lemaster & Roizman, 1990 ; McLean e^ 
al , 1982). A considerable part of the work presented here is 
concerned with the determination of the DNA sequence of the 
gene for Vmw65 (Dalrymple et a l , 1985).

HSV'i
2.4.4 The Products of^IE Genes

The five IE mRNA species: lEl, 2, 3, 4 and 5, translate 
to the following respective products: VmwllO, 63, 175, 68 
and 12 (Pereira et al, 1977; Preston et al, 1978). The map 
positions of these (see Figure 5), and many other viral 
genes, have been identified by exploiting the detailed 
differences in electrophoretic mobility of the homologous 
polypeptides of HSV-1 and HSV-2, and the construction of 
intertypic recombinants of verifiable genome structure 
(Marsden et al , 1978; Morse et a l , 1978; Halliburton, 1980). 
Due to their position in the major repeated regions, IE3 and 
lEl are present as two copies in the genome and the 
promoters of IE4 and IE5 are exactly equivalent.

Of the IE polypeptides, Vmwl75 is the best 
characterised. The protein has an apparent molecular weight 
of 175,000 under SDS gel electrophoresis, hence its name, 
and is heavily phosphorylated, although the molecular weight 
predicted from the DNA sequence is much lower (132,835; 
McGeogh et al , in press). There are three phosphorylated
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forms, named a, b, and c in descending order of 
electrophoretic mobility (Pereira et al , 1977), which appear 
to cycle their phosphate moeities (Fenwick & Roizman, 1977; 
Wilcox et a l , 1980). A mutant, tsK, which probably has only 
a single base pair change (Davison et a l , 1984), in a total 
coding region of 3,894 bp (McGeoch et al , in press), is 
defective in the synthesis of the c form at NPT (Preston, 
1979b). TsK, and a similar mutant (tsB2), accumulate the 
cytoplasmic form Vmwl75a and transport of the b form to the 
nucleus is reduced (Courtney & Powell, 1975; Preston, 1979b; 
Cabral et al , 1980). The phosphorylation of the protein is 
probably of two kinds: poly(ADP-ribosyl)at ion (Preston & 
Notarianni, 1983) and direct formation of phosphoesters with 
serine and threonine residues (Metzler & Wilcox, 1985).

The role of Vmwl75 in the transcriptional control of E 
and L gene expression, can be introduced at this point. It 
is clear that early and late genes have an absolute 
requirement for functional Vmwl75 in order that they be 
efficiently transcribed (Watson & Clements, 1978; 1980; 
Preston, 1979a; Dixon & Schaffer, 1980; Leung et al , 1980; 
Persson et al , 1985) and, in the absence of functional 
Vmwl75, IE transcripts and polypeptides are over produced. 
The mutant tsK is unable to synthesise E and L mRNAs at NPT. 
Temperature shift experiments have shown conclusively that 
the ts lesion is reversible, throughout the infectious cycle 
(Watson & Clements, 1978; 1980; Preston, 1979a,b). Other 
mutants, tsB21u and tsLB2 (Dixon & Schaffer, 1980), have 
been shown to exhibit a similar phenotype to tsK. It must be 
noted, however, that these mutants may mask more subtle, 
pleiotropic, effects of Vmwl75. Experiments in which the 
arginine analog canavanine has been used, to disrupt IE 
protein function, suggest that subsets of E and L genes are 
regulated differently (Honess & Roizman, 1974; Pereira e^ 
al, 1977; Harris-Hamilton & Bachenheimer, 1985). This view 
is supported by reports of ts mutants in Vmwl75 which are 
partially or completely permissive for E gene expression 
(Marsden et al , 1976; Preston, 1981; DeLuca et al , 1984) and 
it is clearly possible to delete small regions of the coding
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sequences without affecting viral replication (Schroder et 
1985).
The functions of the other IE gene products are less 

well understood. Only Vmwl2 is not phosphorylated (Pereira 
et al , 1977; Marsden et al , 1978; Fenwick & Walker, 1979; 
Marsden et al, 1982). All four phosphorylated IE products 
assume nuclear locations and can be found tightly bound to 
isolated chromatin (Hay & Hay, 1980; 1981). Deletion of one 
copy of the gene for VmwllO, which is diploid, appears to 
have little phenotypic effect (Davison et al , 1981), 
however, there is evidence that this gene product plays a 
role in transcriptional activation of E and L genes 
(Everett, 1984; O'Hare & Hayward, 1985a; Quinlan & Knipe,
1985). It must be noted that the latter work is based on 
plasmid transfection assays and has not been shown to occur 
in the virus situation. Deletion of a large part of the 
coding sequences of the gene for Vmw68 did not reduce the 
yield of viral progeny (Post & Roizman, 1981), although a 
residual fragment of the protein was translated and may be 
essential in certain cell types (Sears et al, 1985). 
Recently, Schaffer's group have isolated mutant viruses with 
ts lesions in IE gene 2 (Sacks et al, 1985). These authors 
found that E proteins were synthesised at near wild-type 
levels at NPT, but certain IE products were over-produced 
and L protein synthesis was drastically reduced. They 
concluded that Vmw63 has an essential role in virus 
replication and that the protein is required after the onset 
of early gene expression.

2.4.5 Autoregulation of IE transcription
The experiments of Clements and co-workers (1977) 

suggested that IE transcripts decreased in abundance at E 
and L times. This was interpreted to mean that a viral 
protein, probably an E gene product, "switched-off" IE 
transcription (Honess & Roizman, 1974). It has been shown 
that an upshift of tsK, or similar mutants, to NPT after the 
onset of early gene expression results in the resumption of 
IE protein synthesis and the termination of E and L protein
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synthesis (Preston, 1979a; Dixon & Schaffer, 1980). This 
result was interpreted to mean that Vmwl75 has a direct role 
in suppression of IE gene expression and, on the basis of 
metabolic inhibitor experiments, it was concluded that 
"autoregulation" by Vmwl75 occurs at the level of 
transcription (Preston, 1979a, b; Dixon & Schaffer, 1980; 
Watson & Clements, 1980). A similar conclusion has been 
reached in the case of PRV, whose single IE gene product 
appears to autoregulate (Ihara et al , 1983). However, little 
work has been done on the actual levels of IE mRNA, as 
detected by sensitive hybridisation techniques. Using 
nuclease SI mapping and Northern blot analysis, it has been 
shown that significant levels of IE mRNAs are present, in 
the cytoplasm, at E and L times (F. Rixon, personal 
communication) and that Vmwl75 is able to stimulate 
expression from the promoters of IE2 and IE4/5 (see section
5.6). The presence of IE mRNA at these times is inconsistent 
with the finding that IE proteins are not detectable (Honess 
& Roizman, 1974; 1975). Preston (1979b) has noted that IE 
mRNA becomes unstable at a certain stage in the infectious 
cycle which might suggest that there is some translational 
control of IE gene expression. Thus, the evidence in favour 
of a transcriptional down-regulation of all IE genes at E 
and L times must be re-examined in the light of modern 
techniques.

2.4.6 Transcription of Early and Late Genes
The methods used to study expression of E genes, in 

isolation from the viral chromosome, have produced a rather 
paradoxical situation. As has been discussed, it is quite 
clear that functional Vmwl75 is required for the efficient 
expression of mRNA from E gene promoters when that promoter 
is resident in the virus. When the isolated TK gene (with 
its natural promoter) is transfected into cells and 
biochemically transformed cells selected however, it is 
relatively easy to obtain cell lines expressing this HSV 
gene (Wigler et al, 1977; Maitland & McDougall, 1977; Minson 
et al , 1978). This observation suggests that the TK gene can
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be transcribed without trans-activation. Furthermore, TK 
genes integrated into the chromosomes of transformed cells 
are still able to respond to super infecting virus in the way 
expected for a virally resident gene (Kit & Dubbs, 1977; 
Smiley et al , 1983). Similarly, it has been shown that a 
plasmid containing the HSV TK gene can be efficiently 
transcribed and translated upon injection into Xenopus 
oocytes (McKnight & Gavis, 1980; Cordingley & Preston,
1981). These facts led to the conclusion that the TK gene, 
and E and L genes in general, have promoter sequences which 
are able to be transcribed at a basal level, upon which is 
superimposed the viral stimulatory mechanism. Indeed, 
McKnight and co-workers have used the Xenopus oocyte assay 
to map, in considerable detail, the sequence elements 
resposible for the transcriptional activity of the TK 
promoter (see section 3.3.2.). However, given that E and L 
genes are activated by one or more IE gene products, the 
question was asked, which sequences confer the ability to be 
induced ?

Several groups have claimed to be able to delineate 
specific sequences which mediate trans-activation (Zipser e^ 
al, 1981; Smiley et al , 1983; El-Kareh et a l , 1985), but 
these conclusions must be tempered by the finding that 
several non-viral promoters can be similarly stimulated 
(Green et al, 1983; Everett, 1984; see section 4.2). Everett 
(1983; 1984), using a short-term transfection assay and 
analysis of mRNA levels, has studied the glycoprotein D 
promoter in considerable detail. It was shown that 
trans-activation of gD by superinfecting virus required 
GA-rich sequences between -40 and -83, but this same 
sequence requirement was also found for cis-activation by 
the SV40 enhancer, suggesting that this region represents a 
basal promoter and not a virus E gene responder sequence. 
Recently, the TK linker scanning mutants of McKnight have 
been re-evaluated in a transient expression system and the 
effects of the various promoter mutations on 
trans-activation studied (Eisenberg et a l , 1985). These 
workers conclude that the same elements which mediate
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expression in the constitutive environment of Xenopus 
oocytes are important for the property of trans-act ivat ion 
by super infecting HSV-1 in mouse cells, although there may 
be different emphasis placed on the importance of the 
various promoter elements by oocytes and tissue culture 
cells. Both these studies are consistent with viral IE gene 
products having the ability to generally activate any 
available promoter, probably by binding to, sequestering, or 
activating cellular factors which are important for gene 
expression in general.

There are no published accounts of the mutational 
dissection of L promoters, however some preliminary results 
were presented at the IQtb international Herpesvirus 
Workshop, Ann Arbor, Michigan, 1985. Johnson and Everett 
constructed a plasmid which contained the promoter for USll 
(a known late gene) with or without a viral origin of 
replication. By short-term transfection of tissue culture 
cells followed by super infection with virus to provide 
replicative functions, they showed that transcription from 
the USll promoter was drastically reduced, but not 
abolished, either in the presence of PAA (which inhibits DNA 
synthesis) or in the absence of a viral origin of 
replication, suggesting that template copy number may be an 
important level of control of L genes. Introduction of gC 
promoter deletions into viral genomes defined the region 
from +126 to -140 as important for the transcriptional 
activation of this gene (F. L. Homa, J. Glorioso, M.
Levine). Knipe's group have published evidence for the major 
DNA binding protein (MDBP) playing a role in the control of 
some E and L genes, based on the finding that a ts lesion in 
this protein causes some IE, E and L mRNAs to be 
overproduced at NPT (Godowski & Knipe, 1983). Recently they 
have suggested that L gene expression is actively suppressed 
by the MDBP prior to DNA replication, but it is not 
established whether this is a specific effect (Godowski & 
Knipe, 1985).
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2.4.7 Summary
There would appear to be a very sharp distinction 

between IE and E/L promoters in terms of transcriptional 
sensitivity to protein synthesis inhibitors such as 
cycloheximide. This has allowed the detailed 
characterisation of the IE genes and some aspects of their 
control. More work is being done on the role of IE products 
in subsequent lytic development and it is probable that 
Vmwl75 will be joined by VmwllO and Vmw63 in being assigned 
roles in viral transcription. The possibility of E and L 
gene products acting to regulate IE or L transcription has 
not been studied in detail, although the concept of the MDBP 
acting to repress L transcription is an intriguing one.
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3. Materials

3.1 Chemicals
Most chemicals and other materials were obtained from 

either the Sigma Chemical Company Ltd. or BDH Chemicals 
U.K.. Acrylamide and boric acid were purchased from Koch 
Light Laboratories; Ammonium persulphate and TEMED from 
Biorad Laboratories; Tris[hydroxymethyl]-aminoethane (Tris) 
from Boehringer Mannheim GmbH and analytical grade ethanol 
from James Burroughs U.K. Ltd.. The sequencing primer 
(5'-GTAAAACGACGGCCAGT-3') was obtained from New England 
Biolabs. Deoxynucleoside and dideoxynucleoside triphosphates 
were bought from Pharmacia P-L Biochemicals. Wacker silane 
(methacryloxypropyl-tri[methoxyethoxy]silane) was a gift 
from Wacker-Chemie GmbH.

3.2 Radiochemicals
All radiochemicals were purchased from Amersham 

International pic at the following specific activities:

5'_{a_32p) dATP; 3000 Ci (110 TBq)/mmol 
5'_{y_32p} dATP; 5000 Ci (185 TBq)/mmol 
(Methyl-^H) thymidine; 40-60 Ci (1.5-2.2 Tbq)/mmol

3.3 Enzymes
Restriction enzymes were mainly purchased from Bethesda 

Research Laboratories, New England Biolabs or Nbl Enzymes 
Ltd.. Xcyl was the product of Pharmacia P-L. SI nuclease,T4 
polynucleotide kinase and Klenow polymerase were bought from 
Boehringer Mannheim GmbH. Most of the sequencing was 
performed with a gift of Klenow polymerase from Dr. A. 
Davison. T4 DNA ligase was purchased from Bethesda Research 
Laboratories.

3.4 Viruses
Herpes simplex virus type 1 strain 17 TK- 

(P.G.Saunders, 1981) and a tsK TK- double mutant 
(C.M.Preston, unpublished results) were used.
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3.5 Cells
BHK21 clone 13 (BHK C13; MacPherson and Stoker, 1962), 

a continuous cell line, derived from baby hamster kidney, 
and used throughout this work.

3.6 Bacterial Strains
Two strains of Escherichia coli K12 were employed. DHl 

(recAl, nalA, r^-, dir", endol", B“ , relAl?; Hanahan, 1983) 
was used as host in all recombinant plasmid experiments. The 
host strain used for maintenance of Ml3 bacteriophage and 
recombinants was JMlOl ( A(lac;pro), supE, thi“ , F'traD36, 
proAB, laciq, ZAM15; Messing et a l , 1981) which harbours an 
F factor essential for the tramsmittance of the male 
specific phage.

3.7 Bacteriophage
The single stranded DNA bacteriophage M13mp8 was used 

as the vector for production of cloned sequencing templates 
(see Figure 6; Messing and Vieira, 1982). Double stranded 
replicative form (RF) was a gift from Dr. D. Bzik. Initial 
cloning was performed using Smal cleaved and phosphatase 
treated RF, a gift from Dr. D. M^Geoch.

3.8 Plasmids
The plasmid vector employed was pAT153 (Twigg and 

Sherratt, 1980), a derivative of pBR322. The plasmid carries 
genes which confer resistance to the antibiotics ampicillin 
and tetracycline. It contains several unique restriction 
endonuclease sites. The main recombinant plasmid used in 
this study was pGX158, a clone of the BamHI F fragment of 
the HSV-1 genome (Campbell et al , 1984). A variety of IE 
promoter containing plasmids, whose construction has been 
described previously, were used and are described in the 
text.

3.9 Bacterial Culture Media
E.coli K12 DHl was grown in Luria Broth (L broth) which 

is: 177mM NaCl, lOg/l Bactopeptone, 5g/l yeast extract, 
pH7.5 prior to sterilisation. Solid media for the growth of
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Figure 6 ; The Multi-purpose Cloning Site of M13mp8

The upper sequence is that of M13mp8 from the ATG start 
codon of the ^-galactosidase a-fragment, through the 
multi-purpose cloning region. The horizontal bars indicate 
the recognition sites for the enzymes shown. The primer 
sequence is shown aligned against the complementary region 
of M13mp8. The directions of translation of the 
galactosidase enzyme, and of the synthesis of DNA in a 
sequencing reaction are also indicated.
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colonies was L broth agar, as above plus 1.5% (w/v) agar. 
When appropriate these media were supplemented with 
ampicillin (50pg/ml) or tetracycline (5pg/ml). Host strain 
JMlOl was routinely cultured in 2YT broth composed of 16g/l 
Bactopeptone, lOg/l yeast extract, 5g/l NaCl. Colonies of 
JMlOl were maintained on minimal essential agar (M9 salts, 
0.2% glucose, 5mM MgCl2 , 2mM thiamine, 1.5% (w/v) agar).

3.10 Tissue Culture Solutions
Trypsin solution (0.25% in Tris/saline) and versene 

(6mM EDTA in PBS, 0.002% (w/v) phenol red) were used to 
harvest BHK C 13 cells from support vessels. The cells were 
cultured in Glasgow Modified Eagle's Medium (Busby et al , 
1964) to which was added 10% Tryptose phosphate, 100 
units/ml Penicillin, lOOpg/ml Streptomycin, 0.002% (w/v) 
phenol red and either 5% (ETC5) or 10% (ETCIO) bovine calf 
serum.

3.11 Frequently Used Buffers and Solutions

TE
TBE
E
PBS
HxlO
MxlO

LxlO : 
(High, 
TGM :

BGM :

TNE
TM

lOmM Tris.HCl (pHB.O), ImM EDTA.
90mM Tris, 90mM Boric acid, ImM EDTA, (pH 8.3). 
36mM Tris, 30mM NaH2P0 4 , ImM EDTA, (pH 6 .8 ). 

170mM NaCl, 3.4mM KCl, 2mM KH2PO4 , (pH 7.2).
IM NaCl, lOOmM Tris.HCl (pH 7.4), lOOmM MgCl2 - 

500mM NaCl, lOOmM Tris.HCl (pH 7.4), 
lOOmM MgCl2, lOmM DTT. 

lOOmM Tris.HCl (pH 7.4), lOOmM MgCl2 , lOmM DTT. 
medium and low salt restriction buffers)
150ml 40% acrylamide/ N , N '-methylene

bis-acrylamide (20:1), 50ml lOxTBE, 540g urea, 
made up to IL with distilled water.

150ml 40% acrylamide/ N ,N '-methylene
bis-acrylamide (20:1), 62.5ml 40xTBE, 540g 
urea, 50g sucrose, 10ml 1% bromophenol blue, 
made up to IL with distilled water.

300mM NaCl, lOmM Tris.HCl (pH8.0), ImM EDTA. 
lOOmM Tris.HCl (pH8.0), lOOmM MgCl2 .
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4. Methods

4.1 Growth and Maintenance of Bacterial Cells
Host E.coli strains were grown in L broth or 2YT at 

370c with shaking. Stock cultures were maintained by growing 
up a single colony in 5ml L broth, overnight, at 37°c with 
shaking. The cells were harvested by centrifugation in an 
MSE benchtop microfuge at 3000 rpm for 2 minutes. The excess 
medium was decanted off and 1ml of fresh L broth and 2ml of 
80% sterile glycerol was added to the resultant pellet. 
Stocks were maintained at -2QOC for an indefinite period.

4.2 Tissue Culture and Preparation of Virus Stocks
Cells were passaged as monolayers in 80oz. roller 

bottles containing 200ml of ETC 10 and incubated in an 
atmosphere of 95% air, 5% C O 2 at 37°C.

For the preparation of viral stocks, five 80oz. 
bottles, containing monolayers about 90% confluent, were 
seeded with virus at an m.o.i. of 1:300, i.e. approximately 
10^ p.f.u. per bottle. The medium was decanted, the virus 
added in a volume of 40ml ETCIO and the cells incubated at 
31°C. After 1-2 days CPE was obvious, and the roller bottles 
were harvested at 4-7 days when cells were rounded and 
falling from the surface. The cells were harvested by 
shaking into the medium and the contents removed to 250ml 
glass MSE centrifuge bottles which were centrifuged at 
2000rpm for 10 minutes. The pellet was resuspended in 5ml of 
supernatant, transferred to a universal bottle and stored at 
-70°C. This was termed the cell associated (CA) portion. The 
remaining supernatant was centrifuged at 12000 rpm for 2hrs, 
to pellet the virus, the pellet was resuspended in 5ml of 
supernatant and stored at -70°C. This was termed the cell 
released (CR) portion. Both portions were sterility checked 
then treated as follows:

CA: Thawed, sonicated and frozen. This procedure was 
repeated then samples were centrifuged at 2000 rpm for 10 
minutes. The supernatant was stored at -70oc. The pellet was 
resuspended in 5ml fresh ETCIO and the freeze/thawing
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process repeated. The final supernatant was added to the 
first to give 10ml total of CA stock which was aliquoted, 
and titrated by established procedures (Brown et a l , 1973) 

CR: this was sonicated to give 5ml of CR stock, 
aliquoted and titrated.

4.3 Plasmid Preparation by Hard Lysis
A bacterial colony or loop from a glycerol stock was 

used to inoculate 5ml of L broth (plus appropriate 
antibiotic) in a 20ml bottle and incubated overnight. This 
"overnight" was then diluted into 200ml of L broth (plus 
antibiotic) and the culture shaken vigorously for 5-6 hrs, 
at which point chloramphenicol was added, to a final 
concentration of 50pg/ml, and the culture shaken overnight.

The bacteria were harvested by centrifugation for 5 
minutes, at 4°C, in a Sorvall GS3 rotor. The supernatant was 
carefully removed and the bacterial pellet resuspended in 
10ml of ice-cold 50mM Tris.HCl (pH 8.0)/ 25% sucrose 
solution. To this was added 5ml of fresh 5mg/ml lysozyme in 
50mM Tris.HCl (pH 8.0) and the suspension incubated on ice 
for 30 minutes. At this point was added 3ml of 200mM EDTA 
and, after a further 5 minute incubation period, 3ml of 5M 
NaCl followed by 2ml of 10% SDS. This mixture was mixed 
carefully until white strands of an SDS/protein/DNA complex 
were visible. The mixture was then left to sit on ice for at 
least 2 hrs, up to a maximum of 16 hrs, and centrifuged in a 
Sorvall SS34 rotor at 21,000 rpm for 1 hr to remove cell 
debris and chromosomal DNA. The supernatant was then 
decanted carefully and treated in one of two ways:

(a) In order to thoroughly purify the plasmid DNA from 
contaminating chromosomal DNA, for the purposes of 
sequencing, the supernatant was subjected to
ultra-centrifugation. To the supernatant was added 1 g/ml of 
CSCI2 and EtBr to a final concentration of 500 pg/ml. This 
solution was poured into heat sealable polypropylene 
centrifuge tubes and centrifuged at 45,000 rpm, in a Beckman 
Ti50 rotor, for 48 hrs. At this point an equilibrium 
gradient had formed and the supercoiled plasmid band was
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easily visible under long wave ultraviolet irradiation. The
band was extracted by syringe and EtBr was removed by
multiple extraction with distilled water saturated
butan-2-ol followed by dialysis against two changes of TE
buffer. Finally, the DNA was made 0.3M for sodium acetateitand ethanol precipjpited.

(b) For routine transfection experiments a different
purification procedure was used. The initial supernatant was it
ethanol preci^pted at -20°C for 30 minutes, centrifuged at 
2000 rpm in an MSE coolspin, and the pellet air dried. This 
pellet was dissolved in 5ml of TE, extracted twice with 
equal volumes of phenol/chloroform and then once with"*tchloroform alone. A second ethanol preelection was 
performed. This time the air dried pellet was redissolved in 
5ml TE, DNAase-free RNAase was added to a final 
concentration of 50pg/ml and incubated at 37°C for 1-2 hrs. 
Then a few crystals of proteinase K were added and the 
incubation continued at room temperature overnight. The 
phenol/chloroform extraction procedure was repeated, the 
aqueous phase made 0.3M for NaOAc and isopropanol precipjated 
by addition of a half volume of isopropanol and incubation 
at room temperature for longer than 30 minutes. After 
centrifugation, the pellet was washed with 100% ethanol, air 
dried, and redissolved in l-2ml TE.

4.4 Determination of DNA Concentration
Two or three different volumes of the final plasmid 

preparation, estimated from experience to cover the range 
0.4-1.0 pg of DNA, was digested with an appropriate 
restriction enzyme such that each molecule was linearised. 
The restriction digest was loaded onto a 1.0% agarose gel 
and electrophoresis performed overnight, in the presence of 
EtBr, alongside a standard of known concentration. The DNA 
was visualised under long wave ultraviolet
trans-illumination and a negative prepared using polariod 
667 film. The negative was then used to measure and compare 
concentrations by densitometry as determined by a 
Joyce-Loebel densitometer.



57

4.5 Gel Electrophoresis
4.5.1 Electrophoresis of DNA in Non-Denaturing Agarose Gels 

DNA samples were run on horizontal slab gels of
dimension 260mm x 160mm, comprising 200ml of 0.5-1.5% (w/v) 
agarose in IxE buffer and 0.5pg/ml EtBr, eletrophoresed at 2 
to 12 v/cm at room temperature. 0.2 volumes of loading dye 
(50% (v/v) Ficoll, 0.02% (w/v) Bromophenol Blue) was added 
to the samples prior to loading.

4.5.2 Non-Denaturing Polyacrylamide Gel Electrophoresis of 
DNA

These gels were prepared according to the method of 
Maniatis et al (1975). Vertical gel sandwiches, of 
dimensions 260mm x 160mm x 1mm, were sealed with suitable 
adhesive tape. Acrylamide stock (29% acrylamide, 1%
N,N'-methylene bis-acrylamide stored at 4°C) was diluted to 
the required concentration (4-10%) and made 0.55x for TBE in 
a final volume of 80ml. To this was added 0.52ml of 10% 
ammonium persulphate (APS) and 80pl TEMED to initiate 
polymerisation. The mixture was poured quickly into the gel 
mould and allowed to stand for at least 45 minutes, during 
which time the acrylamide had fully polymerised, prior to 
electrophoresis. Samples were applied to the gel in 
0.55xTBE, 10% (v/v) glycerol and 0.02% xylene 
cyanol/bromophenol blue. Electrophoresis was performed at 
50-300 v/gel. After electrophoresis, the sandwich was 
dismantled and the gel either stained in 0.5pg/ml EtBr for 
30 minutes, for visualisation under ultra violet light, or 
covered in plastic and exposed to X-ray film in order to 
detect radiolabelled DNA.

4.5.3 Denaturing Polyacrylamide/Urea Gel Electrophoresis 
The products of SI nuclease mapping reactions were run

on ultra-thin polyacrylamide gels containing urea (Maxam & 
Gilbert, 1980). Gel sandwiches were 230mm x 450mm x 0.35mm. 
The final gel concentration of 8% was made 0.55x for TBE 
from a stock solution containing 29% acrylamide, 1%
N,N'-methylene bis-acrylamide, 7M urea, and made up to a
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final volume of 50ml with lOM urea. To this was added 50pl 
25% (w/v) APS and 50pl TEMED to catalyse polymerisation. The 
gel was cast using a 50ml syringe without a needle and left, 
clamped on three sides, for at least 45 minutes. The gel was 
"pre-run" for 20 minutes at 40W prior to loading. Samples 
were loaded in a volume of 3-5pl containing 90% formamide,
0.02% (w/v) xylene cyanol, 0.02% bromophenol blue (formyl 
dyes), after heating at lOOAc for 3 minutes and quenching on 
ice. Gels were electrophoresed at 40W until the bromophenol 
blue dye front was at the bottom of the gel. Radiolabelled 
species were detected by autoradiography.

4.5.4 Gradient Polyacrylamide Gel Electrophoresis for 
Sequenc ing.

By constructing a gradient of potential difference down 
the gel, small DNA fragments preferentially slow down as 
electrophoresis proceeds. This means that the spacing 
between bands becomes more even over the whole gel and 
allows more sequence to be read from each gel. The gradient 
of potential difference is constructed by using different 
ionic strength buffers, a low concentration of TBE is used 
for the top of the gel and a high concentration for the 
bottom (Biggin et a l , 1983).

Two gel plates (400mm x 430mm x 0.35mm) were carefully 
cleaned, one notched and the other plain. The inside surface 
of the notched plate was wiped all over with about 1.5ml of 
"Repelcote" (a 2% solution of dimethylchlorosilane in 
1,1,1-trichloroethane) to aid plate seperation after 
electrophoresis. The inside surface of the plain plate was 
similarly treated with about 1ml of a solution of 
Wackersilicone (100ml ethanol, 3ml 10% acetic acid, 500pl 
Wackersilicone). This compound allows a firm bond to occur 
between the glass surface and the polyacrylamide gel and so 
the gel can be dried to the plate by heating in an oven 
without gel distortion. The two plates were taped together 
as before.

Two standard solutions were made (see section 3.11),
Top Gel Mix (TGM) which contains 0.5xTBE and Bottom Gel Mix
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(BGM) containing 2.5xTBE, The latter also contained sucrose 
to act as ballast and bromophenol blue as an indicator to 
assess the smoothness of the gradient. Polymerisation was 
initiated in 80ml of TGM by the addition of 80pl each of 25% 
APS and TEMED, and also in 15ml of BGM by the addition of 
l5pl each of 25% APS and TEMED. Into a 50ml syringe was 
taken 10ml of this TGM followed by 14ml of BGM. The heavier 
BGM phase could be clearly seen due to the presence of the 
dye. A few bubbles of air were drawn into the vessel to 
allow some mixing of the two phases and then the mixture was 
carefully injected into the gel mould and allowed to settle. 
The remaining TGM was then taken up and injected into the 
mould, moving the flow from side to side in order not to 
skew the BGM to one side. Combs (with teeth sizes 2.5mm 
wide, 5mm deep and 1.5mm apart) were placed into the gel 
mould and the gel left to stand for at least 45 minutes.

The gels were run at 40W with 0.5xTBE in the top buffer 
reservoir and IxTBE in the bottom reservoir.

4.6 Techniques Used in DNA Cloning
4.6.1 Restriction Enzyme Digests

DNA and restriction enzyme were incubated, in a 
suitable salt solution containing lOOpg/ml BSA, for a 
pre-determined time period at 37°C (30®C for PstI). The 
amount of enzyme used and time of incubation varied 
according to the amount of DNA to be cleaved. One unit of 
restriction enzyme activity is defined as that amount 
required to digest Ipg of a standard DNA (usually 
bacteriophage A) in 1 hour at the optimum temperature. 
Usually a three-fold excess was used, e.g. Ipg of DNA 
cleaved with one unit for 3 hours, or with 3 units for 1 
hour. For the commonly used enzymes, incubation conditions 
were as described by Maniatis et al (1982) and consisted 
essentially of high (H), medium (M) or low (L) salt 
conditions (see "commonly used buffers"). Notable exceptions 
were the conditions used for Smal (20mM KCl, lOmM Tris.HCl 
(pH8.0), lOmM MgCl2, ImM DTT), Sail (150mM NaCl, lOmM 
Tris.HCl (pH7.4), lOmM MgC12, ImM DTT) and Xcyl (lOmM 
Tris.HCl (pH8.0), lOmM MgCl2, lOmM 2-mercaptoethanol).
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4.6.2 Recovery of DNA from Gel Slices
DNA bands were visualised under long wave ultra violet 

illumination after staining with EtBr. The required DNA 
fragments were cut from the gel and the DNA electroeluted 
from the agarose slice in 40mM Tris.HCl (pHB.5), 5mM sodium 
acetate, ImM EDTA at 30mA for 1—2 hours. Electroelution was 
performed in special wells which allowed recovery of the DNA 
in a small volume (200pl). This solution was purified by 
extraction with phenol/chloroform and chloroform, adjusted 
to 0.3M sodium acetate and the DNA precipitated with ethanol 
at -20OC for greater than 1 hour or in a dry ice/ethanol 
bath for 10 minutes. If necessary, residual amounts of EtBr 
were removed by a butan-2-ol extraction prior to 
phenol/chloroform treatment. After precipitation, the DNA 
was pelleted by centrifugation at 13000g for 5 minutes, the 
pellet washed with 80% ethanol and dried under vacuum.

4.6.3 DNA-DNA Ligation
Ligations were performed in 20mM Tris.HCl (pH7.6), lOmM 

MgCl2» lOmM DTT, 0.6mM ATP. Insertion of fragments into 
plasmids, or M13mp8 RF, was achieved by incubating an, 
approximately, ten-fold molar excess of "insert" with 20ng 
of vector in a volume of lOpl containing 1 unit of T4 DNA 
ligase overnight at 15®C. Vector DNA was treated
with either bacterial alkaline phosphatase (BAP) or calf 
intestinal phosphatase (CIP) in order to remove 5' terminalppho^pate groups and reduce re-circularisation. The BAP 
reaction was performed in a volume of 50pl containing 50mM 
Tris.HCl (pH8.5) at 650C for 1 hour. The CIP enzyme is 
active under restriction digest conditions and was simply 
added to the digest along with the other ingredients. The 
phosphatase treated DNA was then phenol/chloroform 
extracted, made 0.3M for sodium acetate and ethanol 
precipitated. After centrifugation the pellet was washed and 
dried under vacuum before redissolving in IxTE.
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4.6.4 Transformation and Transfection of E.coli
I. Induction of Competence.

lOpl of the stock glycerol culture of DHl, or a 
single colony of JMlOl, was used to innoculate 5ml of L 
broth or 2YT and incubated overnight at 3?Oc with shaking. 
The following day lOOmls of fresh liquid medium was 
innoculated with 1ml of the overnight and shaken at 37°C, 
until the OD530 reached 0.3. The culture was chilled on ice 
for 5 minutes before harvesting in a Sorvall SS34 rotor 
(lOOOOrpm, 4°C, 1 minute). The pellets were resuspended in a 
total of 40ml of ice cold lOOmM CaCl2 and incubated on ice 
for Ihr. The cells were then re-harvested and finally 
resuspended in a total of 1ml of ice cold lOOmM CaCl2 - 
Competent cells were used within 24hr.

II. Transformation by Plasmid
lOjul of plasmid DNA, usually a ligation mix, was 

added to lOOpl of competent DHl. After incubation on ice for 
45 minutes the transformation mixture was incubated at 42°C 
for 3 minutes and transferred to 2ml of fresh L broth. 
Incubation was continued for a further 2 hours, with 
shaking, at 37°C. The transformation mixture could then be 
plated out on L broth or selective agar plates containing 
antibiotic.

Ill. Transfection by M13 RF
The mp system of M13 vectors (Messing et al, 1977; 

Messing & Vieira, 1982) allows positive identification of 
recombinants by the production of different coloured 
plaques. The colour change is based on the bacterial enzyme 
^-galactosidase. Enzymatic activity is contributed from two 
distinct parts of the protein which can be artificially 
separated but still complement each other in trans. Thus, an 
Ml3 phage was engineered to contain the coding sequences for 
the first 145 amino acids of the /J-galactosidase molecule, 
which is enzymatically inactive but can complement the 
lacZ AM15 deletion (see Figure 6 ). Full enzyme activity 
could be obtained upon growth in an E.coli strain (JMlOl; 
Messing et al , 1981) expressing this deleted gene and 
transcriptionally induced by the allolactose analogue IPTG.
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The substrate Xgal is hydrolysed by ^ —galactosidase to 
bromochloroindole which imparts a blue colour to the 
infected plaque on a bacterial lawn. The vector M13mp8 has 
several unique restriction enzyme sites engineered into the 

a-peptide coding sequences such that if an insertion occurs 
the enzyme is inactivated and the plaque remains white.

lOpl of Ml3 RF, usually a ligation mix, was added 
to lOOpl of competent JMlOl and incubated on ice for 45 
minutes. After heat shock at 420c for 3 minutes, these cells 
were added to a tube containing 3ml of molten top agar 
(maintained at 45^0), 25pl each of IPTG (25mg/ml in water) 
and Xgal (25mg/ml in dimethylformamide) and lOOpl of mid-log 
phase JMlOl in 2YT broth (a few ml of which were kept on ice 
from the initial 0.3 A 53Q culture). The final mixture was 
shaken quickly before being poured onto L broth agar plates, 
pre-warmed to room temperature. The top agar was allowed to 
set before incubation of the plates at 37°C overnight.

4.6.5 Small Scale Preparation of Plasmid DNA by Miniprep 
Lysis

Bacterial colonies were picked into 2ml L broth plus 
antibiotic (where necessary) and grown at 37^C with shaking 
for 5-6 hours. Chloramphenicol was added to 25pg/ml and 
incubation was continued overnight. A 1.5ml aliquot was 
placed in a 1.5ml reaction vial and centrifuged for 1 minute 
at 3000g (using an MSE benchtop microfuge). The resultant 
pellet was resuspended in lOOpl STET (8% (w/v) sucrose, 5% 
(v/v) triton XlOO, 50mM EDTA, 50mM Tris HCl pH 8.0) 
containing Img/ml lysozyme. The suspension was then placed 
in a boiling water bath for 50 seconds before centrifugation 
at 13000g for 10 mins. The large fluffy pellet was removed 
with an automatic pipette and the nucleic acid precipitated 
by adding 300pl of 0.3M sodium acetate, an equal volume of 
isopropanol and incubation at -20°C for 30 minutes. After 
centrifugation for 5 minutes at 13000g, the supernatant was 
carefully decanted. The pellet was washed with absolute 
alcohol and then dried under vacuum. Finally, the pellet was 
resuspended in 50pl TE buffer. This level of purity was
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sufficient to allow restriction endonuclease screening of 
large numbers of clones.

4.7 Gene Expression Experiments
4.7.1 Transfection of Plasmid DNA into BHK C13 Cells 

About 2x10^ cells were seeded onto 30mm plates and
grown overnight, in ETCIO, at which point they were about 
70-80% confluent.

A total of 3pg of plasmid DNA, composed of test 
plasmids and pBR322 carrier, was made up to 20pl with 
distilled water. To this was added 50pl of 2x HeBS solution 
and the tube vortexed. 44pl of 286mM CaCl2 (0.5ml of 2M 
CaCl2 + 3.0ml of distilled water) was added and the tube 
quickly vortexed for 5-10 seconds. The mixture was then left 
for 30mins at room temperature. During this time a calcium 
phosphate precipitate formed. The medium was removed from 
the tissue culture plates and 95ul of the precipitate was 
gently layered onto the cells. The plates were then 
incubated at 37°C for 45 minutes, rocking occasionally. 
During this time a special plating medium was prepared in 
the following proportions: 20ml ETCIO, 2ml 2xHeBS, 17.75ml 
of used ETC 10, 0.25ml 2M CaC12. 2ml of this medium was then 
added to each plate and the cells incubated normally at 37°C 
for 3-4hrs. The cells were then "boosted" by removing the 
plating medium and adding 0.3ml 25% DMSO/lxHeBS for 4 
minutes (Stow & Wilkie, 1976). The DMSO was removed and the 
cells washed three times with ETC 10. Finally 3ml of ETCIO 
was added and the cells incubated overnight at 37°C.

4.7.2 Preparation of Cell Extracts
The medium was removed from 30mm plates of transfected 

cells and 2ml of ice cold PBS added. The PBS was removed by 
Pasteur pipette and 0.5ml of fresh, ice cold, PBS added. The 
cells were carefully scraped into the PBS and decanted into 
a 1.5ml reaction tube. The tubes were then centrifuged at 
low speed, on a bench microfuge, for 2 minutes and the PBS 
supernatant removed. To the pelleted cells was added lOOpl
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of ice cold lysis buffer [lOmM Tris.HCl(pH7.5), lOmM NaCl, 
2mM MgCl2» 0,5% v/v NP40], The pellets were then disrupted 
by vortexing for 10 seconds and the tubes placed on ice. 
After 3 minutes the tubes were vortexed again and placed on 
ice for a further 5 minutes. Finally the tubes were vortexed 
and centrifuged at low speed for 2 minutes. The supernatant 
was removed to a fresh tube and either placed on ice, for 
immediate use, or quickly frozen in dry ice and stored at 
-70OC.

4.7.3 Thymidine Kinase Assays
Samples of cell extract were incubated for a fixed time 

period in an assay mix consisting of lOOmM sodium phosphate 
buffer (pH6.0), 50pM dTTP, 5mM ATP, lOOpCi 
{3h)-thymidine/ml, lOmM MgC12 . Unless otherwise stated 3pl 
of extract was incubated at 30°C for 1.5 hours. 10 pi of 
cold 2mM TdR was then added to quench the reaction and the 
tubes heated at 100°C in a heating block for 3 minutes. The 
tubes were incubated on ice for at least 5 minutes and 
centrifuged at high speed for 2 minutes in the bench 
microfuge. 50 pi of supernatant was spotted onto DE81 discs. 
The discs were washed 3 times in 4mM ammonium formate/ 
lOmMTdR for 10 minutes then briefly washed in absolute 
alcohol. They were then dried thoroughly under a heat lamp, 
placed in 5ml of scintillation fluid (0.1% PPG in toluene) 
in scintillation vials and counted in a scintillation 
counter for 1 minute.

4.7.4 Determination of Protein Concentrations
The method of Lowry et al (1951) was used. A standard 

curve was contructed using BSA.

4.8 DNA Sequencing 
Principle

The dideoxy/chain termination method was used 
throughout, combined with a "shot-gun" cloning strategy. 
This strategy involved the cloning of several hundred small
(300-600 bp), randomly generated, fragments. These clones
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were then sequenced, as will be described, and collated by 
means of a computer and the Staden database software 
(Staden, 1979; 1980), The object is to sequence enough 
overlapping clones to provide one contiguous sequence which 
spans the region of interest.

The chain termination method requires a single stranded 
DNA template. This is obtained using the M13 cloning vectors 
of Messing and co-workers (Messing et al, 1977; Messing & 
Vieira, 1982). This filamentous bacteriophage replicates as 
a double stranded circle (the replicative form, RF) which 
may be manipulated and handled like a plasmid. Infectious 
phage particles, however, contain a genome of single 
stranded DNA and are continually secreted from the host 
cell, accumulating to high titre in the culture medium.

A short synthetic oligonucleotide primer, which is 
complementary to the insert site, is annealed to the single 
stranded template. The annealed template is then a substrate 
for the Klenow fragment of E.coli DNA polymerase when 
incubated with the four nucleoside triphoshates. Four 
separate reactions are set up, each containing an 
empirically determined concentration of one of four 
dideoxynucleoside triphosphates (Sanger et al, 1977; Sanger 
et a l , 1980) together with the nucleoside triphosphates, one 
of which is radiolabelled (a-(32p} dATP). When incorporated 
into growing DNA chains the dideoxy form results in abrupt 
termination of synthesis, preventing further elongation. The 
ratio of dideoxy to deoxy form is set such that only a small 
proportion of chains terminate at any moment in time and 
termination is essentially at random. Therefore, the four 
reactions provide sets of radiolabelled chains which have 
been randomly terminated, at A, C, G or T residues, but 
extending from a fixed position (the primer). The 
radiolabelled reactions are run side by side on ultra-thin 
denaturing polyacrylamide gels which can separate chains 
differing by only one nucleotide. The sequence may then be 
read directly from an autoradiograph (see Figures 10 and 
11).
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4.8.1 Cloning

A bank of Ml3 clones was constructed by sonication of 
self-ligated BamHI F fragment and isolation of sub-fragments 
in the size range 300-600 bp. These were then randomly 
inserted into the unique Smal site of the vector M13mp8.

200pg of supercoiled pGX158 (see Figure 7) was digested 
with BamHI and fractionated on a 0.5% agarose gel. The 
region of the gel containing the BamHI F fragment was cut 
out and the DNA isolated by electroelution. 20pg of purified 
fragment was self-ligated until greater-than 95% of the DNA 
was in multimeric forms, thereby decreasing the proportion 
of "ends" which are more likely to be present as small 
molecules after sonication . This DNA was then sonicated 
(Deininger, 1983) and end-repaired by incubation with 10 
units of T4 DNA polymerase, in a reaction lOpM for all four 
dNTPs and IxTM, for 4 hours at 30°C. Repaired DNA was size 
fractionated on a 1% agarose gel, using Hinfl or Alul cut 
pBR322 as markers. Gel slices containing fragments in the 
range 300-600 bp were isolated and the DNA extracted by 
electroelut ion.

The end-repaired, sonicated, BamHI F DNA was ligated 
with 20ng of Smal cleaved and phosphatase treated M13mp8 RF 
under standard conditions. In order to optimise the ratio of 
insert to vector an initial experiment involved titrating 
the insert DNA for insertion efficiency. The ligation mix 
was transfected into competent JMlOl and plated on L broth 
agar.

4.8.2 Preparation of Single Stranded Template
A single colony of JMlOl was picked from a minimal agar 

plate into 5ml of 2YT broth and shaken, overnight, at 37^0. 
100 ml of 2YT broth was inoculated with 0.5ml of the 
overnight, mixed, and 1.5ml aliquots were placed in 20ml 
universal bottles. White plaques were picked into the 
bottles which were shaken vigorously for 5-6 hours at 37oc. 
The phage cultures were decanted, carefully, into 1.5ml 
reaction vials and the bacteria pelleted by centrifugation 
at 13000 rpm for 2 minutes in a bench-top microcentrifuge.
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Approximately 0.8-0.9ml of supernatant was removed to a 
second tube containing 200pl of 2M NaCl/20% PEG6000, mixed 
thoroughly, and left to stand at 40c for at least 30 minutes 
in order to precipitate the bacteriophage. The phage were 
pelleted at 13000 rpm for 5 minutes, the supernatant 
removed, carefully with a Pasteur pipette without touching 
the pellet, and the tubes re-centrifuged at 13000 rpm for 1 
minute. The remaining supernatant was very carefully removed 
using an automatic pipette. The phage pellet was resuspended 
in 200pl of IxTNE, extracted twice with TE equilibrated 
phenol and ethanol precipated at -20^0 overnight. The phage 
DNA was pelleted, washed with 80% ethanol and then dried 
under vacuum. Lastly, the pellet was redissolved in 50pl of 
IxTE.

4.8.3 DNA Sequencing Reactions
The amount of single stranded template produced from a 

1.5ml phage culture was usually far in excess of the amount 
required for a successful set of sequence reactions. About 
3pl of template DNA was added to Ipl of lOxTM buffer, Ipl of 
oligonucleotide primer (0.2pmol/pl) and 5pl of distilled 
water in a 1.5ml reaction vial. This mix was incubated at 
37°C for 30 minutes to allow annealing. Usually 16-18 clones 
were sequenced at once.

1.5ml reaction vials, with their caps removed, were set 
up for each of the T, C, G and A reactions. 2pl of the 
annealed template was added to each of these tubes. On ice, 
a "Klenow mix" had been prepared containing 2pl of {a-32p) 
dATP, 16pl 12pM dATP and about 20 units of Klenow 
polymerase, made up to 26pl with distilled water. To each of 
four tubes, labelled and containing 32pl of T, C, G , or A 
"sequence mix" (see Table 2), was added 6pl of Klenow mix. 
2pl of this final "reaction mix" was added to each 2pl 
sample of annealed template according to the reaction (T, C, 
G or A) required. The extension reactions were allowed to 
stand for 15 minutes at room temperature before the addition 
of 2pl of "chase mix" (containing 0.25mM dTTP, dCTP, dGTP 
and dATP) and a further 30 minute incubation at room



Table 2; Préparât ion of Sequencing Nucleotide Mixes
(a) Deoxynucleotide Triphosphate Mixes

dA-0 dT-0 dC-0 dG—0
5mM dTTP 20 1 20 20
5mM dCTP 20 20 1 20
5mM dGTP 20 20 20 1
lOxTE 50 50 50 50
dH20 540 370 370 370

(b) Sequencing Mixes

dN-0 ddNTP dHgO
T mix 200 200pl 0.3mM ddTTP 0
C mix 200 56pl 70pM ddCTP 144
G mix 200 lOOpl 0.ImM ddGTP 100
A mix 200 lOOpl 70pM ddATP 100

Numbers are in ul.
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temperature, 3pl of Formyl dyes was added, the reactions 
heated for 2—3 minutes at 100®C in a heat block, quenched on 
ice and then loaded on a sequencing gel.

4.9 Mapping of 5' and 3' Termini of mRNAs
The termini of mRNAs can be positioned accurately on a 

DNA sequence using the nuclease digestion procedure 
developed by Berk and Sharp (1978a). The method has been 
modified by the use of 5' and 3 ’ terminally end-labelled DNA 
probes in order to locate the 5' and 3' termini of the mRNA 
respectively (Weaver & Weissman, 1979).

4.9.1 5* Terminal Labelling of DNA Restriction Fragments 
l-5pg of DNA (free from contaminating RNA) was digested

with an appropriate restriction enzyme and treated with calf 
intestinal phosphatase to remove the 5' terminal phosphate 
groups. The reaction mix was ethanol precipitated and the 
DNA pellet dried in vaccuo. The pellet was taken up in 20pl 
of 50mM Tris.HCl (pH7.6), lOmM MgC12 , 5mM DTT, 0.5mM 
spermidine, 50pCi of ATP and 2 units of T4
polynucleotide kinase. The reaction was performed at 37°C 
for 2-3 hours. The end-labelled DNA was then fractionated on 
a non-denaturing polyacrylamide gel, the required fragment 
cut from the gel and isolated by electroelution.

4.9.2 3' Terminal Labelling of DNA Restriction Fragments 
DNA restriction fragments produced with an enzyme

leaving recessed 3' termini may be end-labelled using T4 DNA 
polymerase and one or more a-(32p} dNTPs. The Xcyl 
restricted DNA was recovered by ethanol precipitation, as 
before. The dried pellet was resuspended in 20pl containing 
IxTM, 25pM dCTP, 25pM dATP, 25pM dTTP, lOpCi a-{32p) dGTP 
and 2 units of T4 DNA polymerase. The reaction was for 1-2 
hours at 31°C and the required fragment was isolated as 
before.

4.9.3 Mapping Termini of mRNA using Nuclease SI 
Approximately 0.5— l.Opg of end—labelled DNA was

co-precipated with lOpg of mock infected, or HSV-1 infected.
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cell RNA (BSC-1 cells harvested at 6 hours PI, a gift from 
C.M. Preston). The RNA/DNA pellet was dried and resuspended 
in 20pl of 90% (v/v) formamide (deonised with Amberlite 
monobed resin, MB-1), 0.4M NaCl, 40mM PIPES (pH6.8), ImM 
EDTA. The mixture was heated at 90OC for 3 minutes, in order 
to denature the nucleic acids, then rapidly transfered to a 
water bath set at precisely 580c and incubated for about 16 
hours. The incubations were quenched on ice and diluted ten 
fold with a nuclease SI mixture containing 0.25M NaCl, 30mM 
NaOAc (pH4.5), ImM ZnS04 and 4000 units of enzyme. The SI 
reaction was performed at 3?Oc for 1 hour. The digests were 
extracted with phenol/chloroform and chloroform, made 0.3M 
for NaOAc and ethanol precipitated. The dried pellet was 
resuspended in formyl dyes and analysed by denaturing 
polyacrylamide gel electrophoresis.

4.10 Computing
The computer and associated software are important 

tools in the accumulation, handling and analysis of sequence 
data. The Institute of Virology has a Digital Research PDP 
11/44 machine, running under the RSX-llM operating system. 
This was used for the day to day input and processing of raw 
sequence data, editing, and the bulk of the subsequent 
analysis. Searches of the large protein and nucleic acid 
databases were performed on remote machines, namely the 
Digital Research VAX/VMS (version V4.1) system in Edinburgh 
and the Phoenix 3 system in Cambridge, based on an IBM 3081.

The programs utilised can essentially be divided into 
three groups: (a) those used during the sequencing period to 
input, accumulate and process the gel readings, (b) those 
used in the subsequent interpretation and analysis of the 
completed sequence, and (c) general utilities which allowed 
the handling of the sequence in manageable pieces. All these 
programs have been either designed or implemented by Dr. P. 
Taylor, whose help is gratefully acknowledged. These groups 
are now described in more detail.
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4.10.1 The Staden Database (DB) Package.

Staden has published detailed descriptions of a series 
of programs which can be used to inter relate the individual 
gel readings from a large shot-gun sequencing project 
(Staden, 1979, 1980). These include the following:

BATIN - gel readings are input via the keyboard and 
allocated a filename (e.g. G5.100 relates to gel number 5, 
clone number 100), called the archive. The operator defines 
a "file of file" name into which records of the individual 
archive filenames are placed for use by subsequent programs.

DBUTIL - this comprises the core of the sequencing 
project. Three large files are made within which are kept 
information relating each individual archive file to 
overlapping files on either side. This is termed the "file 
of relationships". In this way only the relative coordinates 
need be retained and, together with the archive files, a 
complete map of overlapping fragments can be constructed. In 
order to simplify the description of the database, a new 
word was coined- the "contig". A contig was defined as a set 
of gel readings that are related to one another by overlap 
of their sequences. Initially the number of contigs will be 
close to the number of gel readings, especially in a very 
large project, however, as the gaps between gel readings are 
filled by new overlapping sequences, the number of contigs 
will drop. The aim is to achieve one contig, that is, a 
single contiguous sequence within which all the input gel 
readings overlap. DBUTIL incorporates several features which 
allow difficult (poor) gel readings to be input "by hand", 
the database and/or individual gel readings to be edited, 
contigs to be joined and the state of the database to be 
monitored. The program is also able to calculate a consensus 
sequence from the assembled gel readings.

DBAUTO - input consists of a "file of files" containing 
several individual gel readings. These are compared with the 
existing database, held in DBUTIL, for any matches. If the 
number of consecutive matching characters is below a pre-set 
minimum, the gel reading is assumed to be novel sequence and
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inserted into the database as a new gel. Valid matches which 
fall within the limits of certain user defineable parameters 
(e.g. one can set limits to the tolerated percentage 
mismatch and allow the program to insert a certain number of 
"padding" characters into both the new gel or the existing 
data) are automatically aligned and inserted into the 
existing database which is then updated. Gel readings which 
match but fail to satisfy the pre-set parameters are placed 
into a "failed" file. The results of all these deliberations 
are written to a file (JOB.DAT) which can be printed out on 
a line printer and read at leisure.

DBX - this performs functions analogous to those of 
DBAUTO but does not automatically interact with the 
database. Thus, it simply reports the results of attempts to 
match gel readings with a database consensus sequence. In 
this way it is possible to pre-screen gel readings for 
matches to vector sequences, for the occurrence of certain 
restriction enzyme sites (important when the sonicated DNA 
was initially self-ligated otherwise the program will 
attempt to join the ends of the fragment being sequenced!) 
or for "problem" gels and eliminate them before proceeding 
with DBAUTO.

DPAD - this is not a Staden program, it was written by 
Dr. Phillip Taylor, but it is an important part of the data 
acquisition apparatus. This allows gels to be read on a 
digitising tablet from which the data is input directly into 
the computer. The data is automatically put into a form 
which can be read by the DB system. The output is similar to 
BATIN, i.e. a file of files and a collection of user named 
archives.

4.10.2 Analysis of the Completed Sequence
AASCAN - This program, based on that of Bishop and 

Thompson (1984), allowed a rapid search of all predicted 
ORFs in the genome of EBV (Baer et a l , 1984) for homology to 
ORFs in BamHI F. It is based on the occurrence of unique 
heptapeptide "words" within a given protein sequence. Thus, 
the sequence(s) to be searched are held as a so-called
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"dictionary” of unique heptapeptide "words”. The probe 
sequence is first broken down to an identical form and then 
the constituent parts are quickly matched against the 
dictionary. Perfect matches are noted, together with their 
positions relative to each other, and a score calculated 
based on the difference between the actual number of 
heptapeptides found and the number expected to occur at 
random.

BASES - counts the numbers of each base in a sequence 
and outputs a table of values.

CINTHOM - a matrix comparison program (Pustell & 
Kafatos, 1982). Two amino acid or nucleic acid sequences may 
be compared for homology using this program. Homology is 
displayed in two-dimensions, one sequence being aligned on 
the X-axis and the other on the Y-axis. The output uses 
letters to indicate varying percentage matches, capital "A" 
being the highest (99-100%) and small "z" the lowest, 
relative to the best possible score for a perfect match.
Rows of letters forming a 45° diagonal indicate a region of 
homology, lateral displacements of the diagonal correspond 
to deletions or insertions, and parallel lines suggest 
duplications. The matrix may be "compressed", with very 
little loss of information, in order to reduce the physical 
size of the printed output. The program filters "noise" by 
exponentially weighting matches over long segments. Matches 
are assessed over a long span, centred on any two bases or 
residues at a time, and the contributions of progressively 
more distant matches are given less weight. The alignment is 
displayed by placing one letter per base at the coordinate 
corresponding to the highest homology score for that base. 
The minimum match to be displayed is set by the operator 
providing another level of noise filtering. An optional 
modification to the standard algorithm has been developed by 
Dr. Phillip Taylor for the comparison of protein sequences. 
This treats non-identical, but biochemically similar, amino 
acids as an evolutionarily conserved change and scores such 
matches higher than completely dissimilar residues. The 
criteria for relatedness were based on the replacement
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mutation matrix of Schwartz and Dayhoff (1979). All CINTHOM 
plots shown have utilised this feature.

CHART - converts simple numerical data into a histogram 
which can be printed on an Epson FX-80 dot matrix printer 
(Epson).

CLEAN - removes low scores from a CINTHOM plot.
DIAG - takes the large scale output from CINTHOM and 

converts it to a simple dot plot to be output on the Epson.
DSPLAY - (Blumenthal et al, 1982) searches for open 

reading frames (ORFs) of user defined length and displays 
them on a VDU terminal or outputs the display to a file for 
printing. The ORFs need not begin with an ATG.

FRMSCN - (Staden & McLachlan, 1982) this program 
identifies potential protein coding regions in long DNA 
sequences. The basic assumption is that all genes within a 
genome have similar codon preferences which are strong 
enough to be used as a means of discriminating between 
coding and non-coding regions (Grantham et al , 1980). In the 
case of HSV-1, which has a high %G+C, the codon usage is 
sufficiently skewed to be diagnostic (McGeoch, 1984). The 
program takes a standard gene (initially the coding 
sequences of the HSV-1 TK gene were used, but Figure 13 
shows an analysis done with the total predicted coding 
capacity of BamHI F ) and compiles a table of its codon 
frequencies. The sequence of interest is then scanned using 
a moving window of user defined length and the standard 
frequencies are used to analyse each of the three reading 
frames. The probability of the sequence being coding is 
plotted on a logarithmic scale. Continuous ORFs of high 
coding probability are drawn with an unbroken line at the 
50% mark. Stop codons are also marked. An alternative, 
non-graphical, output lists the probabilities and the 
mid-point coordinate of the window used and thus it is 
possible to quickly identify regions where a dramatic shift 
occurs in the predicted coding frame. This could be due to 
an error in the primary sequence data, the sequence in this 
region can then be re-examined and either confirmed or 
modi f ied.
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HOMOL - aligns amino acid or nucleic acid sequences.

One optimal alignment of two sequences is found by balancing 
the length and frequency of gaps, introduced into one or 
both sequences, against the number of allowed mismatches 
(Taylor, 1984). The relative weights assigned to a mis-match 
or gap can be altered. The alignment produced is the best 
possible under the given conditions but is probably only one 
of many equivalent alignments.

LINK - telephone link to the campus network. The link 
can be used to communicate with other machines almost 
anywhere in the U.K. if the requisite "addresses" and 
passwords are known. Files can be transmitted to other 
machines or received from them. The Edinburgh system was 
accessed by calling ERCVAX. The Cambridge system was 
accessed via the JANET (Joint Academic Network).

MWCALC - calculates the molecular weight and amino acid 
composition of a protein sequence.

PROFIL - produces a high resolution graphical display 
of the hydropathicity (Kyte & Doolittle, 1982) or 
hydrophilicilty (Hopp & Woods, 1981) of the amino acid side 
chains along a protein backbone. The display can be output 
to the Epson.

PTRANS - (Taylor, 1986) translates a DNA or RNA 
sequence into amino acids and outputs a listing with the 
translation above the coding strand of the nucleic acid 
sequence. Optionally, tables of codon usage and amino acid 
composition can be produced.

SEARCH - searches a file for specific sequences. Most 
often used to look for restriction enzyme cleavage sites. An 
up to date file of the known restriction sites is maintained 
for use by this program and subsets can be designed to look 
for enzymes with 4, 5 or 6 base pair recognition sites.

SEQLIST - lists a DNA or protein sequence and numbers 
the residues.

4.10.3 Utilities
CHOP - cuts a large sequence into smaller pieces.
TURN - produces the reverse/complement of a DNA

sequence.
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Searches of the large protein and nucleic acid 

databases (for a review see Kneale & Bishop, 1985) were not 
possible on the departmental computer. The largest databases 
are compiled by the European Molecular Biology Laboratory 
(EMBL; nucleic acids; Hamm & Cameron, 1986), release 6 of 
which holds 4,835 entries comprising 4,567,592 bases, and 
the National Biomedical Research Foundation (NBRF; proteins; 
Chen & Barker, 1985; George et al , 1986) which holds 3,182 
entries comprising 694,014 residues (release 5.0). Rapid 
searches could be made on the Cambridge system using 
PEPSCAN, a program analogous to AASCAN. More exhaustive 
searches were performed on the ERCVAX. On the Edinburgh 
machine are maintained the programs of the University of 
Wisconsin Genetics Computer Group (UWGCG; Devereux et al , 
1984). This includes online access to the NBRF database and 
the program WOROSEARCH which uses the search algorithm of 
Wilbur and Lipman (1983). Sequences identified out by these 
methods were further analysed using CINTHOM and HOMOL to 
determine their significance.



RESULTS & DISCUSSION
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5. RESULTS

The results presented here seek to illuminate two 
different aspects of the control of expression of HSV-1 IE 
promoters, using two quite disparate techniques.

As discussed in the introduction, HSV-1 IE promoters 
are stimulated by a virion protein whose gene has been 
mapped to the BamHI F fragment of the genome. It is believed 
that autoregulation occurs subsequently, at least in the 
case of IE3. The first section deals with the determination 
of the DNA sequence of the BamHI F fragment and computer 
aided analysis of its genetic content, with particular 
emphasis on the gene for Vmw65. The second section seeks to 
address the problem of autoregulation of the HSV-1 IE3 gene 
by analysis of promoter function in short-term transfection 
assays.

5.1 Positive Control
5.1.1 The BamHI F Sequence Data

The genomic location of BamHI F is shown in Figure 7. 
Sequence data was obtained using a "shotgun" cloning 
approach and the dideoxy/chain termination technology. The 
principle is that by sequencing sufficient numbers of small 
clones, obtained at random from the DNA fragment of 
interest, overlaps will occur which eventually span the 
entire region and provide one, so-called contiguous, 
sequence. The mechanics of the cloning and sequencing 
reactions, together with a description of the collation of 
data by computer, have been described in the methods 
section.

In the BamHI F database there were 79,980 characters 
which produced a final contiguous length sequence of 8055bp. 
For each contig character, an average of 9.93 characters 
were read from gels. There were 462 independent gel readings 
present in the database and 96.4% of the sequence was 
obtained on both strands. A detailed listing of gel lines 
and overlaps, plus a key to their meaning, is presented in
Figures 8 and 9.
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Figure 7 ; Location of the BamHI F fragment in the HSV-1 
genome.

A diagrammatic representation of the HSV-1 prototype 
genome. BamHIF is located between 0.645 and 0.695 map units 
and is cloned in the plasmid pGX158. The region covered by 
the smallest clone with stimulatory activity (pMCl; Campbell 
et al/ 1984) is marked as this plasmid was used to produce 
the end-labelled 81 probes (see Figure 12).



Piqûre 8 : ^ist of Gel ljne s j n _ the BamHI F database.

The "contig line" section shows the number of the final 
contig (595, an arbitrary number) followed by the length of 
the contig (8055 bp) and the database numbers of the gels at 
the extreme left (240) and extreme right (401) hand ends. 
The "gel lines" section has six columns. The first column 
shows the experimental name assigned to the clone, the next 
five columns are headed A-E and are:

A - gel database number, assigned by the program.
B - position of the left-most base of the gel in the 

contig.
C - length of the gel reading. Negative indicate that 

the gel reading overlaps on the opposite strand.
D - number of the gel overlapping to the left.
E - number of the gel overlapping to the right.
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Figure 9 ; The BamHI F database.

All gel readings are shown with their corresponding 
overlaps. The figures down the right side are gel numbers 
which can be cross-referenced to figure 8, column A. 
Computer inserted "padding characters" are * and those 
inserted by the operator are X.



- 3 9 9
233
334
317
22 6
172
19 6
29 6
45 4

-4 3 5
162

- 1 7 0
-3 4 3
-1 6 3

240 TCCCCCCCACTCCTACAGGCCATTTTCCOCCTCAATGTAC 337 TCCCCCCCAGTCCTACAOGGGATTTTCCGCCTXAATGTAC

CATTCOCCGTGTTCACGCMACGTTTnCTMACCCOCkTCXATGGTATTTCXTCGTAGACACG OTTTTCGTKGACCCGCATCCATGGTATTTCCTCGTACACACG COCATC •AT*GTATTTCCTCGTAOACACG TATTTCXTCGTAfiACA»G CCTCXTACACACG CCTCTCAGACACG
tcccccccagtcgtacaggggattttccocctcaatgtacggggaggccggcgctgcattcgccgtgttcacgcagacgttttcgtagacccocatccatggtatttcctcgtÎcacÎcg

♦ 0 0  c c c c x x g ^ ' ^ x g x t x a ^ Î g t x  « °

- 399 CCCCCCGTCCTCGCTC accgtctcgtatattgactcgtcgtcctcgtagggggcctoccgttcocggxccgaggcggcgtgggtggctt

172 CCCCCCGTCCTCGCTCACCGTCTCGTATATTGACTCGTCGTCCTCGTAGGGGOCGTGCCGTTCGCOGGCCGAGGCGGCGTGCCTGGCTTTGCCGCGOGCGTCCTCGTCGTCGTCGTCGGC 198 CCCCCCGTCCTCGCTCACCGTCTCGTATATTGACTCGTAGCCCTCGTAGGGGGCGTGCCGTTCGCGGGCCGAGGCGGCGTGGGTGGCTTTOCGGCGGGCGTCGTCGTCGTCGTCGTCGGC 29b CCCCCGCTCCTCGCTXACCGTCTCGTATATTGACT-GTXGTCCTXGTAGGGGGCGTOCXGTTXGCGGGCCGAGGCGGCGTOGGTCGCTTTXCGGCGGGCXTCGTCGTCGTCGTCGTCGXX 4S4 CCCCCCGTCCTCGCTCACCGTCTCGTATATTGACTCGTCGTCCTCGTAfiGGGGCGTGCCGTTCGCGGGCCGAGGCGGCGTGCGTGGCTTTOCGOCGGOCGTCGTCGTCGTCGTCGTCGGC -435 CCCCCCGTCCTCOCTCACCGTCTCGTATATTGACTCGTCGTCCTCGTAGGGGGCGTGCCGTTCGCGGGCCGAGGCGGCGTOGGTGOCTTTOCGOCGGGCGTCGTCGTCGTCGTCG«:OOC 162 CCCCC*GTC*T*OCTCAGCGTCTCGTATATT*ACTCGTCGTCCT*GTAGGGGGCGTGCCGTTCGCOGGCCGAGOCGGCGTGGGTGOCTTr*COGCGG****CGTCGTCGTCOTCG'K:G-170 CCCCCC -TCCTCGCTCACC "TCTC ‘TATATTGACTCGTCGTCCTCGTCAGGGGCC -GCCGTTCGCGGGCCGAGGCGOCGTGOGTOGCTTTGCOOCOG *CGTCGTCGTCGTCGTCGTCGCC- 34 3 CCCCCCGTCCTCGCTC ACC *TCTC •TATATTGACTCGTCGTCCTCGTAGGGGGCGTGCCGTTCGC •GCCCGAGGCOGCGTGGGTOGCTTTOCOGCGGOCGTCGTCGTCGTCGTCGTCGGC 
-163 CCCCC*GTCCT*GCTXACCGTCTC*TATATT*ACTCGTCGTCCTCGATGGGGOCGTGCCGTTCGCGGGCCXAGGCGGCGTGGCTG*CTTTGCGGCGG*CGTCGTCGTCGTCGTCGTCGGC494 CCGTCCTCGCTCACCGTCTCGTATATTGACTCGTCGTCCTCGTAGGGGGCGTGCCGTTCOCGGGCCGAGGCGGCGTGGGTGOCTTTGCGGCGGGCGTCGTCGTCGTCGTCGTCGC -313 attgactcgtcgtcctcgtaggggxcxtgccgttcgcgggccgaggcggcgtggxtggctttgcgocgggcgtcgtcgtcgtcgicgtcggc-159 ctcgtcgtcctcxatxxgggc *tgccgttcgcgggccxagxcgxxxtxggt*gcttt*cggcggacgtcgtcgtcgtcgtcgtcggc364 ctcgta*»»ggcgtg*cgttcgcggcccgaggcggcgtgggtggctttgcggcgggcgtcgtcgtcgtcgtcgtcggc-257 ttcocxggccxagxcxocxtxxgtgxctttcgggcxxxxgtcgtcgtcgtcgtcgtcgxc43 CTTTGCOOCOGOCGTCGTCGTCGTCGTCGTCGGC345 GTTTCGTCGTCGGCCCCCCCGTCCTCGCTC ACCGTCTCGTATATTGACTCGTCGTCCTCGTACGGGGCGTOCCGTTCOCGGGCCGAGGCGGCGTGOGTOGCTTTGCGGCGGGCGTCGTCGTCGTCGTCGTCGGC

250 260 270 280 290 300 310 320 330 340 350 360334 CTGXAGX 317 XGT172 CGTXAGATACGTGGCTTCCA 198 CGT*AGATACGT 298 CGTXAGATAXGTG454 «GTCAGATACGTGXCTTXCATXTXGTXGGCTT-TCCXTXCGGXXCGGGTXXCCA -435 CGTCAGATACGTGGCTTCCATCTGGTCGGGTTCTCCXTCCGGOGCGGGTCCCCACACCCGTGGCCGATCGAGGCTCCCCAQA-JCOCOCOCCG -170 CGTCAGATACGTGGCTTCCATCTGGTCGGGTTCTCCXTCCGGGGCGGGTCCCCACACCCGTGGCCGATCG -343 CGTCACATACGTGGCTTCCATCTGGTCGGGTTCTCCXTCCGGGGCGGGTCCCCACACCCGTGOCCOATC-ACG -163 CGTCAGATACGT'GCTTCCATCTGGTCGGGTTCTC-XTCCGGGGCGGGT- 313 CGTCAGATACGTGGCTTCCATCTGGTCGGGTTCTCCXTCCGGGGCGGGTCCCCACACCCGTGOCCGATCGAGOCTCCCCAGAGACGCOCGCCGGACGAOGAOOGOOCACGTCGCCOCCGG -159 CGTCAGATACGTCGCTTCCATCTGCTCGGGTTCTCCXTCCGGGGCGGGTCCCCACACCCGTOGCCGATCGAGGCTCCCCAGAGACGCGCGCCGGACGAGGAfiGGGGGACGT-XCCGCXCG364 CGTCAGATACGTGGCTTCCAT -TGGTCGGGTTCTCCXTCCGGGGCGGGT’CCC ACA -257 CXTCA-ATAGCTGXCTTCCATCT-GTCGGXTTCTCCXTCCGGGXCGGXTCCCCACACCC-TGOCCGATCOAOOCTCCCCAGAGACGCQCGCCGGACCAGGAGGGOGCACGT-XCCGCCOG 43 CGTCAGATACGT*GCTTCCATCTGGTCGGGTTCTCCCTCCGGGGCGGGTCCCC 345 CGTCACATAG-TGGCTTCCAT-TGGTCGGGTTTTCCCTCCGGGGCGGGTCCCCACACCCTTGGCCGTTCGAGGTTCCCCAGAGAGGCGCOC-GGACGAGGAGGGGOCAG-TCGCCGCCGC 203 GGCTTCXAT-TGGTCGGGTTCTCCCT-COGCGCGGGTCCCXACACCCGT-QCCGATCGAOOCTCCCCAGAGACOCGCGC*GCAXCAGGAGGGGGCAXGTCGCCGCCGC-174 GGGTTCTCCXTCCGGGGCGGXTCCCCACACCCGTCGCCGATCXAGGCTCCCCA-A-KGCOCOCCGCACGAGGAGGGGGCACGTGCCCGCCGG333 CACCXGTGXCCGATCGAGGCTCCCCAGAGACGCOC-C-GCACGAGGAGGOGGCACGTCGCCGCCGC119 aCCGATCGAGGTTCCCCAGAGAG--XXX*XCAXGAGGAGGGGGCACXTXXCCGCCG-320 AT-GAGGCTCCCCAGAGACGCGCGCCGGACGAGGAGGGGGCACGTCGCCGCCGG289 CCAGAGACGCGCGCCGGACGAGGACGGCGCACGTCGCCGCCGGCGTCAGATACGTOGCTTCCATCTGGTCOGGTTCTCCCTCCGGGGCGGGTCCCCACACCCGTGGCCGATCGAGOCTCCCCAOAGACOCOCGCCGGACGAGGAGGGGGCACGTCGCCGCCGG
3 7 0  3 8 0  3 9 0  4 0 0  4 1 0  4 2 0  4 3 0  4 4 0  4 5 0  4 6 0  4 7 0  4 8 0

- 3 1 3  CGGTCGCCTGTCGGGTCCCGCGACGTTACGGGCCGGGAGGCGCGGG 
- 1 5 9  CGGTCGCXTGTCGGGTCCCGCGACGTTACGGOCC 
- 2 5 7  CGGTCGCCTGTCGOGTCCCGCGACGTTACGGOCC 

34 5  •GGTCGCCTGTCGGGTCCCGCGACGTTACGGGCCGGGAGGCGXGGGGXCACCTCCCCCAT 
2 0 3  OCGTCGC XTGTCGGGTCC 

- 1 7 4  CGGTCGCCTGTCGGGTCCCGCGACGTTACGGGCCGG'AGGCGCGGGGGCACCTCCCCCATGTOCGTGTAATACGTGGCC 
33 3  CGGTCGCCTGTCGGGTCCCGCGACGTTACGGGCCGGGAGGCGCGGGGGCACCTCCCCCATGTOCGTGTAATACGTGGCCOOCTOTGTOOCCOCAOCGGGGGOCTCGOCGACCGGGTCGTT
119 XXXTCGCXTGTXGGGTCCXGCGAXGTTA*GGC
32 0  CGGTCGCCTGTCGGGTCCCGCGACGTTACGGGCCGGGAGGCGCGGGGGCACTCXCCCCATGTGCGTGTAATACGTGGCCGGCTGTGTOOCCGCAOCOGGGGXCTCGGCGACCGGGTCGTT
2 8 9  CGGTCGCCTGTCGGGTCCCGCGACGTTACGGGCCGGGAGGCGCGGGGGCACCTGCCCCATGTOCGTGTAATAXGTGGCCGGCTGTGTGOCCG-ACTOGGGGGCTCGOCGACCGGC
301 OCGACGTTACGGGCCGGGAGGCGCGGGGGCACCTCCCCCATCTGCGTGTAATACGTGGCCGGCTGTGTGGCCOCAGCGGGGGCCTCGGCGACCOCGTCOTT495 CATCTGCGTGTAATACGTGOCCGGCT-TGTGOCCGCAGCGGGOCGCTCGGCCACCGGGTCGTT•485 TGGCCGOCT-TCTGGCCGCAGCGGGGGGCTCGGCGACCGGGTCGTTCGGTCGCCTGTCGGGTCCCGCGACGTTACGGGCCGGGAGGCGCGGGGGCACCTCCCCCATGTGCGTGTAATACGTGGCCGGCTGTGTGGCCOCAGCGGGGGGCTCGOCGACCGGCTCGTT

490 500 510 520 530 540 550 560 570 580 590 6 0 0
33 3  CGCATCXGGAAGCGGGGGCCCCGCGCCGTCCGCGCGGCGCCTCCGGAACCTCXGGGTGGAXG-OGGGXTCGAGTGTAGGC
320 CGCAT301 CGCATCCGGAAGCGGGGGCCCCGCGCCGTCCGCGCGGCGCCTCCGGAACCTCCGGGTGGACGCGGGCGTCGAGTGTAGGCGAGGTCOGGGOAGGGGCGGGGGCTCGTTGT
495 CGCATCCGGAAGCGGGGGCCCCXCOCCGTCCGCG _____________-485 CGCATCCGGAAGCGGGGGCC-CGCGCCGTCCGCGCGGCGCCTCCGGAACCTCCGGGTGCACGCGGGGGTCGAGTGTAGGCGAGGTCOGCGGAGGGGCGGGGGCTCGTTGTCGCOCCGCGC

- 2 6 0  CGGCGCCTCCGGAACCTCCGGGTGGACGCGGGGGTCGAGTGTAGGCGAGGTCGGCGGAGGGGCGGGGGCTCGTT03 GGAGGGGCGGCGGCTCGTTCTCGCOCCGCGCCGCATCCGGAAGCGGGGGCCCCGCGCCGTCCGCGCGGCGCCTCCGGAACCTCCGGGTGGACOCGGGGGTCGAOTGTAGGCGAGGTCGGGGGAGGGGCGGGGGCTCGTTGTCGCGCCGCGC

610 6 2 0  630 640 650 660 670 680 690 700 710 720

:l =i=B=Bg:Er=SSSS==
OACXACXTCXTXCGXXXAXAXGCXACXAXCGCXAG

CCGCTGAATCTTTTCCCGACAGGTCCCACCCCCCGCGCGATGCCCCCCCGGGCCGCTGGCCATGTCGTCCGGGGGAGGCCCCGCGGACCACGTCOTCCGGCGAGACGCCACGAGCCGCAC

367
- 2 4 4
- 4 3 6
- 1 4 9

49 2
49 3

-56

7 3 0  7 4 0  7 5 0  7 6 0  7 7 0  7 8 0  7 9 0  8 0 0  - l o  8 2 0  8 3 0

GATGGACTCGTAGTGGAGCGA

ATGGACTCGTAGTGGAGCGACGGCGCCCCGTTGCGGAGCAGATCCGCWCAGGKWCCCGj^^^^^^^^_^^^__^^_.^^^^^^^^gg^^^g.rggg
Xjy^CXAGCCTTGATGCTCAACTCGATCCGOGCCGAGCTCGGGGCGGTCATCGTCOC 

-S 6  AACCAA'CCTTXATGCTCAACTCCATCCGGGCGCA'CTGGGC'C 'G TCATCGTGGC
CTTGATOCTCAACTCCATCCGGGCCCAfiCTCGGGGCGGTCATCGTGCG

16 OGOCGXTCCTATTGGG

- 2 1-51

OCOGTCATCCTGGG 
ATCCTOOG

GATGGACTCGTAGTGGAGC
CGACGGCGCCCCGTTOCGGAGCAGATCCGCGOCCAGGGCGOCCCCGAACCAAOCCTTGATOCTCAACTCCATCCGGOCCCAOCTGGCGGCGGTCATCGTGGC



8 5 0  8 6 0  8 7 0  8 8 0  8 9 0  9 0 0  9 1 0

2 9 9
• 5 6

• 3 8 8

•AACAGGGaOOCG*TCGTCCGACA-AAA*OCTCCTG*CTCTCC*CCOCOGCCCOCAGATAC

OGCCCOCACATACTCGTTCTTCAGOCTGTCGOTOGCCCAGACOCCCTACCCOCTCACOCTCOCCTTCATCAT

437-264

--- — OVU OTV »UU 910 92
244 GAACAGGGGGCCGGTGGTCCGACAGAAACGCTCCTGOCT-TCCACCGCGOCCCGCAGATACTCGTTGTTC 438 GAACAGGGGOGCGGTGGTCCGACA-AAACGCTCCTGGCTGTCCACCGCGGCCCGCAGATACTCGTTGTTCAOOCTGTC14 9 *AAC AGGGGOGCG *TGGTCCGAC A -AAA «GCTCCTG ‘CTGTCC ACCGCGGCCCGC AG ATAC  --- --- ------------ 7GGCCCQCAGATAC1

:ggcccgcagataciIGGCCCGCACATACI:ggcccgcagataci :ggcccgcagataci ;ggcccgcagatacirGGCCCGCAGATACI
'OGCCCOCAGATACTtSTrGTTCAOOCTOTCOGTOGCCCAGACGCCGTACCCGGTGAGGGTCGCGTrGATGAT OGCCCGCAGATACTCGTTGTTCAGOCTGTCGGTOGCCCAOACOCCGTACCCGGTGAGGGTCGCGTTCATGAT CTOTCGOTGXCCCAGACOCCGTACCCOGTGAGGXTCGCOTTGATGAT fjg CCAGACOCCGTACCCGGTGAGGGTCQCGTTGATOAT

gaacacgggggcggtggtccgacagaaacgctcctggctgtccaccocggcccgcaoatactcgttgttcaggctotcggtoocccagacoccgta?c m g Î ^ m t c « gÎÎSIÎSÎÎ

-388 ATACTGG^’gTGGTGAt’®° »>“ > *0’° I»»®16 ATA*TGG*CGTG T
-184 ATACTGGGCGTGGTGATGGACGATCGACAGAACCTCCACCGTGGATACGACGGTATCCACGXTCCCGTACGTACCGCCGCTCCOCTTOCCOGTCTOCCACAGOTT-21 ATACTGGGCGTC TGATGGACGAT -51 ATACTGGXCGTGGTGATGGACGATCGA
215 atactgggcgtggtgatggacgatcgacagaacctccaccgtggatacgacggtatccacggtcccgtacgtaccgccg»tccgcttgccggtctgcca*aggttggctagocgcgtcag 73 atactgggcgtggtgatggacgatcgacagaacctccacxgtggatacgacggtatccacggtcccgtacgtaccgccgctccgcttgccggtctoccacaggtxgxctaggcgcgtcac 390 ata*tgggcgtggtgatggacgatcgacagaacxtccaccgtggatacgacggtatcxaxggtcccgtacgatccgccgxt*cgcttgccggt-tgccacaggttggctaggcgcgtxag-58 ATACTGGXCGTGGTGATGGACGATCGACAGAACCTCCACCGTGGATACGACGGTATCCA-GGTCCCGTACGTACCGCXG'TCCGCTTGCCGGTCTGCCACAGGTTGGCTAGGCGCGTCAG 38 XXXXXXXXXXXXGATGGA-GATCGACAGAACCTCCACCCTGGATACGACGGTATCCACG-TCCCGTACGTACCGCCGCTCCGCTTGCCGGTCTOCCACAGGTTGGCTAGGCGCGTCAG TXATGXACGATCGACAAAACCTCCACCXTGXATACGACGXTATCCAXG-ACCCGTACGTACCGCCGCTCCGCTTGCCGGTCTGCCACAGATTGXCTAGAXACGTCAG 

tacgacggtatccacggtcccgtacgtaccgccgctccocttgccggtctgccacaggttgoctaggcgcgtcagCTTGCCGXTCTGCCACAGXTTGGCTAGXCGCGTCAG AAGCTTGCTAGC * *CGTAC •ATACTGGGCGTGGTGATGGACGATCGACAGAACCTCCACCGTGGATACGACGGTATCCACGGTCCCGTACGTACCGCCGCTCCGCTTGCCGGTCTGCCACAGGTTGOCTAGGCGCGTCAG
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200215 GTGGCCC AGGACGTCG "TGACCGC •G*CCTGXGCXCXATGCAXTG 73 GTGXCCCAGGACGTCGCTGACCGCCOCCXTGXGCGCCATGCA 390 GT*GCCCAGGACGTCG*TGACCGCCGCCXTGAGCGCXATXCAT*-58 GTGGCCCAGGACGTCGCTGACCGC 

38 GTGGCCCAGGCAGTCGCTGACCGCCGCCCTGXGCGCCATGCACTGCATGXAGCCGGTCGTGCCGCTGGGACCCCGGTCCAGTAGGCGCGC*GACG -407 XTGGCCCAGGACGTCGCTGACCGCCGCCCTGAGCGCCATGCACTGCATGGAGCCGGTCGTGCCGCTGG 437 GTGGCCCAGGA-GTCG-TGACCGCCGCCCTGAGCGCCATGCACTGCATG*AGCCGGTCGTGCCG-TGGGACCC*GGTC*AGATGGCGCGCGAAGCGT-TCGCGGGCOCXT*COGGCTGCC -264 XTXGCCCAGGACXTCGCTGACCGCCGCCCTXAXCGCCATGCACTXCATGGAGCCGGTXGTGCCGCTGCXACCCCOGTCCAGATXGC-CGC*AAC-TTTCC-455 gtg**cca*gacgtc*ctgaccgccgccctgagcg*catgcactgcatg»agccgxtcgtgccoct*ggaccccggtccagatggcgcgcgajcgtttccocgcococctccogoctgcc-462 CCAGGCAGTCCTGACCGCCGCCCTGAGCGCXTAGCAXTGCTAGGAGCCGGTC*TGCCGCT*GGACCCCGGTCCAGATGOCGCGCGAACGTTTCCGCOGOCGCCTCCGGXCTGCC-316 ACCGCCGCCCTGGACGCXATGCACTGCATGGATCCGCTCTTGCCGCTGGGACCCCGGTCCAGATGOCGCGCCAACGTTTCOGCOOOCOCCTCCOGXCTOCX-344 TACGCC ATGC ACTGC ATGGAGCCGGTC *TGCC -CT*OGACCCCGGTCC A-ATOOCOCGC *AAC *TTTCC -COOOCGCCTCCGGGXTG *C321 CCATGC ACTGCATGGAGCCGGTCGTGCCGCTGGGACCCCGGTCCAGATGOCGCOCGAACOTTTCCOCGGGCOCCTCCOGOCTOCC649 ATGGAGCCGGTCGTQCCOCTGGGACCCCGGTCCAOATGGCOCOCGAACGnTCCOCOOOCOCCTCCOGGCTOCC-253 TGAXCCGCTCXTOCCGCTGGXACCCCGGTXCA-ATGOCOCOC*AACGTTTCCOCGGOCQCCTCCOGXCTOCX-467 GTCXTOCXGCTGXXACCCXXGTXCA-ATOOCGCOCGAXCGTTTCCOCGGXCOCCTCCGGXCTOCX-3 GTXCAXATGXCXCXC*XACXXTTCC*»«GGCOCXTC**CXCTGCX-124 XX3atX*XXXXTTTCC»«*GGCGCCTCC0GXCTCCX-328 AKXTTTCCGCGGXCGCCTCCQCGCTCCXGTGGCCCAGGACGTCGCTGACCGCCGCCCTGAGCGCCATGCACTGCATGGAGCCGGTCGTGCCGCTOGGACCCCGGTCCAGATOOCOCOCOAACGTTTCCGCGGOCGCCTCCGGCCTGCC

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320437 OC*GAGCGGXAGGAA*CGGCGATTGCGGGATAGCG -455 GCCGAGCGGGXGGAACCGGCGATTGGAGGGACTCAGCCGGTGACATACGTGCTTGTCCGTCGTCCACAOCATCCAGCACGCCCACCGCTAC -462 OCCGAGCGGGAGGAACCGGCGATTGGAGGGACTCAGCCGGTGACATACGTGCTTGTCXGTCGTCCACACCATCCAGGACG -316 0CCGAGCGGGAGGAACCGCC-ATTGGAGGGACTCAGCCGGTGA3CATAXGTGCTTGTCCGTCGTC-344 GCCGAGCGGGAGGAACCGGG«ATTGGAGGGACTCAOCCGGTGACATACGTGCTTGTCCGTCGTCCACAGCATCCAGGACGCCCACCGGTACAGCACGGA-ACGTAGGCCAGGAOCTCGTT 321 GCCGAGCGGXAGGAACCGGCGATTGGAGGGAXT-AGCCOGTGACATACGTGXTT-TCCGTCGTCCAC AGC ATCC AGGACGXCCACXXGTACAGCACGGAGA449 GCCGAGCGGXAGGAACCGGCGATTGGAGGGACTXAGCCGXTGACATACGTGCTTGTCCGTCOTCCAXAGCATCCAGGAXGCCXACXXGTACAOCAXGGAGACTGAGGCCAGGAOCTCGTT -253 GCC*AGCGGXAG*AACCGGCGATTOGAGGGACT-AGCCGGTGACATACGTGCTTGTCCGTCGTCCACAGCATCCACGACGCCCACCGaTACAGCACGGACACGTAGGCCAGGAOCTCGTT -467 OCCGAGCGGGAGGAACCGGCGATTGGAGGGACTCAGCCGGTGACATACGTOCTTGTCCGTCGTCCACAGCATCCACGACGCCCACCOCTACAOCACGGAGACGTAOGCCAGGAGCTCGTT -3 GC**AGCGGXAGXAAC**GCGATT*GAGG*ACTCAGC**GTGACATACGTGCT*GTCCGTCGT*CACAGCATCCGA*ACCGCCACCGGTACAGCACGGAGACGTAGGCCAGGAGCTCOTT -124 QCCGAGCGGXAGGAACCGGCGATT»GAGGGACTCAGCCGGTGACATACGTGCTTGTCCGTCGTCCACAGCATCCAGGACOCCCACCGGTACAOCACG»»*AACTAOGCCAOGAGCTCXTT -328 OCCGAGCGGXAGXAACCGXCGATTXGAGGGACTCAXCCGXTCACATACGTGCTTGTCCGTCGTCCAC AGCATCCAG -ACGCCCACCGGTACAOCACGOA-ACGTAGGCCAOGACCTCGTT -284 AXCGGXAGXAACCGGCXATTXGAGGXACTCAXCCGGTGACATA-XTGCTXGTCCGTCGTCCACAGCATCCAGXACGCCCACCGGTACAOCACGGACACGTAGGCCAGGAGCTCGTT-125 ACCGGXAG •AACCXGCXATT*GA»GGACTCAGCCGGTGACATACGTGCTTGTCCGTCGTCCACAGCATC «ACXAXCGCCACCGGTAC AOCACG*A-ACGTAOGCCAGGAOCTCGTT-160 ACTCATCCGGTGACATACGTGCXTGTCCGTCGTCCACAGCATCCAGGACGCCCACCGGTACA-TACGGAGACGTAOGCCAGGA-TTC-TT-2 CTCAGC**GTOACATACGTGCTTGTCCGTCGTCCACAGCATCXAOGACGCCCACCOGTACAOCACGGAGACGTAGOCCAOGAOCTCCTT-456 TCTGC «TGTCCGTCGTCCACAC •ATCCAGXACG *CC ACC ‘GTACAOC AC ‘GAGACOTAGOCC AOGAOCTCGTT-158 GXATXCAOXACGCCCACCOGTACAOCAC*GAGACOTAGGCCACGACCTC*TT-255 OCOCCCACCOGTACXOCACGGAGACGTAGGCCAGGAOCTCGTT329 ACAGGGAGA-GTACGCCAGGAGCTCGTTOCCGAGCGGGAGGAACCGOCGATTGGAGGGACTCAGCCOGTGACATACGTGCTTGTCCGTCGTCCACAOCATCCAGGACGCCCACCOGTACAOCACOGACACGTAOGCCAOGAOCTCGTT
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440-344 GACCXGC ACTGC GGTOTCGCTGCTCGGOCGOCT-GGGT'COCCGGOCG 449 GAGCCGC -253 GAGCXG-AGTGCGGTGTCGGTGCTGG-467 GAGCCGC AGTGCGGTGTCGCTGCTGGGGCGGCTTGGGTCCGCCGGGCGCATAAAC-3 GAGCCG-ACTGCGGTGTCGGTGCTGGGGCGGCTTGGGTCCGCCGGGCGCATAAAGAACATGTACTGCTGAATCCG -124 XAXCXGCAXTGCXGTGTCGGTGCTGGG*CGGCTT*GGTCCGCCGGGCGCATAAA-AACATGTACTGCTXAATCCTATGXAGGOCGTC -328 -AGCCGCAGTGCGXTGTCGGTGCTGGGGCGGCT-GGGTCCGCCOGGCGCATAAA-AACATGTACTGCT

-284 OAGCXGCAGTGCGGTGTCGGTGCTGG ___________-125 •a-cxgcagtgcggtgtcggtgctggggcggct-oggtccgccgggcgcataaa-aacatgtactgct-aatccgatgga*oocotcgcgcacgccggccacggtg
-160 GAGCXGCAGTGCGCTGTAGGTGCT
-4:  5î^^^-;:^?:S^Î^Î^^Î2^Î^^ÏÏ^Î^^S§C^^:îiî;:Sî;:^:"?Î^Î^~«STGGAGGGCG,CGCGC*GGCCGOCCACGGTGGC-158 GAOCCGCA'TGCGX-GTCGGTGCTGGGGCGGCTTOGG-CCGGCOOOCGCATAAA-AACATGTA-TGCTGAATCCGATGGAOGGCGTC
-255 GAGCCGC AG TGCGGTCTCGCTGCT 329 GAGCCGC AGT"

a*** I-- n ■ — — — I I » — — — — — —. —      — -XATGXAGGXCGTCGCG*AGGCXGOCXACGXTGXCGXCGTACTTOCC GAGOXCXTCXCGXAGGCCGGCXAXGXTGXCCXCXTACTTOCCGAGCCGC AG TGCGGTGTCGGTGCTGGGGCGGCTTGGGTCCOCCGGGCOCATAAAGAACATGTACTGCTGAATCCGATGGAGGGCOTCOCGCACGCCGOCC AC gctogcogcgtacttgcc

:«w ?^“ Î^Îggggcggcttgggtccgccgggcgcataaagaaca^ tac^ ^ ^ ga^ gg« g k g c« ^
216 ttact*ctgaatccoatggacgxcxtcococago«cogccaccgtggcggcctacttgcc

145G 1460 1470 1480 1490 1500 1510 1520 1530 1540 155C 1560
-456 GCCACGGCCCCGCTCTTGAACG 329 GCXAXGGCCCCGCTCTTGAACGGGGTGCGCGCC-420 OCCACGGCCCCGCTCTTGAACGGGGTGCGCGCCAGCXAGCTTTGGCGCCAGGCTGCGCCGCAGCAGCACGTGAACGCTOGGCTCGCAGTCOCCCACOGGGTCCTCGGCGAC GTCCAGGCC -216 GCCACGGCCCCGCTCTT-AACGGGGTGCGCGCCAGCGAGCTTTGGCGCCAGGXTGGGCCGCAGCAGCACGTGAAGGCTGGGCTCGCAGTCOCCCArCCGGTCCTCCGGGACGTCCAGGCC -265 GCCACGGCCCCGCTCTTXAACGGGGTGCGXJCCCAGCGAGCTTTXGCGCCAGGXTGGOCCGCAGCAGCACCTXAACGCTGCGXTCGCAGTCGCCXAXGGGGTCCTCGGGCACCTCCAGGCr -469 GCCACGGCCCCGCTCTTXAACGGGXTGCGCGCCAGCXAXCTTTXGCGCCAGGGTGGGCCOCAGCACCACGTGAACOCTGGGGTCGCAGTCOCCCACGGGGTCCTCGGGGACGTCCAGGCC -179 CGGXCCCGCTCTT*AACGGG*— CGCGCCAGCXACCTTTGGCGCCACGXTGGGCCGCAGCAGCACGTGAAGGCTGGGGTCGCAGTCGCCCACGGGGXXXXXXXXXACGTCCAGGCC414 TTGAACCOGGTOCGCGCCAXCCAGCTTTOGCGCCAGGGTGGGCCGCAGCAGCACCTGAAGGCTOGGGTCGCAGTCGCCCACCGGCTCCTCGGGGACCTCCAGOCC57 CGCGCXAXCGACCTTTGGCGXCAGGGTCOGCCGCACXAGXAXTTCAAGGCTGCGGTCOCACTCGCCCACGGGCTCCT*GGGGACGTCCAGGCr-128 XAACXXXCrrTGGCGCCAGGG-OGGCCCCAOCAXXACAT-AA-OCTOGCCTCGCAXTCGCCXACGGXCTCCTCCGGCAAA7X:CAGOCr4 32 tttcgcoccagggtggoccgcac-aoca*gtgaacgctgggctcocagtcgcccac*gggtcctcggcgacgtccaggcc102 eCGCAOCAGCACCTGAACGCTGOOCTXGCACTCCCXXACGGGGTCXTCGGGGACCTCXACGC/.35 3 CTCGGGTCOCACTCGCCCAGCGGGTCCTCGGGGACGTCCAGGCC15U TGGOCTCGCAGTCOCCXAXGGCGTCCTXGCGGAXGTCCAGGCA-105 ACTCCXCCACCC*»TCCTCOGCAACCTCCAGGCC130 CCCACGGGGTCCTCGGGGACGTCCAGGCCOCCACGGCCCCGCTCTTGAACOGOGTOCGCOCCAGCGAGCTTTOOCOCCAÛGCTOOOCCOCAGCAGCACGTCAACGCTGCGGTCGCACTCOCCCACGGGCTCCTCGGGGACCTCCAGGCC
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1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920391 GTCGTCGGAGCGCTGCCGCAACXCGGCCACGGCCQCGCTAAGGAGXCCCTCXXXGGTCOGGAGCAGA 88 GTCOTCGGAGCGCTGCCGC272 GTCGTCGGAGCGCTGCCGCAAGXCGCCXAXGGCCG-GXTAAGGAGCCCXTCXXXGGTGGGGAGCAGACACCXGCCGAAGATGCOCCGXTXGGGAA 109 GTCGTCGGAGCGCTGCXGXAAGXXGCCXAXXGCXGCGXTAAGGAGXCCCTCXXXGGTGGGXAGCAGXCACGCGXXXXAGA194 GTCGTCGGAGCGCTGCCGCAAGXCGCCCACGGCCGCGCTAAGGACCCCCTCCGGGXTGGGXAGCAGACACCXGCCGAAGATXCGCCGXTXGGGAA305 GTCGTCGGAGCGCTGCCGCAAGXCGCCCACOGCCGCGCTAACGAOCCCCTCCGGGGTGGGGAGCACACACCCGCCGAAGATGCOCCGCTCGGGAACGCCCGCGTTCTCGCCGCGGATCAG 55 GTCGTCGGAGCGCTGCCGCAA 491 GTCGTCGGAGCGCTGCCGCAAGXCGCCCACGGCCOCGCT-87 GTCXTCGGAGCOCTGCCGXAAGXCGCCCACGGCCGCGCTAAGGAGXCXXTCCGGGGTGGGXAGXAGAXAXCCOCCGXAGATXCGXCGCTCXXGAACGCCCGCGTTGTCGCCGCOGATCAG -306 XTCXTCGXAGCGCTGCCGCAAGXCGCCCACGGCCGCGCTAAGGAGCCXXTCCGGGGTGGGGAGCAGACACCCGCCXAAGATOCGCCGCTCOGOAACGCCCGCGTTGTCGCCGCOGATCAC -4 TCGTCGCAGCGCTGCCGCAAGXCGXCCACGGCCGCGCTAAGGAGXCCCTCCGGGGTOGGGAGCAGACACCCOCCOAAGATGCGCCGCTCGGGAACGCCCOCGTTGTCGCCGCOGATCAG 
497 GGAGCGCTGCCGCAAGGCGCCCACGGCCOCOCTAAGGAGCC-143 GGAGXCXXTCCGGGGTGGOGAGXAGACACCCGCCXAAGATTCOCCGCTCGGGAACACCXACATTXTCOCCGCGGATTAC-310 AGCCXXTCCGGGGTGGGGAOCAGACACCCGCCGAACATGCOCCGCTCGGGAACGCCCOCGTTGTCQCCGCGCATCAG-461 TTCTCGCCGCGGTAC-A483 TTGTCGCCGCGGATCAG-314 CGXATCAXGTCGTCGGAGCOCTGCCGCAAGGCGCCCACOGCCOCGCTAAGGAGCCCCTCCGGGGTGGGGAGCAGACACCCGCCGAAGATGCOCCGCTCGGGAACOCCCGCGTTGTCGCCOCGGATCAG

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
305 GTTGGCAGGCGTCAGGCACXGXXXACGXCGXAGGXAGCTGTTGGCAGGCGTCAGGCACCGCGCCAGCCGCAGG _________GTTGGCAGGCGTCAGGCACCGCGCCAGCCGCAGGGAGCTCGCGCCGCGCGTCCGOCOCTGCATGGTGCAOCCCOTTCGGTCOOGACCCOCCOGTCOGAGTTATOCCGCOTCCAGGOCCAT

GTTGGCAGGGTTGGCAGGCGTCAGGCACCGCGCCAGCCGCAGGGAGCTCCGGCCGCOCGTCCOGCOCTOCATGGTGACGCCCGTTCGCTCOOGACCCGCCGGTCOGAGGTTGGCAGGCGTCAGGCACCXCGCCAGCCGCAGGGAGCTCXCGCCGCOCGTCCGGCGCTOCATGCTXACOCCCGTTCGOTCGGCACCCOCCGGTCOGAGTTATOCCOCGTCCAGGGCCAT GTTGGCA'GCGTCAGGCACCGCGCCAGCCGCAGGGAG-TCXCGCC-OCGXTCCGGCGCTGCATGGTGACGCCCGTTCGGTCGGGACCCGCCGGTCGGAGTTATOCCGCGTCCAGG GTTGGCAGGCGTCAGGCACCGCGCCAGCCGCAGGGAGCTCGCGCCOCGCGTCCGGCGXTGCATGGTGACGCCCGTTCGGTCGGGACCCOCCGGTCGGAGTTATOCCOCOTCCAOGOCCAT
xttggcagxcxtcaggcaccxxxxxagccgcaggxaxctcxcgcc-cxxxtccggcgctgcatggtgacgcccxttcggtcgggacccgccggtcggagttatgccgcgtcxagg^ catAGXCGTCAGGCACCGCGCCAGCCGCAGGGAGCTCGCGCCGCGCGTCCGGCGCTGCATCGTGACGCCCCTTCGGTCGGGACCCOCCGGTCGGAGTTATGCCGCGTCCAWKCAT

-54 CGTCAGGCACCGCGCCA— CGCAGGGAA-TCXCGCCXC-G*TCCXGC-CTGXATXGTGAXGCCCGTTCGGTCGGGA-CCQCCGGTCGGAGTTATGCCOCGTC AOGK278 TCGCGCCGXGXGTCCGXXGCTGCATGGTGACGCCCGTTCGGTCGCGACCCGCCGGTCGGAGTTATGCCOCGTCCAGGGCCAT27 3 TCGCGCCGCGCGTCCGGCG*TGCATGGTGACGCC*GTTCGGTCGGGACCC0CCGGTCGGAGTTATGCCGCGTCCAGGGCCAT275 TC-CGCCGCGCGTCCGX-GCTGCATGGTGACGCCCGTTCGGTCOCCACCCGCCGGTCGGAGTTATCCCGCCTCCAGOGCCAT423 OCCCGTTCGGTCGGGA-CCGCCGGTCGGAGTTATGCCGCGTCCAGGGCCAT

483-314-484

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

306 CGGGGC
483 CGGGGCGxinTTATCGGGAGGAOCTTATGGGCGTGGCOOGCCTCCCAGCCCGGTCGCGCGCCTCCCCGACACGTOCOCCCOCA-GOCGOCXXCCCCCTCGTCTCC 
464 CGGGG-GCTTTTTATCGGGAGGAGCTTATOGGCGTGGCGGGCCTCCCAGCCCGGTCGCGCGCCTCCCCGACACGTOCGCCCGCAGOOCGOCOOCCCCCTCGTCTCCCA
278 CGGGGCGXTTTTTATCGGGAGG27 3 CGGGGCGXTTTTTATCGGGAGGA •

-180
-349

XCOCXGCGCXCCCCTCXTCTXCCATCWCCAXTTTCC CCATCAOCAGTTTCC
CGGGGC GCTTTTTATCGGGAGGAGCTTATGGGCGTGGCGGOCCTCCCAGCCCOGTCGCGCOCCTCCCCGACACGTGCGCCCGCAGGOCGGCOOCCCCCTCGTCTCCCATC AGC AO TTTCC

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
-37 TAAACTGCGACATGATGTC'ACCACGCGGACCCGCCGGCCCAACACGGACCCGCCGCTTACGGGGGCGCGG^WGWKXA

ACGGGGOCXXGGGGGAACGGCTXCAGGTCCTTGAGAAGAAACGCGCCCTCTOCCGTC^TCCTCC AGGTCCTTGAGAAG AAAGGCGGGGTCTOCC GTCCCOG OTCCTTGAGAAGAAAGGCGCCGTCTGCCGTCCCOC332 CGGGTCTGCCGTCCCC*204 GTAAACTGGGACATGATGTCCACCACGCGCACCCGCOOOCCCAACACGOACCCGCCOCTTACGGGGGCGGCGGGGAAGGOCTCCACGTCCTTGAGAAGAAAGGCGOGCTCTGCCGTCCCGG



3:7

2SOO 2510 2520

2290 2300 2310 2320 2330 23*0

-«16 ACACGGGOGCCCOGGC-OCTQAGGAGOCGGOOCOCAGATCCACOTOCTCC'COGCCCCOCOOACOTCCOCCCACAACTTCOCOOOOOTOCTOCCI  l = # = # = 5 = ^ s S = = =
397 ACACOGG-aCCCGGOOCOCTOAGGAGGCOCGOCOCAGATCCACOTGCTCCOCGOCCOCOCXGACGTCCOCCCAGAACTTBOCOOOCCTOOTOCOCOCOTACASGGOCTOGGTCOCrcOCA 

ACACGGGGGCCC0GGGC0CTGAGGAGGCGGGGCGCAGATCCACGT0C1T%:GCGGCC0CGCGGACGTCCGCCCACAACm^GG^%G%Gc0cMACAGG0@ci^KGCK0CA
2410 2420-180 GGACGCAXXCGTAGCOCAG -349 GCACG -68 GGACGC

370 OGACQCACGCGTAGCXCAGGGGGGTGTACGTGCCXACXTCGGGGXCCGTGAATCCCCXGTCAAACQCOOCCAOTCTCACOCACOCCACCACOO'reTC332 GGACOCACGCGTAGCXCAGGGCGGTGTACGT
397 OCACGCACGCGTAGCXCAGGGGGGTGTACGTGCCCACCTCOGGOGCCGTGAATCCCCCGTCAAAC— OGCCAGTGTCACGCACGCCACCACGGT-TCOG AAOCCCAGCAfiCCGXTOCA-368 OGACG-AXXCGTAGCGCAGGGGGGTGTACGTGCCCACCTCOGGG 
4*4 CAAACGCGOCCAGTGTCACCCACGCCACCACGGTGTCOGCAAAGCCCAGCAOCCGCTOCA"* aaacccggccagtgtcacgcacoccaccacqctgtcgocaaaocccagcagccoctocaCOCGOCC AGTGTCACGC ACOCCACC ACGGTCTCGGC AAAC -CC A-CAGCCGCTGAC

OGACGCACGCGTAGCGCAGGGGGGTGTACGTGCCCACCTCGGGGOCCGTGAATCCCCCGTCAAACGCGGCCAGTGTCACGCACGCCACCACGGTGTCGGCAAAGCCCAOCAGCCGCTOCA
2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640397 GGACGXXXCCGGCGXCCAGXAT

464 gcacgagcccggcggccagaatggcgcgcgtggccgccgcgtcgtcccggcgccggtgcg*gtccccgcatocccgcccgtactttaaggw;acggtcg*cagggccgtgtgcagcgcgt 286 ggacgagcccggcggccagaatggcgcgcgtggccgccgcgtcgtcccggcgccggtgcgcgtccccgcacgcccgggcgtactttaaogtcacggtcoccagogccgtgtgcaccgcgt319 GGA-GAGCCCGGCGGCC AGAATGGCGCGC -TGGCCG •CGCOTCGTCCCG *CG -CGGT
376 GGACGAGCCCGGCGGCCAGAATGGCGCGCGTGGCCOCCGCGTCGTCCCOGCOCCGGTGCGCGTCCCCGCACGCCCGGGCGTACTTTAAGGTCACOGTCGCCAGGGCCGTGTGCAGCOCGT 458 CCGCACOCCCGCGCGTACTTTAAGGTCACGGTCGCCAGGCCCGTGTGCAGCGCGT20' TCGCCAGGGCCGTCTGCAGCGCGTOGACGAGCCCGOCGGCCAGAATGGCGCGCGTGGCCGCCGCGTCGTCCCGGCGCCGGTGCGCGTCCCCGCACGCCCGGGCGTACTTTAAGGTCACOGTCOCCAGGGCCGTCTGCAGCGCGT

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760464 ACACCGCAGCGCC-AGCACGOCGTT 286 ACACCGCAGCGCC*AGXA*GGC
376 ACACCGCAGCGCCCAGCACGGCGTTGAGCCCGCTGTTGGCGAGCAGCCGGCGCGCTGCGGTGTCGCCCAGCGCCTCG-GCTCGGCCCCCACGACCGCGGGGCTTACCXGGGGACGGXXXC 458 ACA*CGCAGCGCCCAGCACGGCGTTGAGCCCGCTGTTGGCGAGCAOCCGGCGCG-TGCGGTGTCGCCCAGCG*CTCCTGCTCGGCCCCCACGACCGCOGOG*TT*CCAOGGG*AGGGCG 205 acaccgcagcgcccagcacggcgttgagcccgctcttogcgagcacccggcgcgctgcggtgtcgcccagcgcctcgtgctcggcccccacga*cgcgggg*ttccxagggg*aggccgc-157 TGCGXTGTCGCCC AXCGCCTCGTGCTCGGCGCCC ACGACCGCGGGGGTTCCC AGGGGC AGGGC-354 TGCGGTATCGCCCAXCGCCTCGTGCTCGGCCCCCACGACCGCGGGOCTTCCCAGGGGCAGGGCGC22 XC-CCT-GTGCTCGXCCCCCACCACCGCGGGGCTTCCC— GGOCAGGGCCC318 CTCGTGCTCGGCCCCCACGAGCGCGOOGCTTCCXAGGGGCAGGGCG-419 CGGCCCCC AC GACCGCGGGGCTTCCC AGGGGC AGGGCG-450 CCCACGACCGCGCGGCTTCCCAGGGGCACGGCQC-238 TTXCCAXGGGCAXGOCGA-342 CGCACACCGCAGCGCCCAGCACGGCGTTGAGCCCGCTGTTGGCGAGCAGCCGGCGCGCTGCGGTGTCGCCCAOCGCCTCGTGCTCGGCCCCCACGACCGCOGGGCTTCCCAGOGGCAGGGCGC

2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880376 GAAACAGCTCXTCCXGCGXXACCTCXGCAAXGGCGGG 205 GAAA»AGCTXCTCCXGCGCGACGTCXGXAAAGGCGGGXTOGTGCA -354 GAAACAGCTCCTCCCGCGCCACGTCCGCAAAGGCGGGGTGGTGCACGTOCGGGTOCAGGCGCGCCCCCACGA 22 GAAACACCTCCTCCCGCGCCACGTCCGCAAAGGCGGGXTGG 318 G‘AACAGTTCCTCCXGCGTCACGTCXGXAAAGGCGGGXTGGTXCAXGTGCG0GTXACGGCG419 GAAAC AGCTCCTCCCGCGCC ACGTCCGC AAAGGCGGGGTGGTGCACGTGCGGGTGCAGGCGCGCCCCCACGACCACCGAGAGCCACTOGACCGTCTGCTCCGCC ATCACCOCC ACC AC AT 450 GAAACAGCTCCTCCCGCGCCACGTCCGCAAAGGCGGGXTGGTGCACGTGCGGGTGCAGGCGCGCCCCCACGACCACCGAGAGCCACTGGACCGTCTGCTCCGCCATCACCOCCAGCACAT -238 CAAAC AGCTCCTCCCGCGCC ACGTXCGCAAAGGCGGGXTGGTGCACGTGCGGGTGCAGGCGCGCCCCCACGACCACCGAGAGCCACTGGACCGTCTCGTCCOCCATCACCOCCAGCACAT -342 GAAAC AGC TCCTCCCGCGCCACGTCCGCAAAGGCGGGCTOGTGCACGTGCGGGTGCAGGCGCGCCCCCACGACCACCGA-ACCC AC TGGACCGTCTGCXXCGCCATCACCGCC AGC ACAT 281 TCCTCCCGCGCCACGTCCGCAAAGGCGGGGTGGTGCACGTGCOGGTGCAGOCGCGCCCCCACGACCACCGAGAGCCACTOOACCGTCTGCTCCGCCATACCCGCCAGXACAC- 308 CGGGTOTGGACTGCGGGTGCAGGCOCGCCCCCACGACCACCGA-AGCCACTCCACCGTCTXCTCCOCCATCACCGCCAGCAC AT348 GTGCGG**CGAGGCGCGCCCCCACGACCACCGAGAGCCACTOGACCGTCTOCTCCOCCATCACCOCCAOCACAT-460 COCCATCACCGCC AGC ACAT417 CGCCATCACCGCCAGCACATGAAAC AGCTCCTCCCGCGCC ACGTCCGC AAAGGCGGGGTGGTGC AC OTOCGOGTOCAGGCOCGCCCCCACGACCACCGAGAGCC AC TOOACCGTCTOCTCCOCCATCACCOCCAOC ACAT
2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

419 CCAGCACGCGCCCCAGGAAGGCGGCCTCC "GCGTC AAAA450 CXAGCAXGCGCCCCAGGAAGGCGGCCTCCXGCGTCAAAAXGCACXGGACGOCGTCGGGATTGAAGCGGGC -238 CCAGCACGCGCCCCAGGAAGGCGGCCTCCCGCGTCAAAACGCACCOGACGGCGTCGGGATTGAAGCGGGCGAGCAXGGCCCCGCTCOCCAGGTAC 
-342 CCAGCACGCGCCCCAGCAAGGC 281 TXAXC- 308 CCAGCACGCGCCCCAGGAAGGCGGCCTCCCGCGTCAAAACGCACCGGACGGCGTCGGGATTGAAGCG348 CC AGCAC -CGCCCCAGGAAGGCGOCCTCCCGCGT'AAAAGXGACCGGACGGCGCTGGGATTGAAGCGGGCGAGC AGOGCCC "GCTGGCXAGCTAXCTXA -460 CCAGCACGCGCCCCAGXAA*GCGGCCTCCC*CGTCAAAACGCACCGGACGGCGTCGGGATTGAAGCGGGCCAGCAGGGCCCCOGTGGCCAGGTACGTCATGCGOCCOGCATAGCGGGCGC 417 CC AGCAC-C-CCCCAGGAAGGCGGCCTCCCGCGTCAAAACGCACCGGACGGCGTCGGGATTGAAGCGCGCGAGCAGGGCCCCGGTGGCCAGGTACGTC ATGCGGCCOOCATAOCGOGCGG -190 CCCAXGAAGXCXGCCTCCCXCXTCAAAACGCACCGXACXGCGTXGGGATTXAAGCGGGCGAGCAGGGCCCCXGTGGCCAGGTACGTCATGCGGCCGGCATAGCGOGCGG263 gcaccggacggcgtcgggattgaagcgggcgagcagggccccggtggccaggtacgtcatgcooccggcatagcgggcgg84 gattgaxgcggocgagcagggxcccgctggxcaggtacgtcatgcggccoocatagcxggcog327 TTGAAGCGGGCGAGCAGGGCCCCGCTGGCCAGGTA-GTCATOCGGCCOGCATAGCGGOCGC-445 GTGXCCAGXTCAXTCTAXCGXCCGXCTAAXCGGCXGCCCAGCACGCGCCCCAGGAAGGCGGCCTCCCGCGTCAAAACOCACCGGACGGCGTCGOGATTGAAGCGGOCGAGCAGGGCCCCGGTGGCCAGGTACOTCATGCOOCCGGCATAOCOOOCOG

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120
-460 CCACGCGACAGTCGCGGTCCAGCAGCGCGCG 417 ccacgcgacagtcgcggtccagcagcgcgcgca*cccgggccagtacagcagggaccccaocgagctgcgcaca-190 CC ACGCGAC AGTCGCGGTCC AGC AGCGCGCGC ACCCCGGGCC AGTACAGC AGGGACCCC AGCGAGCTGCGGAAC ACCGCGGCGTCGGG' CCACGCGACAGTCGCGGTCCAGCAGCGCGCGCACCCCGGGCCAGTACAGCAGGGACCCCAGCGAGCTGCGGAACACCOCGCCGTCGOGOCCGGATTOOOOOCACAXTAACCCCCCCOCOC

CCACG*GAC AGTCGCGGTCC AGC AGCGCGCGCACCCCGGGCC AGTACAGC AGGGACCCC AGCGAGCTGCGGAAC AXCGCGGCGTCGGGGCCGGATI_________ _____' CC AC GCGAGAGTC GCGGTCC AGC AGCGCGCGC ACCCCGGGCC ACT AC AGC AGGC AXCCCAGCGAGC TGCGGAAC AC GCGXG-GTCXGOCXCGCATTXGCGGG AC AXTAAXXXCCCCOCGX 445 CXACXCGCAAXTCGCGXTCCXXXAGCGCGCGCACCCXXGGCXAT-ACAGCAGGGACCCCA-CXAXCTGCGCAACACCGCGGCGTCGGGGCCGGATTGGGGGGACACTAACCCCCCCGCOC398 AC AXTCGCGXTCC AGC AGCGCGCGC ACCCCGGGCC AGTACAGCAGXGACCCXAXCGAGCTXCGXAACACCGCGXCGTCGGGGCCGXATTGGGGGGACACTAACCCCCCCGCGC.Cfviarrrr ACrKAnCTCGGCAAC ACCCXCOCGTCGOGGCC «GATTGCGGGGAC ACTAACCCCCCCOCGC-302 CCCCGGGCCTAG AC AGC AGGGACCCC AGCGAGCTCGGGAACACCGXCGCGTCGGGGCC'GATTGCGGGCACACTAACCCCCCCOCGC-191 CCCCOOGCCAGTACAGCACGGACCCCAGCGAGCTGCOGAACACCGCOGCGTCGGGGCCG'ATTGGGCGGACACTAACCCCCCCOCGC389 GCCAGTACAGCAGGGACCCCAGCGACCTGCGGAACACCOCGGCGTCGGGGCCGGATTCGGGGGACA'TAACCCCCCCOCOC-276 TCGGAAC ACC «OCGCGTCGGGGCCOCATTGGGGGGACACTAACCCCCCCGCGC
122 ACCGCGGCGTCGGGGCCGGATTGGGGGGAC A-TAACCCCCC » «CGC101 , AACCCCCCCOCOC

CC ACGCGAC AGTCGCGGTCC AGC AGCGCGCGC ACCCCGOGCCAGTACAGC AGGGACCCC AGCGAOC TGCGGAAC ACCGCGOCGTCGOGOCCOGATTGGGGOOACACTAACCCCCCCQCOC

3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240
263 TXAÔTAACGGCAXGGCCG 327 TC-445 TCAXTAACGCCACGXCCGCGGCCGCGACGG-ACGCAACGCCGTGAGGCTCGCGAACTGCCGCCTCAGCTCGGCCGCCCTGTCGTGGCGGTCAXACCCGCOCOCCTC-XCGTCAAGGCGC- 398 TCAGTAACGGCACGGCCGCGGCCCCGACGGGACGCAACOCCGTGAGXCTCGCXAACTGCCGCCTCAGCTCGGCCGCCCTGTCGTCCAGGTCAGACCCGCGCGCCTCCOCGT -302 TCAGTAACGGCACGGCCGCGGCCCCGACGGGACGCAACGCCGTGAGGCTCGCGAACTGCCGCCTCAGCTCGGCCGCCCTGTCGTCCAGCTC

-1 9 1 TCAGTAACCCCACGGCCGCGGCCCCGACGGGACGCAACGCCGTGAGGCTCGCGAACTGCCGCCTCAGCTCOOCCGCCCTGTCOTCCACGTCACACCC
389 TC ACTAACGGC ACGGCCGCGGCCC •GACGGGACG •AACGCCGTGAGGCTCGCGAACTGCCOCCTCAOCTCOGCCGCCCT- 2 76 TCAGTAAXGGCACGGCCGCGGCCCCGACGGGACGCAACGCCGTOAGGCTCGCGAACTGCCGCCTCAG
161 TC ACTAACGGC AX GGCC-C GGCCCCGAC GGGACG'AACGCCGTGA-GCTCGCGAACTGCCGCCTC AGC TCGGCCGCCCTGTCGTCCAGGTC AG ACCCGC-112 TCXGTAACXGCACGXCC7CGXXCC.GACXGGACGCAACGXCGĵ ^̂ ^̂ Ĉ Ĉ l̂ «G«̂ =Ĉ ^̂ ,̂̂ ^̂ ^̂ ^̂ ^̂ ^̂ ,̂ ^̂ ^̂ ^̂ ^̂ .̂ ^
-429 ĵ GCTCGCGAACTOCCOCCT-JWCTCOOCCGCCCTCTCCTCCACGTCACACCCOCOCGCCTCCGCGTGAAGGC "CG-411 ĵ GCTCGC*AACTCC*OCCT*AOCTCOOCCOCCCTCTCCTCCACOTCACXCCCGCOC*CCTCCGCGTOAACGCOCG-267 AACTOC*OCCT*AACTC •GCCOCCCTGTCGTC • •ACTCACACCCOCGC •CCTCCGCGTGAAGGC "CG-71 OCGCCT*AOCTCGGXCG"CCTCTCGTCCAXGTCAGACCCGCGCGCCTCCGCGTGAAGGCGCC9 > CCOCCTCAÛCTCGGCCGCCCTCTCGTCCAGCTCAGACCCOCOCGCCTCCGCGTGAAGOCOCG-260 TCOGCCOCCCTGTCGTCCAGGTCAGACCCOCGCGCCTCCGCGTGAA-GCGCC.-41  ̂ CTCCAGGTCAGACCCGCOC"CCTCCGCGTGAAGGC"CG-̂ 4 7 CCGCOTGXAGGCXCCCCTGAAGGCGC-GTC ACTAACGGC ACGGCCGCGGCCCCGACGGGACGCAACGCCGTGAGCCTCOCGAACTGCCGCCTCAGCTCGGCCGCCCTGTCGTCCAGCTCACACCCGCGCGCCTCCGCGTGAAGGCGCG
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- 4 7 0

177
•4 30  ■ -    -wwu 15«
0 J4 TT-TT-TTCOCATGACCTGCTAXTCAATAA'CCCTACOCCCTGG

TOATCGCCTGGGCXC<MCTGGTTTTTOTTCCACGATCCGTCAGGTCAAi:---CCATCaC-<;CGTGA  
TT-TT-TTCOCATGACCTGCTAXTCAATAA'GCCTACOCCCTGG* 

CGACGATCCGTCAG*TCAAGA-G*CCATCGCCCGTGA 
CAGGTCAA-AATCCCATCGCCCGTGA 

TCCCATCGCCCGTGA

TCCCGCACACCCACCCGTTCATGGCCAGCCGCACGACGGCATCCGCCAAAAAGCTCATCGCCTGGGCGGGGCTGCTrrTTGTTGGAlGATCCGTCAGGTCAAGAATCCCAWKCCW^

.  17 3 CGACGATCCGTCAG *TC AAGA-G*CCATCGCCCGTGA
4 2 2  CAGGTCAA-AATCCCATCGCCCGTGA

.2 3 4  TCCCATCGCCCGTGA

- 7 1  TATACCAG^CAACGCCTC^ '«°
91 TATAXCAGGXCAGCGCCTXG XCTCXXGXAGG 

- 4 1 5  TATACCAG 
195 CACAXCAGGCCAAXGCXTXGCCCTGCTGCAGGGTTTGXCGGAAAAAGA
307 TATACCAGGCCAACGCXTCGCCCTGCTGCAGGGTTTGGCGGAAAAACACXGCGGGGTTGTCGGGGGAGGCGAAGT

- 2 0 8  t a t a c c a g g x c a a c g c c t x g c c c t o c t g c a x g g t t t g x c x g a a a a a c a x c g c g g g g t t - t c g g o g g a x g c g a a g t g c a t - a c c c c c a

-357 tataccaggccaacgcctcgccctgctgcagggtttggcggaaaaacaccgcggggttgtcgggggaggcgaagtgcatgacccccacocgcgataacccxaacocgctatccggacacg
- 2 1 9  TATACCAGGCC AACGCCTCGCCCTGCTGCAGG "TTTGG

4 2 6  TATACCAGaCXAACC*CTCGCCCTGCTGCAGGGTTTGGCGGAAAAACACCaCGGGGTTGTCGGCGGAGGCGAAGTGCAT*ACCCCCACOCGCGATAACCCGAA 
- 4 7 0  TATACCAGXCCAACGCCTCGCCCTGCTGCAGGGTTTGXCGGAAAAACACCGCGGCGTTGTCGGGGXAGGCC AAGTXC ATGACCCCCAC -CGCXATAACCCXAAC -CGCTATCCGXACACG 

177 TATACCAOGCCAACGCCTCGCCCTGCTGCAGGGTTTGGCGGAAAAACAXCGCGGGGTTGTCGGGGGAGGCGAAGTGCATXAXCCCCACGCGCG
- 4 3 0  t a t a c c a g g c c a a c g c c t c g c c c t g c t g c a g g * t t t g g c g g a a a a a c a c c g c g g g g t t g t c g g g g g a g g c g a a g t g c a t c a c c c c c a c g c g c g a t a a c c c - a a c g c g c t a t c c g g a c a c g

4 3 4  TATACCAGG-CAACOCCT-GCCCTGCTGCAGG —  'TGGCGGAAAAA-A'CGCGGGGTTGTCGGGGGAGGCGAAGTOCATGAGCCCCACGCGCGATAACCCGAACGCGCTATCGAGA****
- 1 7 3  TATACCAGGCC AACGCCTCGCCCTGCTGCAXGGTT-GGCGCAAAAACACCGCGGGGTTGTCGGGGGAGGCGAAGTOCATGACCCCCACGCQCGAT

4 2 2  t a t a c c a g g c c a a c o c c t c g c c c t o c t g c a g g g t t t g g c g g a a a a a c a c c o c g g g g t t g t c g g g g g a g g c g a a g t g c a t g a c c c c c a c o c g c g a t a a c c c g a a c g c o c t a t c c g g a c a c g
- 2 3 4  t a t a c c a x g c c a a c g c c t c g c c c t g c t g c a x g g t t t g g c x g a a a a a c a c c g c g g g - t t o t c x g g g g a c g c x a a o t g c a t g a c c c c c a c g c g c g a t a a c c c x a a c g c g c t a t c c o g a c a c c
- 1 5 6  a x g x c a a c g c c t c o c c c t x c t g c a x x g t t t x g c g g a a a a a c a x c g c g g g - t t g t c g g g g g a g g c g a a g t g c a t * a c c c c c a c g c g c g a t a a c c c g a a c g c g c t a t c c g g a c a c g

4 3 1  GGGTTTGGCGGAAAAAGACXGCGGGGTTGTC •GGGGAGGCGAAGTOCATGACCCCCACGCGCGATAACCCGAACGCGCTATAAGGACACG
4 0 5  CCGCGGGGTT-TCGGGGGAGGCGAAGTGCATGACCCCCACOCGCGATAACCCGAACGCGCTATCCGGACA»G

- 1 4 0  t c g g g g g a g g c g a a g t o c a t g a c c c c c a c g c g c a t t a a c c c c a a c g c g c t a t c c g g a c a c g
- 3 7 7  ATCCCCAXGCGXAGAATCCCXAAXGCGCTATCCGXACACG

4 7 2  TAACCXGAX-GXG-TATCCGGACAXC
tataccaggccaacgcctcgccctgctgcagggtttggcogaaaaacaccgcggggttgtcgggggaggcgaagtocatgacccccacgcgcgataacccgaacgcgctatccggacacg

3 4 9 0  3 5 0 0  3 5 1 0  3 5 2 0  3 5 3 0  3 5 4 0  3 5 5 0  3 5 6 0  3 5 7 0  3 5 8 0  3 5 9 0  3 6 0 0
- 3 5 7  g g t a a a a c c c g g c c g g a t g c c c c a g
- 4 7 0  GXTAAAACCCGXCCGXATXCCCC AGGXCTAGGXCG - AGCGCA 
- 4 3 0  GGTAAAACCCGGCCGGAT-CCCCAGGGCTAGCOCOGAGCGCACGGACTCGTCC *ACA 

4 3 4  GGTAAAAGCCOGCCGGATOCCCCAGGGCTAGGGCOG
4 2 2  GGTAAAACCCGGCCGGATaCCCCAGGGCTAGGGCGGACGGCACGGACTCGTCCCACA*GGCAG*CTGAGGGGCCAGTCaATCCAM:GGGAXTQCCaCC*GGAOGCCC*GOCCCGGCAG 

- 2 3 4  GGTAAAACCCGGCCGGATGCCCCAGGGCTAGGGCOGAGCOCACGGACTCGTCCCACACGGGGACCTOAGGGGCCAOTCOATCCAACGGGAATOCCG 
- 1 5 6  G*TAAAACCCGGCCGGAT»CCCCAGGGCT-GGGCGGAGCGCA 

43 1  GGTAAAACCCGGCCOGATOCCCCAOGGCTAOGGCGGACGGCACGGA-TCGTCCCACACGGCAACCTGAGGGGCCACTCGATCCAACGGGAATGCCOCCCOGAGXTCC'GOCCCGGCA-GC 
4 0 5  GGTAAAACCCGGCCGGATOCCCCAGGGCTAGGOCGGAG*GCACGCACTCGTCCCACACOGCAACCTGAGGGGCCAOTCOATCCAACGGGAATGCCGCCCGGAGCTCCGGOCCCGGCACGC 

- 1 4 0  GGTAAAACCCGGCCGGATGCCCCAGGGCTAGGGCGGAGCGCACGGACTCGTCCCACACGGCAACCTGAGGGGCCACOCGATCCAACGGGAATGCCOCCCGGAGCTCCG"
- 3 7 7  GXXA— ACCCGXCCGAGTXCCCCAGGGCATOGGCGGAOCOCACGGACTCGTCCCACACGGCAACCTXAGCGGCCAXTCGATCCAACGGGAATGCCOCCCOGAGCTCCGGGCCCGGCACGC 

4 7 2  GGTAAAACCCGGCCGGATGCCCCACGGCTAGGGCGGAGXGCACGGAXTXGTCCCA-AXGGCAACCTGAGGGGCCAGTXGATCXAAXGGGAATGCCGCCCGGAXCTCCaGXCCCGGCAXG- 
22 9  GGTAAAACCCGGCCGGATGCCCCAGGGCTAGGGCGGAXCGCACGGACTCGTCCCACACGGCAACCTGAGGGGCCAOTCGATCCAACGGCAATGCCGCCCGGAGCTCCGCGCCCGGCAGGC 

- 3 5 9  CCCAGGXCTAGGXCGXAXCGCACXGACTCGTCCCACACGGCAACCTGAGGGGCCAXTCGATCCAACGGGAATGCCGCCCGCACCTCCGGGCCCGGC AC -C
- 3 3 8  CGCACXGACTCGTCCCACACGGCAACCTXAXGGGCCAXTCGATCCAACGGACATGCCGXCCXGAGCTCCGGGCCCGGCACGC

- 8 2  ACGGACTCGTCCCACACGGCAACCTGAGGGGCXACTCGATCCAACXGGAA-OCCGCCCGGAGCTCCGGGCCCGGCACOC
- 4 2  CGGGCCCGGCACGC

- 2 7 4  CGGGCCCGGCACGC
GGTAAAl^CCGGCCGGATCCCCCAGGGCTAOGGCGGAOCGCACOGACTCGTCCCACACOGCAACCTGAGGGOCCACTCOATCCAACGGGAATGCCOCCCGGAGCTCCGGGCCCGGCACGC

3 6 1 0  3 6 2 0  3 6 3 0  3 6 4 0  3 6 5 0  3 6 6 0  3 6 7 0  3 6 8 0  3 6 9 0  3 7 0 0  3 7 1 0  3 7 2 0
43 1  GTCCCTXCAGAA-XTCCACXTTXGGCGGGXAXCGGGCCCXOCCXCCGT 
40 5  GTCCXTCCAGAACXTCCACCTTXGGCGGGGAACGGGCCCCGCXGCXGTCXTCXGGCCXGA

-  377 g t c c c t c c a - a a c c t c c a c c t t g g g c g g g g a a c g g g c c c c g c c g c c g t c x t c c g g c c c g a c g g c t t c c o o g t a g
4 7 2  o t c c x t c x a g a a c x t c x a x c t t o g x c g g g g a x x g g g c c g c g c c g x x x t x c t c x g g c c x g a x x g c t t c x g c x a t g t x g t c x t x c t g  
2 2 9  g t c c c t c c a g a a c a t c c a a c t t g g g c g g g g a a c g g g

-  35 9  GTCCCTCC a - a a c c t c c a c c t t g g g c g g g g a a c g g g c c c c g c c g c c g t c c t c c g g c c c g a c g g c t t c c g g g t a x t c g t c c t c c t g g
- 3 3 8  GTCCCTCC A-AACCTCCACCTTGGXCXGGGAACGGGCCCCGCCGCCGTCCTCCGGCCCGACGGCTTCCXGGTAGTCOTCCTCCTCCTACTOC AXCTCCTCTAXGAACAXCXGCGACXOCO 

- 8 2  GTCCCTCCAGAACCTCCACCTTGGGCGGGGAACGGGCCCCGCCGCCGTCCTCCGGCCCGACGOCTTCCGGG
- 4 2  GTCCCT*CAGAACCTCCACCTTGGGCGGGGAACOGGCCCCGC **CXGTXCTCCGGCCCGACGGCTTCXXGGTAGTCGTCCTCCTCGTACT 

- 2 7 4  GTCCCTCCAGAACCT*CACCTTXGGCGGG*AAXGGGCC-COCCGCCGTXCTCCGGCCCGA*GGCTTXCGGGTAGTCGTCCTCCTCGTACX
- 1 8 2  ACAACCTCCACCTTXGGCXGGGAACXGGCCCCOCCTCCGTXCTCCGGCCCGACGGCTTCCOGGTAGTCGTCCTCCTCGTACTGCAGCTCCTCTAOGAACAOCOQCOACOGCO
- 1 3 8  CCTXCACCTTGXXCXGGGAACXGOCCCCGCCGCCGTXCTCCGGCCCGACGGCTTCCGGGTAGTCGTCCTCCTCGTACTGCAGCTCCTCTAGGAACA-CGGCCACOGCG

- 7 9  c c c g c * g x c o t x c t c c g g c c * g a c * g c t t c x x o g t a g t c o t c c t c c t c g t a c t o c a g c t c c t c t a x g a a c a x c x g c g a c g x c g
- 9 5  c c x t x c t x c g g c c x x a g g g c t t x x x g g t a x x x x t c c t c c t c c t a c t g x a g c t c c t c t a o g a a c a x c g g c g a c o g c g
4 0 3  CTCCTCCGGCCCGACG-CTTCCGGGT— TC-TCCTCCTC-TACTOCAGCTCCTCTAGGAACAGCGGCGACGOCC
155 CCGACGGCTTCCGCGTAGTCGTCCTCCTCGTACTGCAGCTCCTCTACGAAC ACCGGCGACGGCG
2 8 3  GACGGCTTCCGGGTAGTCGTCCTCCTCGTACTGCAOCTCCTCTAGGAACAGCGGCGACGGCG
4 2 4  ACTGCAOCTCCTCTAGGAACAGCGGCGACGGCG

GTCCCTCC AGAACCTCCACCTTGGGCGGGGAACOGGCCCCOCCOCCOTCCTCCGGCCCGACGGCTTCCGGGTAOTCGTCCTCCTCGTAC TOC AGC TCCTCTAGGAAC ACCGGCGACGGCG

3 7 3 0  3 7 4 0  3 7 5 0  3 7 6 0  3 7 7 0  3 7 8 0  3 7 9 0  3 8 0 0  3 8 1 0  3 8 2 0  3 8 3 0  3 8 4 0
- 3 3 8  CCACCCXCXAACCGCCGACCCGCCCCAAAATAGC
- 1 8 2  CCACCCGCGAACCGCCGACCCOCCCCAAAATAGCCCOCOCOTCGACGGOACCCACGTATXXCCCCT

- 7 9  CCACCCGCGAAXCGCXGACCCOCCCCAAAATAOCCCOCGCGTCGOCGGGAXCCACGTATCCCCXCTOCCGOOCCTOCGXACXACCGCGGCGAACCTCATCATCATCGTCCAGOCGACCGC
- 9 5  XCAXXXXXXXXCCGCXXACXCGCX-CAAAATXGCCCGCGCGTCXACOGGAXCCAGXTATXCCCXCTOCCGGOXCTXXGXACXAXCGCGC_____
4 0 3  -CACCCGCGAAC -GCCGACCCGCCCCAAAATAGCTCCCGCGTCGACOGGACCCAGGTATCCCCCXT'CCGGGCCTOCGGAGGACCGCGOGGAACCTAATXATXXXXGT CAOOCOA

15 5  CXACCCOCGAACCGCCGACCCGCCCCAAAATA
28 3  CCACCCGCGAACCGCCGACCCGCCCCAAAATAGCCCGCGCGTCOACGGGACCCAGGTATCCCCCCTGCCGGGCC ______
4 2 4  •CACCCaCGAACCGCCGACCCGCCCCAAAATAGCCCaCGCGTCGACOGGACCCAOCTATCCCCCCTGCCGGOCCTOCGGAGGACCOCGGGGAACXTCATCATCATCGTCCW«G^C«

8 6  CCOCXAACCGCXGACCXOCCCCAAAATA-CCCQCGCGTCGACOGCACCCAGCTATCCCCCCTGCCGGGCCTOCGGACGACCOCGGGOAACCTCATCATCATCGTCCA^^COC

- 1 0 0  TCGACGGGACCCACGTATXCCCXCTGCCGGGCCTGCGGACGACCOCGGGGAACCTCATCATCATCGTCAOXGCGACCGC.211 CCCCTOCCGGGCCTGCOGAGGACCGCXOGGAACCTCTACTAC AXCTGCCAXGCGACCOC
4 3 3  CCTGCCGGOCCTOCGGAOGACCG-GGGGAACCTCATCATCATCGTCCAOGCGACCOC

CCACCCGCGAACCGCCGACCCGCCCCAAAATAOCCCGCOCGTCGACGGGACCCAGGTATCCCCCCTOCCOOOCCTOCGGAGCACCGCGGGGAACCTCATCATCATCGTCCACOCGACCGC

3 8 5 0  3 8 6 0  3 8 7 0  3 8 8 0  3 8 9 0  3 9 0 0  3 9 1 0  3 9 2 0  3 9 3 0  3 9 4 0  3 9 5 0  3 9 6 0
- 7 9  GCACCGACTGGCTACGXXCCOCAT
«2 4  OCA*CGACTGGCTACGGGCCaCATCGGGCCXOGOOCGXTOCCOOG*COCT 

8 6  GCACCGACTGGCTAXGGGCCGCATXGGGCCXGGGGCGXTGCXGGCAXOCTXGOCGATOGGATXT
121 GXAXCGATT GXTAXOGGXCGCTTXGGOCCXGGOGCGXTGCCGGGAI

CCCCCTTCCCGTCCACOOC“ 2 7 9  
- 2 8 OCACCGACTOGCTACGOGCCGCATCGOOCCCGOOGCOCTOCCGOOACOCTCOOCGATOGGATGTOGGCGCOOCTTCCGACOCGCOCCGTCCTCGGGCTCOCGGGCCTTCCCOTCOACOGC



"" "•" “•" ““ "“ “’» «•»
4 ) 3  -A

-2 7 7  OCACC-OCOOCTCGTCOCCCOCCATCTCCTCCACAGCCTCTAC
-4 1 0  OCACOOOCOOCTCGTCOCCCQCCATCTCCTCCAGAGCCTCTAOCTCOCTOTCOT-ATCCCCQCOGAACACCOCACOCAOCTACCCCATCAA

— — —
♦ « 0  CCT-TAOCKOCTCTCGTCATCCCCOCQGAACACCOCACQCAGOTACCCC-TGAACCCCACCC-aTCOCCCCaTOOCTCOTCCG
1 * *  T'CQCTOTCOTCATCCCCOCOGAACACCO-ACOCAOOTACCCCATOAACCCCACCCCATCOCCCOCTOOCTCCTCCG
* "  CGTCATCecCOCOOAACACCOCACOCAOOTACCCCATGAACCCCACCCCATCOCCCOCTGOCTCOTCCG

- W *  CCCCXCOOAACACCOCACOCAOCTACCCCATOAAJCCCACCCCATT-CCCOCtXOCTCGTXCG

o c a c o o o c o o c t c o t c « : c c g c c a t c t c c t c c a g a g <x t c t a o c t c <3Ct o t c o t c a t c c c c o c o o a a c a c c o c a c o c a g o t a c c c c a t o a a c c c c a c c c c a t c 2 S c o c t 2 ^ t ? ^ c o

4090 4100  4 110  4120 4130 4140 4150 4160 4170 4180 4190  4200
- 8  CCACOGOC6AOGCOCOOGOGCOGGTOGAT*XOCOCCTCCTOCOCC**OCOGC 

-2 8  CCACGGGCGACGCGCGOGOGCGGGTOGAT-COCOCCTCCTOCGCCCCOCOCGTTCOCGAOCCOACA
218 CCACGGGC«AGGC0CGGGGGCGGGTGGATGCGCGXCTCCTGCGCCCC0CG G G W G X G A CC C C AC A TC CTenrC4T 4r .w » n ri7G /y n 'A 1̂ 0G5a v .»-« '--va .o . '
227 CCAXGGGXGAGGCGCOOGGGCGGGTGGATGCOCGXCTCCTOCOCCC
440 CCACGGGCGAGGCOCOGGGGCGGCTGCATGCOCGCCTCCTgCGCCCCGCGGGTT-OCGACCCGACATGGTGQCCATACCjmronf.TTXT«rw.am.1vrr,.TArr:yrrAAAA55nfiAAAA
199 CCACGGGCGAGGCGCGGGGGCGGGTGGATOCGCGCCTCCTOCGCCCCGCGGGTTCGCGAfiCCGA
196 CCACGGGCGAGGCOCOGGGGCGGGTGGATGCGCGCCTCCTGCGCCCCGCGGGTTCGCGAGCCCACATGGTCGCGATAGACOCOOGTTATCGGATCTCCGCTACCCCCCAAAAAAGAAAAA 

-2 9 4  CCACXGGCGAXGCGCXGGGGCGGTTOGATGCXCGCCTCCTTCOCCCCGCGGGTTCGCGAGCCGACATGGTGOCGATAGACOCGGGrtATCGGATGTCCOCTACCCCCCAAAAAAGAAAAA 
446 CCACGGGC -AGGCG-OOGGGCGGGTGGATGCGCGCCTCCTOCGCCCXGGGGGTTOGCGACCCGAC ATGGTGGCGATAGAXGXGXGTTATOGGATGTCCGXTACCCCCCAAAAAAGAAAAA 

-1 0 1  CCAC ATGXTGXCGATAXXCGXXGGTTATCOXATGTCXOCTACCCCXC A -  — AAXAAAAA
- 2 0 7  COCOGCTTATCGGATGTCCOCTACCCCCCAAAAAAXAAAAA
- 2 * 2  OCTTATCGGATOTCCOCTACCCCCCAAAAAAXAACAA

CCACGGGCGAGGCGCOGGGGCGGGTGGATGCOCGCCTCCTGCGCCCCOCGOOTTCOCGAGCCGACATOOTOOCGATAGACOCOOOrrATCOCATOTCCOCTACCCCCCAAAAAAGAAAAA

4210 4220 4230  4240 4250 4260 4270 4280 4290 4300 4310 4320
440 GACCCXACAGCGCGGATGGAGGCCGGGGTAGGTGCCGCGGAGCCCXXTXGCGATGGXXATGG 
196 GACCCCACAGCGCGGATGGAGGCCGGGGTAGGTGCCGCCOGACCCCXTCOCGATGGGAATGGAC 

-2 9 4  GACCCCACAGCGCGGATGGAGGCCGGGGTAGGTGCCGCCGGACCCCCTCaCGATGGGAATGG
446 QACCCCACAGC GATGGAGGCCGCGGTAGGTGCCGCCCGACCCCXTXGGGATGGGAATGGACGGGAGCGACGGGGCCGGCGXAAAAAAAXGGA-TAT-TCC

-101 XACCCCACAfiCGCGXATGXAGGCCGGGGTACXTGGCCOCCGACCCCCTCGCGATGGXAATGXACGGGAXCGACOGGXCCGGCCGA--AXXXXGCAGTATCTCCXOCGAAGXCTACCCOCC 
- 2 0 7  -ACCCCACAGCGCaGATGGAGGCCGGGGTAGGTGCCGCCGGACCCCCTCGCGATGGGAATGGACGGGAOCGACGGGGCCGOCGCAAAAAAACOCAGTATCTCCCOCGAAXOCTACCCOCC 
- 3 6 3  OACCCCACA*CGCGGATGGAGGCCGGGGTAGGTGCCOCCGGACCCCCTCOCXATGGGAATGGACCGGA*CGACOGGGCCGOCOCAAAAAAACGCA*TATCTCCC

49 GACCCCACAaCGCGGATGGAGGCCGGCGTAGGTGCCOCCOGACCCCCTCOCGATGGGAATGGACOGGAGCGACGOGGCCOGCGCAAAAAAA--CAGTATCTCCCOCOAAOQCTACCCGCC 
-2 9 2  GATXGAGGCCGGGGTAXGTGCCOCCGGACCCCCTCGCGATGGGAATGGACGGGAOCGACGGGGCCOOCGCAAAAAAACGCAGTAICTCCCOCGAAOGCTACCCOCC
-1 * 4  CCGGACCCCCTCGCXATGGAAATGGACXOGAGCGACGGGGCCaTCaCAAAAAAACaCAGTATCTCCCaCGAAGGCTACCCOCC

-4 5  COCqCAAAAAAACOCAOTATCTCCCGCGAAGOCTACCCOCC
- 1 * *  CGC ATATCTCCCGC -A » «GCTACCCGCC

39 CCGCC
GACCCCACAGCOCGGATGGAGGCCGGGGTAGGTGCCOCCGGACCCCCTCGCCATGOGAATOGACOGGAGCGACGGGGCCOGCGCAAAAAAACGCAOTATCTCCCOCGAACGCTACCCOCC

4330 4340 4350  4360 4370 4380  4390 4400 4410 4420 4430 4440
- 1 0 1  OCCCCACGCCCCGGCCAAXTGCGXAAXCG 
-2 0 7  OCCCCACCCCCCGGCCAAATGCGGAAACGGTCCC 

49 GCCCC ACCCCCCCGCC AAATG -GGAAAGGT 
- 2 9 2  GCCCCAGCCCCCGGCCAAATGCGGAAACGGTCCCGCGCTCTCGCCTTTATACGCOOGCCOCCCTGCGACACAATCACCCOTCCGT 
-1 6 4  OCCCCAGCCCCCGGCCAAATGCGGAAACGGTCCXGCG

- 4 5  GCCCCAGCCCCCGGCCAAATGCGGAAACGGTCCCGCGCTCTCGCCTTTATACGCGGG-CGCCC-GCGACACAATCACCCGTCCGTGGTTTCGAATCTA
- 1 6 6  GCCCTAGCCCCCGGC-AAATGCGGAAACG*TCCCGCX-TCTCOCCTTTATACGCGGG-CGCCCTGCGACACAATCACCCCTCCGTCGTTTCOAATCTACACGACAGGTCCOCAGACGCGG 

39 OCCCCAGCCCCCGGCCAAATGCGGAAACGGTCCCGCGCTCTCOCCTrrATACGCGGGCCGCCCTOCGACACAATCA*CCGTCCGTOGTTTCOAATCTACACGACAGOCCCGCAGACGCGX 
271 CCCCGGCCAAATGCGGAAACGCTCCCGCaCTCTCGCCTTTATACGCGGGCCOCCCTOCGACA-AATCACCCGTCCGTOOTTrCOAATCTACACCACACGCCCOCACACGCGG-1*6 gcggaaacggtcccgcgctctcgcctttatacgcgggccgccctgcgacacaatcacccgtccgtggtttcgaatctacacgacaggxccgcagacgcgg
2 '8  CGCCTrrATACGCGGGCCOCCCTOCGACAGAATCACCCCTCCGTGGTTTCGAATCTACACGACAGGCCCGCAGACGCGG
16 3  KCCGTCCGTGGTTTCGAATCTACACOACACGCCCOCAGACGCGX

OCCCCAGCCCCCGGCCAAATGCGGAAACGGTCCCGCOCTCTCGCCTTTATACGCGGGCCGCCCTGCGACACAATCACCCOTCCGTXJGTTTCGAATCTACACGACAOGCCCOCAGACGCGG

4 4 5 0  4 4 6 0  4 4 7 0  4 4 8 0  4 4 9 0  4 5 0 0  4 5 1 0  4 5 2 0  4 5 3 0  4 5 4 0  4 5 5 0  4 5 6 0
- 1 6 6  CTAACACAC ACGCCGGCAACC "AGA

39 CTAACACACACOCCOGCAACCCAGACCCCAGTGGGTTGGTTGCOCGGTCCCGTCTCXTGXCT 
271 C TAACACACA****G GCGACCCAGACC**AGTG  

- 1 6 8  CTAACACAC ACOCCGGCAACCCAGACCCCACTGGGTTGGTTGCGCGGTCCCGTCTCCTG 
2 5 8  CTAACACAC ACGCCGGCAACCCAGACCCCAGTGGGTTGGTTGCOCGGTCCCGTCTC «TOGCTACTTCTTTCCCC *A *C A C  *AA*TAAT*ACACGACA  
183 CTAACACACACGCCGGCAACCCAGACCCCAGTGGGTTGGTTGCOCGGTCCCGTCTCCTGOCTAGTT-TTTCCCCCACCACCAAATAATCAGACGACAACCOCAOC 

- 3 0 9  ACACACACOCCGGCAACCCAGACCCCAATGGGTT*GTTGCGCGGTCCCG*CTCCTGGCTAGTTCTTTCCCCCACCACCAAATAATCAGACGACAACCOCACGTTTTGTAATGTATGT
361 CAACCC AGACCCC AGTGGGTTGGTTGCOCGGTCCCGTCTCCTGGCTAGTT -TTTCCCCXACCACXAAATAATC AGACGACAACCOC AOCTTTTGTAATGTATGT

- 1 8 8  ATGGGTT*GTTGCOCGGTCCCGTCTCCTGGCTAGTTCTTTCCCCCACCACCAAATAATCAOACGACAACCGCA*OTTTTGTAA
- 4 5 2  GGTCCCGTCTCCTOGCTAGTTCTTTCCCCCACCACCAAATAATCACACGACAACCOCACGTTTTCTAATGTATGT

6 0  TCTCCTGGCTAGTTCTTTCCCCCACCACCAAATAATCAGACCACAACCOCAOGTTTTGTAATGTATCT
- 3 0  CGACAACCCCAGGTTTTGTAATOTATCT
28 5  GCTTTTCTAATCTATGT

- 2 7 0  T C Ictaacacacacgccggcaacccagaccccagtcggttggttccocggtcccgtctcctggctagttctttcccccaccaccaaataatcacacgacaaccocaggttttctaatctatgt
4 5 7 0  4 5 8 0  4 5 9 0  4 6 0 0  4 6 1 0  4 6 2 0  4 6 3 0  4 6 4 0  4 6 5 0  4 6 6 0  4 6 7 0  4 6 8 0

361 o c t c g t c t t t a t t g t g g a t a x g a a c x g g t g a c g g x a g
- 4 5 2  q c t c g t g t t t a t t g t g g a t a c g a a c c g g t g a c g g g a g g g g a a a a c c c a c a c o g g g g a t g c g g g t c c o g t c o c o c c c c c t a c c c a c c c t a c t c g t c a a t t c c a

6 0  o c t c g t g t t t a t t g t g g a t a c g a a c c g g t g a c g g g a g g g g a a a a c c c a g a c g g g g g a t g c g g g t c c o g t c g c g c c c c c t a c c * a * c o t a c t c g t c a a t t * c a a g g g c a t c g g t a a a c a t c
- 3 0  QCTCGTGTTTATTGTGGATACGAACCGCTGACGGGAGGGGAAAACCCAGACGGGCGA-GCOGGTCCOCTCG«OCCCCCTACCCACCCTACTCGTCAATTCCAAGGGCATCGCTAAACATC
28 5  OCTCGTCTTTATTGTGGAXACGAACCGGTGACGG'AXGG AAACCAGACGGGGGATGCGGGTCCGGTCG*--CCCCTACC*AXCGTACTCGTCAATTCCAAGGGCATCGGTAAACATC

- 2 7 0  GCTCXTGTTTATTGTXGATACGAACCG "TGACGG •A'GGGAAAACCC AGACGGGG "ATCCGG *TCC •GTCGCGCCCCCTACCCXCCGTACTCGTCAATTCCAAOG'CATCGGTAAAC ATC 
13 ATTGTGGATACGAACCGGTGAC •GGAGGGGAAAACCCAGAXGGGGG ATGCGGGTCCGCTCGCOCCCCCTACCC ACCGTACTCGTC AATTCC AACGGC ATCGCTAAAC ATC

25 6  ATTGCGGATAXGAACCGGTGACXGGAGGGGAAAAXCCAGA-GGGCGATGCGGGTCCGGTCGCOCCCCCTACCCACCOTACTCGTCAATTCCAACGGCATCGCTAAACATC
- 2 0 6  CGAACC •GTGACGGGAGGGGAGAACCCAGACGGGGGATGCGGGTCCGGTCGCGCCCCCTACCCACCGTACTCGTCAATTCCAAGGGCATCGGTAAACATC
- 4 0 2  TCAACCGXT *ACGGXA*GGGAAAACC A -  *ACGGGGGATGCGG *TCC "CTCGCGCCCCCTCCC «ACCGTACTCGTC AATTCCAAGGGCATCOGTAAAC ATC
- 3 4 0  g t g a c x x g a g g x x x a a a x c c a g a c x g g g g a t g c x g g t c c x g t c - c g c c c c c t a c c c a c c g t a c t c g t c a a t t c c a a o g o c a t c x o t a a a c a t c

362 AACCCACACGGGGGATOCGGGTCCGGTCGCGCCCCCTACCCACCCTACTCGTCAATTCCAAGGGCATCGCTAAACATC-478 CCCTACCCACCGTACTCGTCAATTCCAAGGGCATCGCTAAACATC-85 CCGTACTCOTC AATTCC AACC «CATC «CTAAAC ATC
QC TCGTGTTTATTGTGGATACGAACCGG TGAC GGGAGGGGAAAACCCAG ACGGGGGATOCGGGTCCGGTCGCGCCCCCTACCCACCOTACTCCTC AATTCC AAGGGCATCGGTAAAC ATC

4 6 9 0  4 7 0 0  4 7 1 0  4 7 2 0  4 7 3 0  4 7 4 0  4 7 5 0  4 7 6 0  4 7 7 0  4 7 8 0  4 7 9 0  4 8 0 0
6 0  TGCTCAA 

- 3 0  TGCTCAAACTCGAAGTCGGC
28 5  TGCTCAAACT -GAAGTCGGCC ATATC «AGAGCGXCGTAXGGGGCGATCT »

- 2 7 0  TGCTCAAACTCGAAGTCOGCCATATCCAGAOCGCCGTAGGGGGCGGAGTCGTGGGGGG

2:  î ^ ; ^ î î ; : ^ î ^ ^ ^ ; § ^ c " ; î : î ^ " x î ^ i ^ ^ ^ G Î S ^ ^ « = î § S î : : î î î c ^ C G G C C C C X G G G A A T X C C C - T C C C C C A A C A T G T C C A G A T C G X A A T C G T C T A G C G C G

jkTCCXGGCCCCGGGXAAT«CCCGTCCCCCAACATGTCCAGATCGAAATCGTCTAGCGCG
' " 3  CCCCGGGG -A«CCCCGTCCCCCAAXATCTCC AGATCGAAATCGTCTAAC -CG

3 GCCC «GGCAAT«CCCGTCCCC «AAC ACGTCTAGATCGAAATCGTCTAGCGCG
CCCXCGGAATCCCCGTCCCCCAACATGTXCAGATCGAAATCGTCX-OCGCGTCTXCAGATCGAAATCGTCTACCGCG

■ 2 ' TOTCCAXATCGAAATCXTCTAXCGCG
- 1 2 »  .  IC A X A TC XXA ATC XTC TAXC X rx
-2 3 5  ATCCTCTA'CGCG

•roCTCAAACTCGAAGTCGGCCATATCCACAGCGCCGTAGGGGGCGGAGTCGTGGGCGGTAAATCCCGGCCCCOGGGAATCCCCGTCCCCCAACATGTCCAGATCGAAATCGTCTACCGCG



256 ICGOC a Î * ^ ’ “ ' °  “ ‘ °  “ “ “  « » 0  « 0 0  « 9 1 0  4 9 2 0
-J 4 0  TCXOCATGCOCCATCOCCACGTCCTCGCCGTCTXAATOCAOCT 

* 6 2  ICOOCATOCOCXATCOCCAXCTCCTXOCCGTXTAAGTGGAGCreOTCCCCXASGXTCACATI
- 2 5  TCO»XATGCGCCATCGCCACGTCCTCXCCGTCTAAOTGGAGCTCGTCCCCCACGCTGACATCOOTCOOOOOGGXCGX-GA-AOTrTC-C 

118 CATCGCCXXOTCCTXGCCGTXTAAGTGCAGCTXGTCCCCXAOGXTGATA-XGGTCGOOOGOOCCOTXGACA
-61  *CGTCCTCKCG«TAAGTGXAGCTCGTCCCCCAXGCTGACATCGGTCGGOGGGGCCGTCGACAOTC -GCOCGTCTGTCCCGCOOGGAOAAAOOACAGGCGX
-6 7  OCTCGCCXTCTAAXTGGAGCTCTGCCCCCAGXCTGACATCGGTCGGGGGGGCCOTCGACAGTC-GCQCGTGTGTCCCOCGGGGAGAAAOGACAG-XGC
- 3 *  OGACCCCGGCCGOG-GOOOGGQCCGTCOACAOTCTOCOCOTGTCTCCCGCGOGGAGAAAOGACAGGCQC

-1  AOCTOAC ATCGGTCOOGOOGXCCGTCOA-AOTCTOCQCGTGTGTCXCOCXOOGAGAAAfiOAC AXOCXX
"317 TCC0CGGGCAAAAA0GACA0G**X

CCGCOOCXAXAAACXACAGXCXX
• "  ACOCGC

4 930  4940 4950 4960 4970 4980 4990 5000 5010 5020 5030 5040
-237 GGAGCCGCCAGCCCCGCCTCTTCGGGGGCGTCCTCGTCCGGGAGATCGAGCACGCCCTCGAT 

243 G-ACCCGCXACCCCXGCXT 
386 GGAGCXGCXA-CCCXGCXT'TTCOOGGGC 

-413  OGAGCCGCCAGCCCCGCCTCTTC
-1 2 9  OGAACCGCCAACCCCGCCTCTTCGGGGGCGTCGTCTTCCGGGAGATC
-235  GGAGCCGCCAGCCCCGCCTCTTCGGGGGCGTCGTCGTCCOGGACATCGACCAGOCCCTCGATGCTAGACCCOTAATTGTTTTrCOTACACOCGCGGCTGTACGCATOTTCCCOCATCACC

-61 o c a g c c o c c a g c c c c g c c tc ttc g g g g g c g tc g tc g tc c g o g ag atc g ag c ag g c c c tc g atg c tag ac c c o taattg t t t t t c o ta co cg co co o ctg taco cg to ttccc o catg act
-67  GGAGCCGCCAGCCCCGCCTCTTCGGGGGCGTCGTCGTCCGG
-  76 OGAGCCGCCAGCCCCGCCTCTTCGGGGGCGTCGTCOTCCGGGAGATCGAGCACGCCCTCGATOGTAGACCC 

-1  OGAGCCGCCAGCCGCGCCTCTTCOGGGGCGTCGTCGTCCGC-AGATCGAGCAGGCCCTCGATOGTACACCCGTAATTGTCTTTCOTACOCGCGCGGCTGTACGCOTCTTCCCGCATGACC 
-117 OGAACCGCCAACCCCGCCTCTTCGGGGGCGTCGTCGT«CGGGAGATCGAATA
-384  GXAXCCGCCAGCCCCGCCTCTTCGGGGGXXTCGTCGTCCGGGAGATCGAOCAGGCCCTCGATGGTA-ACCCGTAATT-TmTCCTACGCGCGCOOCTGTACOCGTOTTCCCCCATGACC 

212 GCAGXCOCTAGCCCCGCCTCTTCGGGCGCGTCGTCGTCCOGGAGATCGAGCACGCCCTCGATOGTAGACCCGTAATTGTTTTTCGTACGC 
-480  OCAGCCGCCACCCCCOCCTCTTCGGGGGCXT«GTCGTCCGGGAGATCGAGCAOGCCCTCGATOGTAOACCCGTAATTGTTTTTCGTACOCOCOCOGCTGTACGCCTGTTCCCGCATCACC 
-436  CCAGCCCXGXCTCTTCGGGGGCGTXGTCGTCCGGGAGATCGAOCAGGCCCTCGATGGTAGACCCGTAATTGTTTTTCGTACOCGCOCGGCTCTACOCGTGTTCCCOCATGA-C

-32  CCOCCTCTTCGGGGGXGTCGTCGTtCGGXAGATCGACGAGGCCCTCGATGXTAGACCCGTAATTGTTnTCGTA-QCOCGCGGCTOTA-OCOTGTTCCCOCATGACA
408 TAATTGTTTTTCGTACQCGCQCGGCTGTACGCGTGTTCCCQCATGACC
382 TGTTTTTXGATCOCGCGCOGCTGATCGXGTGTTCCCGCATGACC

5 CGTACGCGCGCG-CTGTACGCGTOTTCCCGCATGACC
-2 6 6  COCXTCTTCCCOCATGACC

465 TTCCCOCATG*CC
OGAGCCGCCAGCCCCGCCTCTTC GGGGGCGKGTCGTCCGGGAGATCGAGCAGGCCCTCGATOGTAGACCCGTAATTCTTTTTCGTACOCGCGCGOCTGTACGCGTCTTCCCQCATGACC

5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150 5160
-235  OCCTCGGAGGGCGAGGTC 

-1  OCCTCGGAGGGCGAG
-384  OCCTCGGAG-GCCACXTCCTXAAXCTXCAATACGAGTC-AACTTCGCCCCAATCAACACCATAAA-TACCCACAGGC 
-4 8 0  QCCTCGGAGGGCGACGTCGT •  AAGCTGGAATACGACTCCAACTTCGCCCGAATC AAC ACCATAAA-TACCC AGAGOCGCGG
-4 3 6  -CCTCOCAGCGCCAGGTCGTCAAGCTGGAATACGAGTCCAACTTCGCCCGAATCAACACCATAAA'TACCCACAGOCGCGGGCCTGGTTOCCATGCAGGGTGGGAGGGGTCGTCAACGGC 

-3 2  C-CTXGGAGGGCGAGGTCGTGAAGCTC «AATACGAGTCCAACTTCGCCCGAATC AACAC «ATAAA
408 OCCTCGGAGGGCGACGTCGTCAAGCTGGAATACGAGTCC AAC TTCGCCCGAATC AAC ACCATAAAGTACCCAGAGGCGCGGGCXTGGTTGCCATGCAGGCTCGGAGGGGTCGTC AACGGC
382 OCXTGGGAGGGCXA— TCCTGAAGCTGCAA-ATGAGT XCTXXGCCCGAATC AAC AC XATAAAGATCCXAGACGCGCGGGCXTGGTTGCCATXXAGGGTGGGAOGGGTCGTC AACGGC

5 OCCTCGGAGGGCGAGGTCGTGAAGCTGGAATACGAGTCCAACTTCGCCCGAATCAACACCATAAAGTACCCAGAGGCGCGGGCCTGGTTGCCATGCAOGGTGGGAOGGGTCGTCAACGGC 
-2 6 6  OCCTCGGAGGGCGAOGTCGTGAAGCTGGAATACGAGTCCAACTTCOCCCGAATCAACACCATAAAGTACCCAGAGOCGCGGOCCTGGTTGCCATGCACGGTOGGAOGGGTCGTCAACGGC 

465 OCCTCGGAGCGCGAGGTCGTGAAGCTGGAATACGAGTCC AAC TTCGCCCGAATC AAC ACCATAAAGTACCCAGAOGCGCGGGCCTCGTTGCCATOC AGGC TGGGAGGGGTCCTC AACGGC 
-341 GTGAAGCTXGAATACGAGTXC AAC TTXOCCCXXATC XAC ACCATAAAXTACCCACAXOCOCGGGCCTGGTTCCCATOCACGCTOGGAGGGGTCGTC AACGGC

296 aattc g c c c g aatxaaxaxc ataaag tac c c ag ag g c o c g g g c c tg g ttg c c atg c ac g g tg g g ag g g g tc g tc aaag g c
-297  CCCAGAXGCOCOG «CCT «GTTGCC ATGC ACG'TXOGAXOGGTCGTC AACGGC

33 COCOGG'CTGCTTC «CATOCAGGGTGGGAGOOGTC -TC AACGGC
231 OGCCTGGTTQCCATGCAQGCTGGGAGGOCTCOTC AACGGC
245 OOCCTGGTTOCC ATGC AGGGTGGGAGGOGTCGTC AACGGC

-2 8 7  TTGCC ATGC ACG «TGGXAXOGGTCGTC AACGGC
OCCTCGGAOGGCGAOGTCGTGAAOCTOGAATACGAGTCCAACTTCOCCCGAATCAACACCATAAAGTACCCAOAOOCOCOOOCCTGGTTGCCATOCAGGOTOOGAOOOGTCGTCAACGGC

5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 5280
-436  OCCCCTOGCTCCTCCGTACCCGCG «TGCGC ACC AC

408 G-CCCTOOCTCCTCCOTAGCCG 
382 OCCCCGCTCTCCTCCGAGTCCG

5 OCCCCTGGCTC «TC « «GAGCCGCGCTGCGC A 
-266  GCCCCTGGCTCCTCCGTAGCCGCCOTGCGCACCAGCGGGAGGT 

465 QCCCCTGGCTCCTCCGTAGCCGCOCTGCGCACCAGCGGGACGTTAACGTOCTCOCGAATGTGGTTTAOCTCCCGCACCCGGC «OOCCTCGATTOGCAXT« «CCGCACQGTA 
-341 OCCCCTGGCTCCTCCGTAGCCGCXCTGCGCACCAGCGGGAGGTTAAOGTGCTCOCGAATGTGGTTTAfiCTCCCOCAOCCGGC 

296 GGCCCTOGCTCCTCCGTAOCCGCOCTGC «CACCAGCGOCAGGTT
-297  GCCCCTGGCTCCTCCGTAGCCGC«CTGCGCACCAGCGGGAGGTTAAGGTGCTCOCGAATCTGGTTTAOCTCCCGCAGCCGGCGGGCCTCGATTGGCACTCCCCG«ACGGTGAGCGCTCCG 

33 OCCCCTG«CTCCTCCGTAGCCGCGCTGCGCACCAGCGGGAGGTTAAGGTGCTCGCGAATGTOCTTTAGCTCCCGCA-CCGGCGGCTCTCGATTGGCACTCCCCG«ACGCTGAGCGCTCCG 
231 GCCCCTGGCTCCTCCGTAGCCGCGCTGCGCACCACCGG « «GGTTAAGGTGCTCGCGAACTTGCTTTAOCTCCCGCAGCCCGCGC «CCTCCATTCCCA «TCCC 
245 OCCCCTGGCTCCTCCGTAGCCGCGCTGCGCACCAGCGGGAGGTTAAGGTGCTCGCGAATGTGGTTTAGCTCCCGCAOCCGGCGG«CCTCGATTGGCA«TCCCC 

-287 OCCCCTGGCTCCTCCGTAGCCOC«CTGCGCACCAGCGGGAGGTTAAGGTGCTCGCGAATGTGGTTTAOCTCCCGCAGCCGGCGGGCCTC«ATTGGCACTCCCCGGACGGTGAGCGCTCCG 
230 CTAGCCGCGCTGCOCACCAGCGGGAGGTTAAGGTOCTCGCGAATGTGGTTTAOCTCCCOCAOCCGGCOGGCCTCGATTGGCACTCCCCGCACGGTGAGCGCTCCG

-169  OTTTACCTCCCGCAOCCGGCGGOCCTCCATTGGCACTCCCCGGACGGTGAGCOCTCCG
OCCCCTGGCTCCTCCGTAGCCGCGCTGCGCACCAOCGGGAGGTTAAGGTGCTCOCGAATGTGGTTTAGCTCCCGCAGCCGOCGGGCCTCOATTGGCACTCCCCGGACOGTGAOCGCTCCG

5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400
-297 TTGACGAACAT

33 TTGACGAAC ATCAAGGGCTGGAAC AGACC «GCCAACTGACGCAG «CTCTCACGT ,
-287 TTGACGAACATGAAGGGCTGGAACACACCCGCCAACTAACOCCAOCTCTCCAGG ___ ______________

230 TTGACGAACATGAAGGGCTGGAACACACCCGCCAACTGACGCCACCTCTCCAGGTCGCAACAGAGGCAGTCAAACAGGTCGGOCCOCATCATCTGCTCOOCGTACGCOGCCCATACGAT
-169  TTGACGAACATGAAGGGCTGGAAC AGACCCGC -AACTGACGCCAC -TCTCCAOGT-GC AACACAGGCACTCAAACAGGTCGGGCCCCATCATCTGCTC __

418 CAGACCCGCCAACTGACGCCAGCTCTCCAGGTCGC AACAGAGGCAGTCAAAC AGGTCGGGCCGCATCATCTGCTCGGCGTACGCGGCCCATAGGATC
303 CCGCC AACTCACGCCAGCTCTCCACGTCGC AAC AGAGGCAGTC AAAC AGGTCGGGCCGC ATC ATCTGCTCGGCGT AC GCGGCCCATAGGATC
351 TGACGCCAGCTCTCCAGCTCGC AAC AGAGGCATTC AAAC AGCTCOGGCCOCATCAT-T«CTCGOCOTACGCGGCCCATAGGATC

-151 a c a x a g x c a x t c a a a x a g x x c g g x c c o c t a c a t c t x c ic g x c x t c a x c g g x c c a t a g x a t c
-7 5  xx x x tc a tc tg c tc g g c g tac g c o g c c c atag g atc

TTGAC GAACATGAAGGGCTGGAACAGACCCGCCAAC TGACGCCAGCTCTCCAGCTCGC AAC AG AGGC AGTC AAAC AfiOTCGGGCCGCATCATCTGCTCOOCOTACGCGOCCCATAOGATC

5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520

351 TCGCGGCTCAAAAATAGATACAAATG-AAAAA-AAAATA*GCGCCAGACGAGCGGTCTCTCOG ____

-9  A-<iCQCCXGACG^ûCGSTCTCTCGGTAGTACCTCTCCGCGATCGTGGCQCGC^GCXTTTCTCCCAGGTCGCGATCGCGTCCX
479 g c g c a g a c g a o c g g tc tc tc g g ta c ta c c tg tc c o c g a tc c tg o c g c c c a - * atttc tc c c a c g tc g c g a tc g c c tc c g
409 OCCAGACGAGCGGTCTCTCOGTACTATCTCTCCGCGATCGTGOCCXTCA-XATTTCTCCCAGCTCGCGATO.-XTCCG

-146  TACCTGTCCGCCATC •TGOCGCGCAGCATTTCTCCCACGTCOCGATCXCGTC " *GXTCGCGTCCa
TCGCGGCTCAAAAATACATACAAATGCAAAAACAAAACACGCGCCAGACGAGCGGTCrCTCOGTAGTACCTGTCCGCGATCGTGGCGCGCAGCATTTCTCCCAGGTCGCGATCGCGTCCO
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-7 5  COCATCTGCQCCTGCCGGTGCAOCTGCCGGAXGCTOCCGCGCAGGTACCGGTACAG 
350 COCATGTGCGCCTGGCGGTOCAGCTCCCGGACGCTGGCGCGCAGGTACCGGTACACGGCCGAOCAGAACTTC -9 CGCATGTGCGCCTGGCGCTGCAGCTOCCGGACGCTOG

«79 CGCATCTGC-*CTGGCGGTOCAGCTGCCGGAC-XTGGCGCGCAGGTACCGGTACAGGOCCGAOCAGAAOTTCOCCAACAXGCTT*GATAOCTCTCCTCCXGCG*CCOTAGCTCG

“ 142 CCGGAX-XTXGCGCGCAGGTACCXCTACAGGOCCCACXACAACTTOOCCAACACGCTTCGATAflCTCTCCTCCCQCQCCCGTACCTCGQCCTCG
481 XTGGCGCGCAGGTACCGGTACACGOCCGAGCACAAGTTOGCCAACACOOTTCGATAOCTCTCCTCCCOCOCCCGTAiGCTCGGCGTGG

“ 383 OCGXAGGTACCOGTACAOGGCCGAGCA-AACTrGOCCAACACGXTTCGATAGCTCTCCTCCCGCOCCCCTAGCTCGGCGTGG
2 8 9  TTGOCC AAC ACOGTTCGATAGCTCrcCTCCCOCGCC •OTACCTCGOCGTOG

* 1 ^ '  aacacg o ttc g atao c tc tc c tc c c o c o c c c g tag c tc g o c g t* g
41 2 OATAGCTCrCCTCCCOCOCCCGTAGCTCOOCGTOG

« 0  ^
COCAT<

5 6 5 0  5 6 6 0  5 6 7 0  5 6 8 0  5 6 9 0  5 7 0 0  5 7 1 0  5 7 2 0  5 7 3 0  5 7 4 0  5 7 5 0  5 7 6 0
4 0 9  AAGAAACGAGAGAGCGCTTCGTAGTAGAGCCCGAGGTCGTCG-GGGTGXCCGGAAOCXTAGGGAAGGCXAXGXCGC 
- 2 3  AAGAAACGAGAGAGCGCTTCGTA«TAGAGCCCGAGGCCGTCGCGGGTGGCCGGAAGCOTAGGGAA 

- 2 2 6  AAGAAACGAGAGAOCGCTTCGTA 
- 1 4 2  AAGAAACGAGAGAGCGCTTCGTAGTAGAGCCC 

481 AAGAAACGAGAGAGCOCTTCGTAGTAGAGCCCGAGGCCGTCGCOGGTGGCCQGAAOCGTAGGGAAGGCCA'OTCGCCGTOGG 
- 3 8 3  AA-AAACGAGAGAXCGCTTCGTAGTAXAGCCCGAGGCCGTCGCGGGTGGCC 

2 6 9  AAGAAACGAGAGAGCGCTTCGTAGTAGAGCCCGAGGCCGTCGCGOGTGGCCGGAAOCGTAGOGAAGGCCAXGTCGTCGTOGGXG-GAATGTCGATTTGGGTOCGnTGGGGACGTAXOCG
- 1 9 7  AAGAAACGAGAGAGCGCTTCGTAGTAGAGCCCGA

4 1 2  AACAAACGAGAGAGCGCTTCGTAOTAGAGCCCGAGGCCGTCGCGOGTGGCCGGAAGCGTAOGGAAGGCCACGTCGCCCTOGOCOCGAATCTCGATTTGGGTOCOTTCOGGGACGTACGCG
4 8 9  AAGAAACGAGAGAGCGCTTCGTAGTAGAGCCCGAGGCCGTCGCGGGTGGCCGCAAG
4 9 0  AAGAAACGAGAGAGCGCTTCGTAGTAGAGCCCGAGGCCGTCGCGGGTGGCCGGAAGCGT
45 1  OTAGTAGAGCCCGACGCCGTCGCGGGTGGCCGGAAGCGTAOOGAAGGCCACG7CGCCGTGOC-XCGAATGTCGAT7TGCG7GCGTTCGGGGACGTACGC-

- 3 7 9  TCGCGGXTGGCCGCAA-CGTAOGGAAGGCCACGTCGCCGTGGGCGCGAATGTCGATTTXGGTOCGTTCGGGGACGTACGCG
- 4 4  3 TCGCGGGTGGCCGXAAGCGCAGGGAAGGCC ACGTCGCCGTGGGCOCGAATGTCGATTTXiGGTOCGTTCGGGGACGTACGCG-291 TGGCCGXAAXC XTACGXAAGGCXACGTXGCCGTGGGCGCGAATGTCGATTTGGGTGCGTTCXGGGACCTACGCG
- 1 5 2  GCCGXAAXC XTAGGXAAGGCCACCT — CCGTGGGCGCGAATCTCGATTTGGGTGCGTTCXXOG ACGT ACGCG97 TGGGTOCGTTCGGGGACGTACGC-

AAGAAACGAGAGAGCGCTTCGTAGTAGAGCCCGAGGCCGTCGCGGGTGGCCGGAAOCGTAGGGAAGGCCACGTCGCCGTGGGCQCOAATGTCGATTTOGGTGCGTTCGGGGACGTACGCG

5 7 7 0  5 7 8 0  5 7 9 0  5 8 0 0  5 8 1 0  5 8 2 0  5 8 3 0  5 8 4 0  5 8 5 0  5 8 6 0  5 8 7 0  5 8 8 0
2 6 9  TCCCXCA 
41 2 TCCCCC «ATTCC ACATA
451 TCCCCCCATTCCACCACATCGCTGGGCAGCGTTGATAGGAATrrACACTCCCGGTACAGGTCGGCGTTOGTCGGTAGCGCCGAAAACAGATCCTXGTTCXAGGTATCGAGCATGGTAXAT

- 3 7 9  TCCCCCCATTCCACCACATCGCTGGGCAGCGTTGATAGGAATTTACAC-44 3 TCCCCCCATTCCACCACATCGCTGGGCAGCGTTGATAGGAATTTACACTCCCGGTACAGGTCGGCGTTGGTC
- 2 9 1  TCCCCCCATTCCACCACATCOCTOGGCAGCGTTGATAGGAATTTACACTCCCGGTACAGGTCGGCGTTGGTCGCTAOCGCCGAAAACAGATCCTCGTTCCAOOTATCGAGCATOGTACAT-152 tCCCCCCATTCCACCACATCGCTGGGCAGCGTTGATAGXAATTTACACTCCCGGTACAGGTCGGCGTTGGTCGGTAOCGCCGAAAACA

97 TXCCCCCATTCCACCACATCGCTGGGCAGCGTTGATAGGAATTTACACTCCCGGTACAGGTCGGCGTTOGTCGGTAOCGCCGAAAACAGATCCTCGTTCCAGGTATCGAGCATGGTACAT
- 4 8  CCCCCCAXTCCACCACA7CGCTGGGCAGCGTTGATAGGAATTTACACTCCCGGTACAGGTCGGCGTTOGTCGGTAGCOCCGAAAACAGATCCTCGTTCCAG»TATCGAGXATGGTACAT

4 7  CAGCGTTGATAGGAATTTACACTCCCGGTAC AGGTCGGCGTTGGTCOGTAGCOCCGAAAACAGATCCTCGTTCCAGOTATCOAGC -TOGTACAT
- 1 8 5  t g a t a g x a a t t t a c a c t c c c g g a t c a g g t c g o c g t t g g t c g g t a x c g c c x a a a a c a g a t c c t c g t t c c a g g t a t c o a g c a t g g t a c a t
-3 2 6  C-XTGXTCGXATXCOCCXAAAACA-ATCCTCGTTCCAC*TATCGAGCATOGTACAT
- 3 2 2  CGCCXAAAXCA-ATCCTCGTTXCAXCTATCXAOCATGGTACAT

4 5 3  CAGGTATCGAGCATOGTACAT
131 GGTACAT
13 9  GGTACAT
4 8 8  T

TCCCCCCATTCCACCACATCGCTGGGCAGCGTTGATAGGAATTTACACTCCCGGTACAGGTCGGCGTTGGTCGGTAGCGCCGAAAACAGATCCTCGTTCCAGGTATCGAGCATOGTACAT

5 8 9 0  5 9 0 0  5 9 1 0  5 9 2 0  5 9 3 0  5 9 4 0  5 9 5 0  5 9 6 0  5 9 7 0  5 9 8 0  5 9 9 0  6 0 0 0
45 1  AGCGCGGOGCCCGXXTTAAAGXCCA 

- 2 9 1  AGCGCGGGGCCCGCGCTAAAGCCCAAGTCGTCGAGGA 
97 183CGCGGGGCCCGCGXTAAAG 

- 4 8  -A««*GGGGCCCG4 7 AGCGCGGGGCCCGCGXTAAAGCCCAAGTCG7CGAGGAG *  -GGTTAAAGAGGGCGGCGGGGGGG«-GGGCXT 
- 1 8 5  AXXXXGGCGCCCGC-XTAAAGCCCAAGTCGTCGAGGAGACGGTTAAACAGGGCGGCGGGGGG
-3 2 6  A*CGCGGGGCCCGCGCTAAAGCCCAAGTCGTCGAGGA-ACGGTTAAA-ACGGCGGCGGGGGGGACGOGCATGGGTGGGGAGGGCATGAGC 
-3 2 2  AGCXXaOGGCCCGCGCTAAAGCCCAAGTCGTCXAGGAGACGGTTAAA 

4 5 3  AGCGCGGGGCCC •  •  •CTAAAGCCCAAGTCGTCGAGGAGACGGTTAAAGAGGGCGGCOGGGGGGACGGGCATGGGTGOGGAGGGCATGAGCTGGOCCTGOCTCAGGCGCCCCGTT*CGTAC 
131 AGCGCGGGGC -CGXXXXAAAGCCTAAGTCGTCGAGGAGAXGGTTAAAGAGGGCGGCGGGGGGGAXGOGCTAGGGTGGGGAGGGC ATGAGCTGGGCCT
13 9  AGCGCGGGGCCCGCGCTAAAGCCCAAGTCGTCGAGGAGACGGTTA-AGAGGGCGOCGGGGGGGACGGGCATOOGTGGGCAGGGCATGAGCTGOGCCTGGCTCAGGCGCCCCGTTOCOTAC488 AGCGCGGGGCCCGCGXTAAAGCCCAAGTCGTCGAGGAGACGGTTAAAGAGGGCGGC •GGGOGGACGGGCATGGGTCGGGAGGGCATGAGCTGGOCCTGGCTCAOOCG
11 4  CCAACTCGTCGAGGAGACGGTTAAAGAGGGCOGCGGGGGGGACOGGCA77ÎGGTGGGGAGOGCATGAOCTOGGCCTGGCTCAOGCGCCCCGTTOCGTAC

- 3 4 7  o g g g g a c g g g c a t c g g t g g g g a g g g c a a t a a c t g g g c c t * g c t c a g g c g c c c c g t t g c g t a c-268 OCATXAfiCTXGGCCTGXCTCAXGCGCCCCGTTXCXTAC
31 5  TGGGCCTGGCTCAGGCG-CCCGTTGCOTAC

AGCGCGGGGCCCGCGCTAAAGCCCAAGTCGTCGAGCAGACGGTTAAAGAGGGCGOCOGGGOGGACGGGCATGGGTGGGGACGCCATGAGCTGGGCCTGOCTCACGCGCCCCGTTGCOTAC

6 0 1 0  6 0 2 0  6 0 3 0  6 0 4 0  6 0 5 0  6 0 6 0  6 0 7 0  6080 6 0 9 0  6 1 0 0  6 1 1 0  6 1 2 0
4 5 3  AGCGGGGGGGCCGC*GGGGT-TTTTTGGGACCCCCGGCC*GGCGGGGGGC 
13 9  ACCGGGGGGGCCGCCGGG
11 4  AGCGGGGGGGCCGCCGGGGTGTTTTTGGGACCCCCGOCCGGGCGGGGGGGCGGTGGCGAAGCGCCGTCCGCGTT-ATOTCOG -34 7 A-CGGGGGGGCCGCCGGGGTGTTTTTGGGACCCCCGGCCGGGCGGGGGGGCGGTGGCGAAGCGCCGTCCGCGTTCATGTCGGCAAACAGCTCG-266 a x c g g - x x x g c c g c c g x g * t - t t t t t g g g a x c c c c g g c c g g g c g g g g g g g c g c t g * c g a a g c g c c g t c c g c g t t c a t g t c g g c a a a c a g c t c g t c g a c c a a g a o g t c c a t t g g g t g g g g t  
31 5  a c c g g g g g g g c c g c c g g g g tg t t t t t g g g a c c c c c g g c c g g g c g g g g g g g c g g t g g c g a a x c g c c g tc c g c g t t x a tg t c g g c a a a c a g c t c g t c g a c c a a g a g g t c c a t tg g g t g g g g t  

- 4 6 8  g t t t x t x g g a x c c x x x g c x x g g c g g g g g x x c g x t g x c x a a g c g c c g t c c g c g t x x a t g t c g g c a a a c a g c t c g t c g a c c a a -a c g t c c a t tg g g t g g c g t
- 4 6 3  TTTTGGGAXCCC*GGCC*GGCGGOGGaGCG*T»aCGAAGCGCCGTCCGCG7TCATGTCOGCAAACAGC7CGTCGACCAACAGGTCCATTGOCTGGGG7

2 8 2  CCGGGCGGGGGGGCGGTGGCGAAGCGCCGTCCGCGTTCAT<STCGGCAAACAGCT*GTCGA*CAAGAGGT*CATTGGGTGGC«*200 0GGCXGGG-*GCGGTGGCGAA**GCCCTCCGCGTTCATGTCGGCAAA-AGCTCGTCGACCAAGAGGTCCATTGGGTGGGG7259 OGCXGGGGGGCGGTGGCCAA'COCCOTCCGCGTTGATGTCGGCAAA-ACCTCGTCGACCAAGAGGTCCATTOGGTGGGGT_324 ACOCCGTCCGCGTACATGTCOGCAAACA-CTCGTCGACCAACAGGTCCATTGG'TXGGGT
_77 «c g c o t * * atg tc g x c a a x c a g c tc g tc g a c x a a x a c x tc x a x tx g g tg g x x x

29 TTTCATCTC0GCAAACA0CTCGTCGACCAAGAGGTCCATTXGGTGGGG7
aaacag c tc g tc g ac c aag ag g tc c attg g g tg g c g t

ACC GOGGGGGCCGCCGGGGTGTTTTTGGGACCCCCGOCCOGGCGGGOGGGCOGTOOCGAAGCGCCGTCCOCGTTCATOTCGOC AAAC AGC TCGTCGACCAAGAGGTCCATTGGGTGOGGT

6 1 3 0  6 1 4 0  6 1 5 0  6 1 6 0  6 1 7 0  6 1 8 0  6 1 9 0  6 2 0 0  6 2 1 0  6 2 2 0  6 2 3 0  6 2 4 0
-2 6 8  T •

2 8 2  TXAATXGGGAAAGAGA
20 0  TGATAXGGGAAAGACGATATCGGGCTTTTGATGCGATCGTCCCHÎXCCGCCCAGAGAGTGTGGGA

CCCCCAAAXCCGTTAAA3GACCCK,ACGGAr
ACGCCTTACAGGACCGGAC-GGA''

TTA-AGGACCCOAX&GA.-
'  acaggaccgcacgga:

TCAT AC GGG AAAC AC G AT ATC GGGC TTTTGATGCGA'
TCCTCCCCGCCCGCCCAGAGAGTCTGOGACOCCCGACCOCOCGGGAAGAGAAAACCCCCAAACGCGTTAGAGGAC CGGACGGAC
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4 4 6  C TTAT * ^ ^ 0  « 2 9 0  « 3 0 0  « 3 1 0  « 3 2 0  « 3 3 0  « 3 4 0  « 3 S 0  « 3 4 0

- 4 6 3  CTTATGCGGGA'ACTGCCAG

-77 cttatcgggggaaotgcocaccoggaacccxctcccttcccgacgaatgacagcccotootcoccaccacocatttaaocaacccocacogoccoccc29  CTTATOCCGC*XAGTOC  
-1 8 1  CT
-187 cttatggcoogaagtggocagcoogaaccccgtccgttcccgaogaatoacagxccxtogtcoccaccacqcatttaa

34 CTTATGGGGOCAAGTGGGC AGCGGGAACCCCGTCCGTTCCCGAGGAATGAC AGCCCGTOGT'COCCACCACOCATTTAAflCAACCCOC 
- 1 7 5  CTTATOGGGGAAAGTGGGCAGCGGXAACCCCGTCCGTTCCCGAXGAATGACAfiCC 

74 CTTATTÎGGGGGAAGTGGGCAGCGGGAACCCCGTCCXXTXCCGAGGAATGACAGCCCOTGOTCOCCACXACO-ATTTAAfiCAACCCGCACGGOCCGCCCCOTACCTCGTG— nC CC C C C A  
- 4 3 9  CTTATOGGGGGAA«TCGGCAGCGGXAACCCCGTCCGTTCCCGACGAATGA* ACCCC «TGCTCGCCACCA-C-ATTTXAACAACCCOGAAflGG-CGCCCCCTACCTC -TGAC1TCCCCCCA  

72 CTTATGGGGCGAACTGGGCAGCGG-AACCCCGTCCGTTCCCGA— AATGACACCCCGTOCTC
459 CTTATGGGGGGAAGTGGGCAGCGGGAACCCCGTCCOTTCCCGAGGAATGACAGCCCGTOGTCGCCACCACOCATTTAAGCAACCCGCACGGGCCGCCCCOTACCTCGTGACTTCCCCCCA 
3 6 6  CTTATGGGGGGAACTGGGCAGCGGGAA*CCCGTCCGTTCCCGAGGAATGACACCCCGTTGTCOCCACCACGCATTTAAGCAACCCGCACTGGCCGCCCCGTACCTCGTCACTTCCCCCCA 

- 1 3 2  AAXTGGGCAGCXGGAACCCCGTCCGTICCCCAOGAATGACACCCCXTOGTCGCCACCACCXATTTAAGCAACCCOCACGGGCCGCCCCGTACCTCGTGACTTCCCCCCA
25 8  CCCGTGCTCGCCACCACOCATTTAAOCAACCCGCACOGGCCQCCCCGTACCTCG7GACTTCCCCCCA

OOCCGCCCCGTACCTCGTCACTTCCCCCXA 
OTACCTCGT'ACTTCCCCCCA

cttatggggggaagtgggcagcgggaaccccgtccgttcccgaggaatgacaocccgtggtcoccaccacgcatttaaocaacccgcacgggccgccccctacctcgtgacttcccmca
6 3 7 0  6 3 8 0  6 3 9 0  6 4 0 0  6 4 1 0  6 4 2 0  6 4 3 0  6 4 4 0  6 4 5 0  6 4 6 0  6 4 7 0  6 4 8 0

74 CATTGOCTGCTGTCACGTGAAGGCGAA-XGAGGGCGOCTGTCCAACCA  
- 4 3 9  CATTGGCTCCTGTCAC -T-AAGGC-AACCGAGGGCGGCTGTCCAACCCACCCCCCG-CACCCAGTCCCGGTCCCCGTTGGATTOG  

4 5 9  CATTGGCTC *TGTCACGTGAAGGCGAACCGAGGGCGGCTGTCCAACC "A«CCCCCGCCACC *AGTCC •  *G T *  «CCGTCGA* *TGG

- 1 3 2  CATTGGCTCCTGTCACGTGAAGGCGAACCGAGGGCGGCTGTCGAACCCACCCCCCGCCACCCAGTXCCXGTCCCCGT 
3 5 8  CATTGGCTCCTGTCACGTGAAGGCGAACCGAGGGCGGCTGTCCAACCCACCCCCCGCCACCCACTCCCGGTCCCCGTCGGATTGGGAAA-AAAOGCA-GCAA-OC-AA-CXXGAATGAAC
37 3  CATTGGCTCCTGTCACGTGAAGGCGAACCGAGGGCGGCTGTCCAACCXACCCCCCGCCACCXAGTCCCOGTCCCCGTCGGATXGGGAAACAAAGGCACGCAACGCXAACACXGAATGAAC 
42 1  CATTGGCTCCTGTC ACGTGAAGGCGAACCGAGGGCGGCTGTCCAACCCACCCCCCOCCACCC AGTCCCOOTCCCCGTCGGATTGGGAAAC AAAOGCACGCAACGC « AAC AC «GAATGAAC 
- 1 9  -ATTGGCTCCTGTCACGTGAAGGGGAACCGAGGGCGG-TGTCCAACCCACCCCCCG-CACCCAGTCCCGGTCC-CGTCOGATT

- 2 0 1  ATTGGCTCCTGTCACGTGAAGGCGAACCGAGGGCGGCT^TCCAACCCACCCCCCGCCACCCA-TCCCGGTCCCCGT-GGATTGGGAAACAAAOGCACGCAA 
4 2 8  OCGGGCCGCTGTCC -CCCCOCCCCCCGCCACCC AGTCCCGGTCCCCGTCGGATTGGGAAACAG-GGCTCGC -ACGCCAACACCGAATGAAC

- 3 6 9  CTGTCCAACCCACCCCCCGCCACCCA-TCCCGGTCCCCGTCG«ATTGGGAAACAAAGGCACOCAACGCCAACACCGAATGAAC
-3 7 2  OCXACCXAXTCCCGGTCCCXGTCGGATTGGXAAACAAAGGCACGCAACGCCAACACCXAATTtAAC
- 1 2 6  CCCAATCCCOGTCCCCGTCGGATTXGGAAACAAAOGCACGC AACGCCAACACCGAATTAAC

4 7 6  MGTCCCGGTCCCCGTCGGATTGGGAAACAAAGGCACGCAACaCCAACACCGAATGAAC
-3 7 5  TCCCXXTCCCCGTGGGATTGGGAAACAAAGGCACGCAACGCCAACACCGAATXAAC

374 GGTCCCCGTCGGATTGGGAAACAAAGGCACGCAACGCCAACACCGAATGAAC
-1 4 4  GCACGXAACGCCAACACCGAATTAAC

12 0  TGAAC
CATTGGC TCCTGTCACGTGAAGGCGAACCGAGGGCGGCTGTCCAACCCACCCCCCGCCACCCAGTCCCGGTCCCCGTCGGATTGGG AAAC AAAGGC AC GC AAC OCC AAC ACCGAATGAAC

6 4 9 0  6 5 0 0  6 5 1 0  6 5 2 0  6 5 3 0  6 5 4 0  6 5 5 0  6 5 6 0  6 5 7 0  6 5 8 0  6 5 9 0  6 6 0 0
3 5 8  C — TGTTGGTGCTTTATTGT-TCGGTAXGGAAGTTTTCAXTXGAXGGGXCGT
37 3  CCCTGTTGGTGCTTTATTGTCTGGGTACGGAAGTTTTXACTCGACGGGCCGTXTGGGGCXAGAAGCGGAGCGXXCTGGGGXTCGAGGTCGXTCOGTOGGXCGXXAXGCXOXACAAX 
42 1  CCCTGTTGGTGCTTTATTGTCTGGGTACGGAAGTTTT'ACTCGACGGGCCGTCTGCGGCGAGAAGCG
4 2 8  CCCTGTTGGTGCTTTATTGTCTGGGTACGGA*GTTTTCACTCGACGGGCCGTCTGGGGCGAGACGCGXXCGAOCT«GGOGCTCGAGGTCOCTCOGTXGOOCOCO  

- 3 6 9  CCCTGTTG-TGCTTT-TT-TCTGGGTACGGAAGTTTTCACTCGACGGGCCGTCTGGGOCGAGAAGCGGAGC
- 3 7 2  c c c t g t t g g t g c t t t g t t g t c t g g g a t c g x a a g t t t x a g c t c x a c g g g c c g t c t g g g g c g a g a a g c g g a g c g g g c t g g o g c t c g a g g t x g c t c o g t g g g g c o c g a c g c c g c a g a a c g c c c
- 1 2 6  CCCTGTTGGTGCTTT'TTGTCTGGGTACGGAAXT-TTCACTCGACGGGCCGTCTOGGGCGA-AAGCGGAGCGGGCT 

4 7 6  CCCTGTTGGTGCTTTATTGTCTGGGTACGGAAGTTTT*ACTCGACGGGCCGTCTGOGGCGAGAAGCGGAGCG-GCTGOGGCTCGAOGTCGCTCGGTOOOOCOCGACOCCOCAGAACOCCC
- 3 7 5  CCCTGTTGGTGCTTTATTGTCTGGGTACGGAAGTTTTC ACTCGACGG -CCGTCTGGGGCGACAAGCGGACCOGGCTGOGGCTCGAGGTCGCTCGCTGGCGCGCGACGCCGCAGAACGCCC

374 CCCTGTTGGTGCTTTATTGTCTGGGTACGGAAGTTTTXACTCGACOGOCCGTCTGGGOCGAGAAOCOGAXCG-GCTGGOGCTCGAGCTC-XTCOGTGGOOCOCOACOCCC 
- 1 4 4  CC CTTTTG — XCTTTATTTTCTGCXT-CGGAAGTXTTCACTCGAXGGGCCXTCTOGGGCGAAAAACOGAOCOGGCT

12 0  CCCTGTTGGTG «TTTA TTG T-TG G G TA XG XA A XT -T T C  ATTCGAC -GO «CGTTTGGGGCX
186 TGGTGCTTTATTGTCTGGGTACGGA-GTTTTCAXTCGACGGGCCGTCTGGGGCGAGAAQCGGAXXX— CTGGOGCTCGAGGTCGCTCGCTGGGGCOCGACGXCGCAGAACGCCC
356 TGCTTTATTGTCTGGGTACGGAAGTTTTXACTCGACGGGCCGTCTGGGGCGAGAAGCGGA--XXGCTGGGGCTCGAGGTCG-TCGGTGGGGCGCGACGCCGCAGAA--CCX
- 6 2  CACTCGACXGGCCGTCTXGGGCGAGAAGCXGAGCGGGCTGGGGCTCGAGGTCOCTCGGTGGGGCOCGACGCCOCAGAACGCCC

-4 4 7  CACTCGACGOGCCXTCTGGGXCGAGAAXCGXAXCGXOCTXGGGCTCXAGTTCACTCGXTGGGGCGCGACGCCGCAGAACGCCC
-331  CGTCTGGXXCXAGAAXCGXAXCGXGCTXGGGCTCXACXTCGCTCGXTGGGGCGXXACGCCGCAGAACGCCC
- 1 5 3  TCTXGGGCGAGAAGCXGAXCGGXCTGGGGCTCXAGXTCGCTCGXTGGGXCGCGACGCCGCA-AACGCC-
- 3 8 7  CTGGGGCGA-AAXCGXAXCGGXCTGGGGCTCXACTTXGCTCGGT*GGGCGCGACGCCGCAGAACGCCC

17 GTCGCAC— XXGGGCGCGACGCCGCAGAACGCCC
CCCTGTTGGTGCTTTATTGTCTGGGTACGGAAGTTTTCACTCGACGGGCCGTCTGGGGCGAGAAGCGGAGCGGGCTCGGGCTCGAGOTCGCTCGGTGGGGCGCGACGCCOCAGAACGCCC

6 6 1 0  6 6 2 0  6 6 3 0  6 6 4 0  6 6 5 0  6 6 6 0  6 6 7 0  6 6 8 0  6 6 9 0  6 7 0 0  6 7 1 0  6 7 2 0
- 3 7 2  TCGAGTCGCCGTGGCCGCGTCGACGTCCTGCACCACGTCTGGATTCACCAACTCG 

4 7 6  TCGAGTCGCCGTGGCCGCGTCGACGTCCT*CACCACGTCTGGATTCAC •AACTCGTTGGCGCGCTGAAQCACG  
- 3 7 5  TCGAGTCGCCGTGGCCGCGTCGACGTCCTGCACCACGTCTGGATTCACCAACTCGTT 

186 TCGAGTCGCCGTGGCCGCG7CGACGTCCTXCACCACGT-TXGATTXAXCAAXTCGTTGGC0CGCTGAA0X-0GTTTTTGXCCTXGXAGA 
35 6  TCCAGTCGCCGTGGCCGCGTCGACG
- 6 2  TCGAGTCGCCGCGGCCGCGTCGACGTCCTGCACCACGTCTGGATTCACCAACTCGTTGGCGCOCTGAAGCAGCTTTTTOCCCTCOCAGACCGTCACG 

- 4 4 7  TCGAGTCGCCGTGGCCGCGTCGACGTCCTGCACCACGTCTGGATTCACCAACTCGTTGGCGCGCTGAAGCAGGTTTTTGCCCTCGCAGACCGT-ACGCGXATGGTGGTXATGCCAAG  
-  331 TCGAGTCGCCGTGGCCGCGTCGACGTCCTGCACCACGTCTGGATTCACC AACTCGTTGGCGCGCTGAAGC AGGTTTTTGCCCTCGCAGACCGTCACGCGGATGGTGGTGATOCCAAOGAG 
- 1 5 3  TCGAGTCGCCGTGGCCGCGTCGACGTCCTGCACC ACGTCTGXATTCACCAACTC  
- 3 8 7  TCGACTCGCCCTGGCCGCGTCGACGTCCTGCACCACGTCTG«ATTCACCAACTCGTTG«CGCGCT

17 TCGAGTCOCCGTGGCCGCGTCGACGTCCTXCACXAXXGCTCGATTXAXCAACTCGTTGGCGCG»TGAAGCAGGTTTTTGCCCTCGCAGACCGTCACOCGGATGGTGCTCATGXCAA-GAG
37 8  GAGTCGCCGTGGCCGCGTCGACGTCCTGCACCACGTCTGGATTCACCAACTCGTTGGCOCGCTGAAGCAGCTTTTTGCCCTCOCAGACCGTCACGCGGATGGTGGTGATGCCAAGGAG

- 1 0 4  CGTCGACGTCCTGCACCACGTCTXGATTCACCAACTCGTTGGCGCGCTGAAGCAGGTTTTTGCCCTCGCAGACCGTCACGCGGATGGTGGTGATGCCAAGGAG
26 XXTCTGGATTCACCAACTCGTTGGCGCGCTGAAGCAGGTTTTTCCCCTCGCAXACCGTCACGCGGATGGTGGTXATXCCAACGAC

35 5  GATT-ACXAA-TXGTTGGCGCG-TGAAGXAGGTTTTTGCCCTXGXAGACCGTXAXC-GGATGGTGGTXATXCCAAGGAG
361 ACTCGTTGOCGCOCTGAAOCACGT-TTTGCCCTCGCAGACCGTCACGCGGATGGTGCTGATGCCAACCAC

- 3 2 3  GATXGTXOTXATCXCAAXCAX
TCGAGTCGCCGTGGCCGCGTCGACGTCCTGCACCACGTCTGGATTCACCAACTCGTTGGCGCGCTGAAGCAGGTTTTTGCCCTCGCAGACCGTCACGCGGATGGTGGTGATGCCAACGAG

6 7 3 0  6 7 4 0  6 7 5 0  6 7 6 0  6 7 7 0  6 7 8 0  6 7 9 0  6 8 0 0  6 8 1 0  6 8 2 0  6 8 3 0  6 8 4 0
-3 3 1  TTCGTTGAGGTCTTCGTC7

17 TTCGTTGAGGTCTTCGTCTGTGCGCGGAXXCGACATXXXCXAGA  
37 8  TTCGTTGAGGTCTTCGTCTGTGCGCGGACGCGAC ATGTCCC AGAGCTGGACCGCCGCCATCCGGGC ATGCATGGCCGCCAG *  -GCCCGACCGCGGCGXAOAAGACGCGXTTOTTAAAGCX 

- 1 0 4  TTCGTTGAGGTCTTCGTCTGTGCGCGGACGCGAC ATGTCCCAGAGCTGGACCOCCOCCATCCGGGCATGCATGGCCGCCAGGCGCCC

35 5  TTXGTTGAGGTCTT-GTGTGTGCGCGGAXGXGACATGTCCCACAGXTGGACCGCCGCCATCCGGGCATXCATXGCCGCA
381 TTCGTTGAGGTCTTCGTCTGTGCGCGGACGCGACATGTCCCAGAOCTGGACCGCCGCCATCCGGGC ATGCATGGCCGCCAG •OGCCCGACCOCOOCCXAOAAOACGCGXTTGTTAAXGCX 

- 3 2 3  XTCGTXXAGXTCXTCGTCTGTXCXCGGACGCXACATGTCCXA-AGCTGXACCGCCOCCATCCGGGCATGCATGGCCOCCAC*COCCCGACCGCGOCGCAGAA-ACOCGCTTGTTAAAGCC
-1 7 1  TTC-TTTAGGTCTTCGTCTGT*CXCGGACGCGACATGTCCXAAAGCTGGACCGCC-CCATCCGGGCATGTATXGCXGCC  

4 9 6  c g t t g a g g t c t t c g t c t g t g c g c g g a c g c g a c a t g t c c c a g a g c t g g a c c g c c g c c a t c c g g g c a t g c a t g g c c g c c a o g c g c c c g a c c g c g g c o c a g a a o a c g c o c t t o t t a a a g c c
441 TGTGCGCGGACG •GACATGTCCCAGAGCTGGACCGCCGCCATCCGGGC ATGCATGGCCGCCAG •COCCCGACCGCGGCG«AGAAGACGCG •TTGTTAAAGCC

-1  76 GCTGGACCGCCGCCATCCGGCCATGCATGGCCGCCAG'CGCCCGGCCGCGGCGCAOAAGACGCGCTT-TTAAACCC
-  346 GGGCAGTCATGGCCOCC AG •CGCCCGACCGCGGCGCA-AA-ACOCGCTTCTTAAAOCC
- 2 1 7  GXATGXATGGXCGCCAG*CGCCCGACCGCGGCGCAGAACACGCGCTTCTTAAAGCC
- 2 9 3  •CGCCCGACCOCOGCGXAGAAGACGCOCTTGTTAAAGCC
- 2 0 2  OGCOCAOAAGACGCGCTTGTTA-AOCC

123 ACCXTTCGTTGAGCTCTTCGTCTGTGCGCGG ACGCGAC ATG TCCC AGAGCTGGACCGCCGCCATCCGGGC ATGCATGOCCGCC AGGC GCCCGACCOCGOC GO AGAAG ACOCGCTTGTTAAAGCC
6 8 5 0  6 8 6 0  6 8 7 0  6 8 8 0  6 8 9 0  6 9 0 0  6 9 1 0  6 9 2 0  6 9 3 0  6 9 4 0  6 9 5 0  6 9 6 0

37 8  GGCCACCXGGGGGXTCXATGGCGCXTCGGGGTTXGGGGGXXCGG 
381 GGCCACCXGGGGGXTCXATGGCXX

-3 2 3  GGCCACCCGGGGGGTCCATGGCGCGTCGGGGTTTGGGGOGGCGGTGCTAAA-TGCAGCTTTCTGGCCAGCCCCTOCOCGOGTGTCTT
496 GGCCACC'GGGGGGTCCATGGC________________________________________________________________
4 4 1 GGCCACCCGGGGGGTCCATGGCGC •TCGGGGTTTCGGGGGGCGGTG-TAAAGTGCAGCTTT-TGGCCAGCCC «TGCGCCGGTGTCTTGGTACGGGTT 

-1 7 6  GGCCACCCGGGGGGTCCATGGCGCGTCGGGGTTTGGGGGGGCGGTGCTAAAXTGCAGCTTTCTGGCCAGXXXXTXCGCX
- 3 4 6  OGCC ACCCGGGGGCTCC ATGGC -CGTCGGGGTTTGGGGGGGCGGTGCTAAA— GCAGCTTTCTGGCC AGCCCCTGCGCGCGTOTCTTOGATCC-217 GG-CACCCGGGGGGTCCATGGCGCGTC*OGGTTTGGGGGGGCGGTOCTAAAGTGCAGCTTTCTGGCCAGXCCCTG__________________ _-293 GGCCACCCXGGGGGTCCATGXCGCGTCXGGGTTTGGGGGGGCGGTGCTAAAGTGCAGCTTTCTGGCCAGCCCCTGCGCXGCTGTCTTGGATCGGGTTGGCGCCCTCGACGCGGGGXCGTC
-202  GGCCACCCGGGGGCTCCATGGCGCGTCGGGGTTTGCGGGGGCG

123 GGCXACCXAGCGGXTCCATGXCGCGTXGGGGTTTGGGGOGGCGGTGXTAAAXTOCAGTTTT-TGOCCACCCXXT________________________ ____________-6 CCGGGGGGTCCATGGCGC-TCGGGATTTGGGGGGGCXGTGC-XAAX-GCA-CTTTCTCGCCA-CCCC-GCGCXGGTCTCTTGGA-CGGGTTGG-GCCCTCGA-GCGGuoGCGTC
475 AACTGC AGCTTTCTGGCC ACCCCCTGCOCGGGTCTCTTGGATCGGCTTGGCGCC GTC GAC GCGCGGGCCTC
394 GCCGTCGACGCGGCGOCGTCOGCC ACCCGG GGGGTCC ATGGC GCGTCGGGGTTTGOGGGGGCGGTGCTAAAGTGC AGC TTTCTGGCCAGCCCCTGCGCGGG TGTCTTGGATC GGG TTGGCGCCGTCG AC GCGCGGGC GTC



- J » 3  t o g o a c t o c o o c x g a t t c t ^ t o o <3c c « t t t c c t ^ c k o o c t o c t c t c c g c c o c c o L o c c g c ^ ^ ^ c : 0 8 0

-3 6 0  ttcocccoocccocogggcoctoctxgg-220 TTCQOXGOCCCCOGOGGOCOGTGGTOGX
« « wagtoc«3cggattctggctgggccgatttcctoccgcoggt« : tctcc<>ccoccoggoccoco««>gccttaotcgcc* ccc« :toocÎ Î ? S S S S 2 2 ^ § 2 2 S ^ ^ ^ Î ^ =

475 TOT 7 1 ,0  7200
394 TCTGCTCCG OCCCCTCCGGACCXAGCGCGTGGCXGA 

46 TOTOCGTCCGGCCCCTCCOGACCCAGCGGGTGG 
487 T6TGCGTCCOOCCCCTCCGGA ACCGGGTGGCGCAG-CGCCCGCGC AGGC

- 360 T-TXCGTCCGGCCCCTCCGGACCCAGCGGGTGGCGGAGGCGCCCGCOCAGGCCCCOGCCCGGACAAAACCGCCCCOGAAACOGGACGCCOCGTCCGOGGGACCTCCG
- 2 2 0  t o t g c g t c c g o c c c c t c c g g a c c c a g c g g g t g g c o g a g g c g c c c o c g c a g g c c c c o g g c c g g a c a a a a c c o c c c c g g a a a c g g g a c g c c o c g t c c o g g g g a c c t c c g g g t g t t c o t c g t c

486 ACCCACCXGGTGGCXGAXOCGCCCOCGCAXGCCCCOGGCCXGACAAAACCOCCCCOCAAACGOCACOCCOCGTCCGGGCGACCTCCGG
-  5» COCGC A-GCCCCOGGCCOGAC AAAACCOCCCCGGAAACOOGACGCCOCOTCCGGGOGACCTCCOGGTGTTOGTCGTC

-* ♦ 5  acoccocgtccgggggacctocgggtgttcgtcgtc
tCXXXOGGAXCTCXGXXTGTXCGTCGTC

7% CTCCGGGTGTTCGTCGTC
* * *  TOTTCGTCGTC

O T T C a K G K
TTCOTCGTC

“I
TGTGCGTCCGGCCCCTCCGGACCCAGCGGGTGGCGGAGGCOCCCGCGCAGGCCCCGGGCCGGACAAAACCGCCCCGGAAACGGGACOCCGCGTCCGGGGGACCTCCOOGTGTTCOTCOTC

7210 7220 7230 7240 7250 7260 7270 7280 7290 7300 7310 7320
-2 2 0  TTCGGATGACGA

-5 9  t t c g g a t g a c g a g c c c c c g t a g a g g g c a ta a tc c g a c tc g tc g ta c tg c a c g a a a c o g a c c tc g

-1 4 5  ttc g g a tg a c g a g c c c c c g ta g a g g g c ataatc c g ac tc g tc g tac tg g ac g aaac g g ac c tc g c c c c tc tg g c g c g ag c g to tc to tag g g c g c c ac g g c g g xag xtg tc ag xc g  
-3 7 1  t x c g x a t g a c g a g c c c c x g t a a g g x x c  ataatc c g ac tc g tc g tac txg ac g aaac g g ac c tc g c c c c tc tg g c g c g ao c g tg tc tg tag c o c g c c ac g g c g g g ag g tg tc ag g c g g ac t

78 TTCGGATGACGAGCCCCCGTAGAGGGCATAATCCCACTCGTCGTACTGGACGAAGCGGACCTCGCCCCTCTGOCGCGAGCGTGTCTGTAGGGC-XCACGGCGGGAGGTGTCAGGCGGACT 
393 TTCGGATGACGAGCCCCCGTAGAGGXCATAATCCGACTTGTCGTACTGGACGAAACGGACCTCGCCCCTCTGGCGCGA-XXTGT-TOTAOGOCTACACGGCGGGAOGTGTCAGGCOGAXT 

7 TTCGGAXGACGAG*CCCCGTAGAGGGCATAATCCGACTCGTCGTACTGGACGAAACGGACCTCGCCCCTCTGGCGCGA- GTGTCTOTAOGOC-CCACGGCGGGAOGTGTCAGG JtfT 
241 TTCGGATGACGAGCCCCCGTAGAGGGCATAATCCGACTCGTCGTACTGGACGAAACGGACCTCGCCCCTCTGGCGCGAGCXTGTCTGTAOGGCGCCACGGCGGGAOGTGTCAGGCOOACT 
252 TTCGGATGACGAGCCCCCGTAGAGGGCATAATCCGACTCGTCGTA-TOGACGAAACOGACCTCOCCCCTCTGGCGCGA-G'TGTCTGTAGGOCGCCACGGCGGCAGGTCTCAGGCOGACT 

64 TTCGGATGACGAGCCCCCGTAGAGGGC-TAATCCGACTCGTCGTACT*GACGAAACGGACCTCGCCCCTCTGGCGCGA--»TGTCTGTAGGGCCOCACGGCGCGAGGTGTCACGCGGACT 
93 AfiCCCXXGTAGAGXXCATAATCCGACTCGTCGTACTGGACGAAAXXGACXTXGCCCCTCTGXCGCGAXCXTGTCTGTAOGGCGCCACGGCGGGAGGTGTCAOGCOGACT

213 TCGTACTGGACGAAACGGACCTCGCCCCTCTGGCGCGAQCGTGTCTGTAGOGCGCCACGGCGGGAGGTGTCAOGCOOACT
-4 2 5  TACTG *AC •  *AACGGACCT*GCCCCTCTGGCGCGAXCXT-TCTCTAGGG-GCCACGGCGGGA*GTGTCAGGCGGACT

66 AAACGGACCTCGCCCCTCTGGCGCGAGCGTGTCTGTAGGGCGCCACGGCGGGAGGTGTCAGGCGGACT
24 CTCGCCCCTCTGGCGCGACOGTGTCTGTAGGGCG-CACGGCGGGAGGTGTCAGGCCGACT

12 7 TTTGXCGCGAXCGTGTCTGTAGGGCGCC ACGGCGGGAGGTGTC AGOCGGACT
312 CGCGAGCGTGTCTGTAGGGCGCCACGGCGGGAGCTGTCAGGCGGACT

-2 4 2  TXTCAGXCGXACA
-5 2  CT

TTCGGATGACGAGCCCCCGTAGAGGGCATAATCCGACTCGTCGTACTGGACGAAACGGACCTCGCCCCTCTOGCGCGAaCGTGTCTGTAGGaCGCCACGGCGGCAGGTGTCAGGCGGACT

7330 7340 7350 7360 7370 7380 7390 7400 7410 7420 7430 7440
-3 7 1  ATCGGGACTCGCCATACCTGAAGACGGGGTGTAGTACAGATCCTCGTACTCATCGCGCGGAACCTCCCGCGGACCCGACTTCACOGAGCGGCGAGACCTCATGTTTCCACGAACACGCTA 

78 ATCGGGACTCGCCATACCTGAAGACGGGGTGTAGTACAGATCCTCGTACTCATXGCGCGGAXXCTXCCGCGXACCXGACTTXACGXACCOXCCAGAGGTCATGXXTCXAXGAACAXGCTA 
393 ATXGGGAXTXGCXATACXTGAAGAXGGGGTGTAGTACAGATCCTCGTAXTCATCOCGCGG

7 ATCGGGACTCGCCATACCTGAAGACGGGGTG ATCCTCGTACTCATCOCGCGGAACCTXCCGCGGACCCGACTXCACOG
241 ATCGGGACTCGCC ATACCTGAAGACGGGGTGTAGTAC AGATCCTCGTACTCATCOCGCOOAACCTCCGCCCXACC 
252 ATCGGGACTCGCCATACCTGAA'ACGGGG 

64 ATC GGG
93 ATCGGGACTCOCCATACXTGAAGACXGGGTGTAGTACAGATCCTCGTAXTCATCGCGXGGAACCTCCXGGCXACCCGACTTCACGGAGCOGCGAGAGGTCATCXTTCXAXGAXCAXOXTA 

213 ATCGGGACTCGCCATACCTGAAGACGGGGTGTAGTACAGATCCTCGTACTCATCGCGCGGAACCTCCXGCGGACCCGACTTCACGGAGCGGCGAGAGG 
-4 2 5  ATCGGGAGTCGCCATACCTGAAGAC*GGGTGTAGTACAGATCCTCGTACT-ATCGCGC*GAACCTCCCGCGGACCCOACTTCACGGAGCGGCGAGAGGTCATGGTTCCACGAACACGCTA 

66 ATCGGGACTXGCCATACCTGAAGACGGGGTGTAGTAGAGATCCTCGTACTCATCGCGCGGAACCTCCCGCGGACCCOACTTCACGGAGCOGCCAGAGGTCATGGTTCCACGAACAGGCTA 
24 ATCGGGACTXGCCATACCTGAAGACGGGGTGTAGTACAGATCCTCGTACTCATCGCGCOGAACCTXCCGCGGACCCGACTXCACGG 

127 ATCGGGACTCGCCATACCTGAAGACGGGGTGTAGTACAGATCCTCGTACTCATCGCGCOGAACCTCCCGCGGACCCGACTTCACGGAGCGGCGAGAGGTCATGGTTCCACGAACACGCTA 
312 ATCGGGACTCGCCATACCTGAAGACGGGGTGTAGTACAGATCCTCGTACTCATCOCGCGGAACCTCCCOCGGACCCGACTTCACGGAGCGGCGACAGGTCATGGTTCCAXGAACACGCTA 

-2 4 2  TTCGGXACTCGCCATACCTXAAXACGGGXTCTAXTACAGATCCTCXTACTCATCXCXCGXAACCTCCCGCGXACCCGCCTTCACXGXACGGCXA-AGTCCATCATXCCACXAACACGCXA 
-5 2  ATCGGXA-TCGCCATACCTGAXGAXGGGGTCTAGTACAGATCCTCGTACTCATCGCGCGXAACCTCCCGCGGACCCGACTTCACGGAGCOGCGAGAGGTCATGGTTCCACGAACACGCGA 
466 ATACCTGAAGACGGGGTGTAGTACAGATCCTCGTACTCATCOCGCOGAACCTCCCGCGGACCCGACTTCACGGAGCGGCGAGAGGTCATGGTTCCACGAACACGCTA
-9 0  AAGXTCCTCTTACTXAXCGC -XGGACACTCCCGCGGACCCGACTTCACGGAGCGGCGAGAOGTC ATGXTTCCACGAAC ACGCTA

-4 4 4  CCTCTGACTCATC -COCGXAACCTCCCGCGXACCCXACTTCACGGAltCGGCGAGAGXTCATGGTTCC ACXAAC ACGCTA
-1 3 7  GAACCTCCCGCGGACCCGACTTC ACGGAGCGGCGA-ACQTTATCGTTCCACCAA-ACGCTA
-2 3 6  CACGGAXCGGCGATAGGCCXTAGTTCCAC -AAC ACGCTA
-1 7 8  C AC GXAXCGXCXAXAGXTCATCGTTCCACOAAC ACGCTA

10 CGGCGAGACGTCATGGTTCC AC GAAC ACGCTA
-3 9 5  OGTTCCACXAACACGCTA
-2 1 0  TCCACGAACAXOCTA

ATC GGGACTCGCCATACCTGAAGACGGGGTGTAGTACAGATCCTCGT AC TCATCGCGCGGAACCTCCCGCGGACCCGAC TTC ACOGAGCGGCGAGAGGTCATGGTTCCAC GAAC ACGCTA

7450 7460 7470 7480 7490 7500 7510 7520 7530 7540 7550 7560
-3 7 1  GGGTCGGATGCGCGGACAATTAGGC 

78 QGXTCGGATXXGCGXACXATTAGXXCTG 
93 6GGTCGGAT
66 GGGTCGGATGCGCGGACAATTAGGCCTGGGTTCGGACGGCGGGGGTGGTXCAGGTGTGXAGAGGTCGAGCGATA 

127 OGGTCGGATGCGCGGACAATTAGGCCTGGXTTCGGACGGCGGGGG
312 OGGTCGGATGXGCGGXCAATXAGXXCTGGXTTCGGACGX ____ _________

-2 4 2  XGGTCGCATGCGCGGACAATTAGGCCTGGGTTCGGACGGCGGGGGTGGTGCAGGTGTGGAGAGGTCGAGCGATAGGGGCGGCCCOGGAGAGAAGAGAOGGTCCGCAAAACCCACTOOGGA
-5 2  GGGTCGXATGXGCGGACAATTAGGCCTGGGTTCGGAXGGCGGGGXTG ___________
466 OGGTCGGATGCGCGGACAATTAGGCCTGGGTTCGGACGGCGGGGGTGGTGCAGGTGTGGAGAGGTCGAGCGTACGGGGCGGCCCGGGAGAGAAGAGAOG TCCG AAAGCCXATGG
- 90 XGGTCGXATGXOCGGACAATTAGGCCTGGXTTCGGACGCGGGGXXTGXTGXAGXTXTGX

-4 4 4  GGGTCGXATGCGCGGACAATTAGGCCTGGGTTCGGACGGCGGGGGTGGTGCAGGTGTGCACAGGTCGAXCGATAXGGGCGXCCCGGGAGAGAAGAGA 
-1 3 7  OGGTCGGATGXGCGGA-AATTAGGCCTGGGTTCGGAXGGCGGGGGTGGTGGAGGTGTGGAGAGGT ________
-2 3 6  GGGTCGGATGXGCGGACAATTAGGCCTGGCTTCGGACGGCGGGGXTGGTGCAGTCGTGGCA-AGTCGAGCGATAGGGGCGGCCCGGGAGAGAAGAGAGGGTCCGCAAAACCC^TGCWA 
-1 7 8  XGGTCGXATGXGCGXAC AATTAGGCCTXGGTTCGGACCGCGXGGGTGGTGC AGXTGTGGAGAGGTCGAGCGATAGGGGCGGCCCGCGAGAGAAGAGAGGGTCCGCAAAACCC^TCGœA 

10 GGGTCGGATGCGCGGAC AATTAGGCCTGGGTTCGGACGGCGGGGGTGGTGC AGGTGTGGAGAGGTCGAGCGATAGGGGCGGCCCGGOAGAGAAGAGAOC -TCCGCAAA^CCA-TCOTCA 
-3 9 5  XGGTCGXATXCGCGXACAATTAGGCCTGGGTTCGXACGGCGGGGGTGXTOCAGXTGTGXAGAGGTCXAGCCATAGGGGCGGCCCOGGAGAGAAGAGAOGGTCCOCAAA^CC^TGG^A
-2 1 0  = « = = T C O X A T X X G C G ^ j ^ ^ l ^ C T « X ^ G ^ G « ^ « ^ X T G C A « ^ ^ ^

-4 5 7  CTTGGTCGACGCGGGTGTGAGGAAGTCGAGCGATA*GGGCGGCCCGGXAGAGGAGAGAGGGTCCGCAAAACCCACTCGGGA
-9 9  TGXACATGTGGAGAGGTCGAGCGA-AGGGGOGGCCCCGGAGAGAACAGAGGGTCCGXA--ACCXACTGGGXA
,0 7  ACGTCGAGCGATAGGGGCGGCCXGGCAGAGAAG6GAGGGTCCGCAAAXCCCACT0GGXA
, , ,  ABGGTCCGCAAAACCCACTGGGGA

GGTCCOCAAAXCCXACTGGGXA
' to TGGGGA

GCGTCGGATGCGCGGACAATTAGGCCTGGGTTCOGACGGCGGGGCTGGTGCAGGTGTGGAGAGGTCGACCGATACGGOCOGCCCOGCAGAGAAGAGAGGGTCCGCAAAACCCACTGGOGA

7570 7580 7590 7600
-242  TGCGTGAGTGGCCCTCTGTGGGCGGTGGGGGAGAGTCTTATA

Î S gÎ gÎ g? ^ c c t c Î S ? ^ m t c S ^ g w t c Ï tatag g a a g tg c a ta ta a c c a c a a c c c a tg g g tc ta a g g a a tc c c c a o g g g c c a a c a a a c a g a c a c g c c c c a a a c o g tc tc g  

Î ^ g tcÂg Î ^ c c Î ? Î gÎ ^ ^ Î S ^ ^ ^ Î g tc tta ta g g a a g tg c a ta ta a c c a c a a c c c a t g g g t c t a a c c a a t c c c c a o g g g c c a a c a a a  
t g c g t g a g tg x c c c tc tg tg g g c g g tg g g g g a g a g tc tta ta g - a a x t o c a t

TGCCTGAGTGGCCCTCTCTGGXCGCTGGGGXAGAGTCTXATXCGAACTACAT

g ,  ATATAXCXACXACCCATCGXTCTAACXAATCCCXAGGGGCCAAGAAACAGACAXGCCXXXAACGGTCTCC
ACAAACAGACACGCCCCAAACCGTCTCA

AACXCTCTXX’477 ^ =TCCGTGAGTGGCCCTCTGTXWGCGGTOGOGGACAGTCTTATAGGAAGTOCATATAACCACAACCCATOGCTCTAACCAATCCCCAGGGGCCAAGAAACAGACACGrCCCAAACGGTCTCG



7 6 9 0  7 7 0 0  7 7 1 0  7 7 2 0  7 7 3 0  7 7 4 0  7 7 5 0  7 7 4 0  7 7 7 0  7 7 0 0  7 7 9 0  7 8 0 0
- 1 7 8  OTTTCCOCGA 
- 4 5 7  GTTTCCOCXAGCAACOCXAA

-3 3 9  OTTTCCGCGAGCAAGGGGAACTCCTGGCACACCCTCCACCCCCACCCCTCACCCCACACAGGaCOOGTTCAOGCOTOCCCOOCAGCCAOTAXCCTCTCGCACAT 
70 OTTTCCGCOAGGAAGGGOAAGTXCTGGXACACCXTCllACCCCXACCCXTCAXCCCACACAGGC 

-311 GTTTCCGCGAGGAAGGGGAAGTCCTGOGACACCCTCCACCCCCACCCCTCACCCCACACAOGGCGGGTTCAG 
209 ATTTCXOCGAGGAAGGGOAACTCCTGGCACACCXTXCACCCCXAXCCCTXACCCXACACAGGGCGGXTTXAGGCOTOCCXGOXAGCCAGTAGC 

89 OTTTCXOCGAXGAAGGGOAAGTCCTGOGACACCXTCCACCCCCACCCCTCACCCCACACAGGGCGGCTTCAGGCGTOCCCGGCAGOCAOTAOCCT 
94 ATTTCCGCCAGGAAGGGGAACTCCTCGCACACCCTCXACCCCXACCCCTCACCCCACACAGGGCGGGTTCAOGCOTG

-3 8 0  o t t x c x g c x a g x x a g c x x x x x t c x t o g x a x a c c x t c x a c c c c x a c c c x t x a c c c x a x a x a g x x c g x x t t c a x g c x t g c c c g x c a g c c a g t a x c c t c t g g c a g a t c t g a - a - acctgtocc
477 GTTrCCOCGAOGAAGGGOAAGTCCTGGGACACCCTCCACCCCCACCCCTCACCCCACACAGGGCGGGTTCAGGCGTOCCCOOCAOCCACTAOCCTCTOGCAGATCTGACAGACGTGTQCG 
482 TGGGACACCCTCCACCCCCACCCCTCACCCCACACAOOOCGCGTT'AOGCGTGCCCOOCAGCCACTAOCCTCTG-'ACATCTGACAGACCTGTGCC

50 CACXCAGTAGCCTCT-XXACATCTGACAGACGTGTOCG
471 AGXCACTAAOCTCTGGXACAT-TGACACAXCTGTGCG
392 ABATCTGACACAXCTCTGCC

•261 CTGTOCC
OTTTCCOCOAGCAACGGCAAGTCCTGGGACACCCTCCACCCCCACCCCTCACCCCACACAGOOCOGCTTCACOCCTOCCCOOCAGCCACTAOCCTCTOCCAOATCTCACAGACGTCTQCG

7810 7820 7830 7840 7850 7860 7870 7880 7890 7 *0 0  7 *1 0  7 *20
-3 8 0  ATAATACACACGCCCATCGAGGCCATGCCTACATAAAACGOCACCAGGGCCCCCOOGOCAGACATTTGOCCAXTCTTTTGGGTCTCGCACCOCOCOCCCCCGATCCCATCGCOCCCGCCC

47 7  ATAATACACACOCCCATCGAGGCCATGCCTACATAAAA
462 a t a a t a c a c a c g c c c a t c g a g c c c a t g c x t a c a t a a a a g g g c a c * acg c cccccg g g g c ac ac atttg g c c ag tc ttttg g o tc tc c c ac c o c g c o c c c c c g atc c c atc g c g c c c g c c c

50 ATAAT*CACACG*CCATCGAGGCCATGCCTACATAAAAGGGCACCAGGGCCCCCGGGGCAGACATTTGOCCACTGTrrTGGGTCTCGC-XCOCOCGCCCCXGA-CCCAT  
471 ATCATA-A-AXXCCCATCGAGGCCATGCCTACATAAAXGGGCACXAGGGCCCCXXGGGXAGACATTTGGCCAGTCTTTTCGCTCTXCA
392 ATAATA-A-ACGCCCATCGAGGCCATGCXTACATAAAAGGGCACXAGGGCCCCCGGGGCAGACATTTGOCCAGTGTTTTGGCTCTCGCACCOCGCGTCCCCGATCCCATCOCGCCXCCCX

-  261 ATAATAC ACACGCCCATCCACG •CATCCCTAC ATAAAAGGGC ACC AOGGCCCCCOGCGCAGAC ATTTGOCC A XT-TTTTG G G TCTC  •CACCOCGCCXCCCCGATCCXATC
- 3 9 6  CGCCXATCXAGXCCATGCCTACATAAAXGGXCACCAGGGCCCCCGGGOCAGACATTTGGCCAXTATTTTOGGTCTCOCACCGCGCOCCCCCGATCCCATCGCGCCCOCCC
-442 CGCCXATCXAGGXCATGCCTACATAAAAGGXCACCAGGGCCCCCGGGXXACACATTTGGCCAXTGrTTTOGXTCTCXCACCOCGCGCCCCCGATCCCATCCCGCCCGCCC
-2 2 1  GCXACCAGGGXCCCCGGGGXAGACATTTGXCCAGTATTTTGGXTCTCGCACCGCGCGCCCCCGATCCXATCGCGCCCOCCC
-  2 54 CCCCGGGGCAGAC ATTTGOCC AXT -TTTTGGXTCTCGCTCCGCGCGCCCCCGATCCC ATCGCGCCCGCCC
-2 9 5  GGCA-ACATTTGOCCAXTGTTTT*OOTCTC*CACCOCOCOCCCCCGATCCCATXXCGCCCGCCC

-31  COATCCGATCGCGC-COCCC
-3 3 6  CCOCCC

ATAATAC AC AC GCCCATCGAGGCCATGCCTACATAAAAGGGCACCAGGGCCCCCGGGGCAGACATTTGGCCACTGTTTTGGGTCTCGCACCGCOCOCCCCCGATCCCATCOCOCCCGCCC

7 9 3 0  7 9 4 0  7 9 5 0  7 9 6 0  7 9 7 0  7 9 8 0  7 9 9 0  8 0 0 0  8 0 1 0  8 0 2 0  8 0 3 0  8 0 4 0
-  380 t c c t c g c c g c xc g g c tc c c c g c g c g g o c g c c xg tc tc c c g c c g c taag  

462 T*CTCGCCGGGCGGCTCCCCGCGCGC
392 TCCTCGCCGGGCGGCTCCCXGCG-GGGCCCGCGT-TCCXGCCGXTAAGGXXACGAGXAAGACA 

-3 9 6  TCCTCGCCGGGCGGCTCCCCGCGCGGGCCCGCGTCTCCCGCCGCTAAGGCGACGAGCAAGACAAACAACAGOCCCOCCCGACAGACCCTTCTOGCOGGGCCCATCGTCCCTAACACXAA 
-442  TCCTCGCCGGGCGGCTCCCCGCGCGGGCCCGCGTCTCCCGCCGCTAAGGCGACGAGCAAGACAAACAACAGXCCCGCCCGACAGACCCTTCTGGGGOGGCCCATCCTCCCTAACAGXAAG 
-221 TCCTCGCCXGGCGGCTCCCCGCGCGGGCCCGCGTCTCCCGCCGCXAAGGCGACGAGCAAGATAAACAACACGCCCGCCCGACAGACCCTTCTGGGGGGGCCCATCGTCCCTAACAGGAAG
-  2 54 TCCTCGCCGGGCGGCTCCCCGCGCGGOCCCGCGTCTCCCGCCGCTAAGOCGACGAGCAAG AC AAACAAC AGOCCCGCCCOACAGACCCTTCTGGGOGGOCCCATCGTCCC 
-295  TCCTCCCCGGGCGGCTCCCCGC*CGGGCCCGCGTCTCCC0CCGCTAAC0C»ACGAGCAAGACAAACAACACGCCC0CCCGACAGACCCTTCTGCGG

- 3 1  TCCTCG*CXGGCGGCTCCCCGCGCGGG-CCXCGTCTCCCGCCGCTAAGGCGACGAGCAAGACAAACAACA*0CCCGCCCGACACA 
- 3 3 6  TCCTCGCCGGGCGGCTCCCCGCXCGGGC-CCCXTCTCCCGCCGCTAAGGCGACGAGCAACACAAACAACAGOCCCOCCCGACACACCCTTCTGGGGGGGCCCATCGTCCCTAACAGGAA- 

23 9  TCCCCGCGCGGGCCCGCGTCTCCCGCCOCTAAXGXGACGAGCAAGACAAACAACACGCCCGCCCGACAGACCCTTCTGGGGGGGCCCATCGTCCCTAA-AGCAAG
232 AACAGGCCCGCCCGACAGACCCTTCTGGGGGGOCCCATCGTCCCTAACAGGAAG
336 AATXGTXCCTAACAGGAAG

ATCGTCCCTAACAGGAAC
TCCTCGCCGGGCGGCTCCCCGCGCGGGCCCGCGTCTCCCGCCGCTAAGGCGACGAGCAAGACAAACAACAGGCCCGCCCGACAGACCCTTCTGGGGGGGCCCATCGTCCCTAACAGGAAG

8 0 5 0  8 0 6 0  8 0 7 0  8 0 8 0  8 0 9 0  8 1 0 0  8 1 1 0  8 1 2 0  8 1 3 0  8 1 4 0  8 1 5 0  8 1 6 0
-4 4 2  ATXAGTCA  
-2 2 1  ATGAGTCA 
- 3 3 6  ATGAGTCACTXXGGA  

239 ATGAGTCAGTGGGGA 
232 ATGAGTCAGTGGGGA 
335 ATGAGTCAGTGGGGA 
401 ATGAGTC AGTGGGGA 

ATGAGTCAGTGGGGA
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Most of the data were obtained using the gradient gel 
system. However, there were several regions of ambiguity as 
a result of so-called gel compressions. These are caused by 
formation of local areas of secondary structure, which are 
stable enough to resist dénaturation under the usual gel 
conditions, in the newly synthesised strand. Such molecules 
have aberrant mobilities and give false gel readings which 
were recognised either as obvious peculiarities on the 
autoradiograph or by the detection of frameshifts in a clear 
ORF, by use of the FRMSCN program. The solution to the 
problem is to design gel conditions which destabilise the 
secondary structure. The method used throughout this study 
was to run "hot-gels", that is, standard sequence reactions 
run on single concentration gels which were artificially 
heated by means of a water jacket. Typical examples of 
sequencing autoradiographs, which include examples of 
compressions and their resolution, are shown in Figures 10 
and 11.

5.1.2 Interpretation of the Sequence Data
The location of protein coding sequences in BamHI F was 

based on several lines of evidence (the principles by which 
named computer programs work are discussed in section 4.9);

(a) the identification of ORFs with the DSPLAY program.
(b) the existance of a typical HSV-1 protein codon 

usage within ORFs, as revealed by the FRMSCN program.
(c) the published mRNA map (Hall et al, 1982; see 

Figure 12a). In the case of the mRNA for Vmw65 detailed SI 
nuclease mapping was performed.

(d) homology to ORFs in the analogous region of the VZV 
genome (Dr.A.Davison, personal communication).

Figure 12b shows all open reading frames in the 
sequence of BamHI F in the prototype orientation. Those open 
reading frames which coincide with regions which exhibit a 
codon usage consistent with a standard HSV-1 protein coding 
usage are shown by heavy lines. Fortunately the relatively 
high %G+C content of HSV-1 DNA, which results to a great
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Figure 10; Examples of Sequence Autoradiographs I .

This figure shows half of the results obtained from a 
typical wide gradient sequencing gel. The clone numbers are 
marked along the top. Down the side of the figure are 
detailed some features of the sequences, the order of 
reactions being TCGA. In most clones the "top " and "bottom" 
of the insert can be seen (marked on figure), this being 
discerned from the characteristic M13 sequences shown. In 
particular, the pattern of T residues is immediately 
recognisable as Ml3 sequence. The size of the inserts from 
this cloning experiment vary considerably and some are very 
small. Small inserts are preferentially cloned into M13 
phage and if possible should be avoided. Other features of 
the sequence to be noted are:

(a) The first C or G band in a run of C's or G's is 
often feint and immediately followed by a very intense band 
which may mask the first.

(b) The first A or T band in a run of A's or T's is 
almost always very intense compared to subsequent bands.

These features can often be used diagnostically to confirm 
the presence of a particular base during a gel reading.
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Figure 11; Examples of Sequence Autoradiographs II.

Two examples of sequence artifacts are shown.

Panel A shows a typical sequence, much like those 
presented in Figure 10, however, panel B shows a similar 
region of a clone which is particularly high in G and C 
residues. It was noted during the project that long clones 
reading into this region gave "fuzzy" bands after about 
100-150 bases, presumably due to the formation of some 
secondary structure in the newly synthesised strand which 
was not resolved on a gradient sequence gel. Panel C shows a 
sequence reaction with the same clone (156) but run on a 
"hot gel" at 8?oc. Although not perfect, the bands are much 
sharper and more intense. Such gels, coupled with shorter 
clones in this region, allowed the unambigous resolution of 
the sequence.

Panels D and E show the resolution of a typical 
compression due to the aberrant migration of newly 
synthesised DNA able to form a stable secodary structure. D. 
shows the result of running the sequence reaction on a 
normal gel, the boxed region defines the compression which 
might be read as: T, G, C, G, G, C, G, C, G, T. The region 
from reactions run on a hot gel (panel E ) reads: T, G , G, C, 
G, C, G, C, G, T. Compressions are often obvious, as in this 
case, but may be indicated only by the absence of a band.
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Figure 12;

(a) The mRNA Map of Hall et al (1982)

The positions of the seven mRNAs mapped to BamHI F are 
shown aligned against a partial restriction enzyme map of 
BamHI F taken from the sequence data. The number assigned to 
each mRNA is the same as that used by Hall and co-workers. 
The approximate, experimentally determined, length of each 
mRNA is given in nucleotides. Brackets indicate that the 
whole mRNA does not map in BamHI F. Abbreviations used for 
restriction enzyme cleavage sites are: B, BamHI; Sa, Sail;
P, PvuII; K, Kpnl; S, Smal; X, Xhol; Bg , Bglll.

(b) Output from the program DSPLAY

This program records the positions of ORFs beside a
rough map of the DNA sequence of interest.

This figure is available as a loose sheet at the back of the
thesis.

There is an additional ORF, denoted by *, for which no mRNA 
was mapped by Hall e^ (1982; see above). Evidence, 
discussed in the text, would predict that no such gene is 
transcribed during the HSV-1 lytic cycle.
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extent from changes in the third base position, gives coding 
regions a particularly biased codon usage. This means that 
such an analysis can, in many cases, positively identify 
protein coding sequences and obvious frameshift errors in 
the primary data. A typical graphical output from FRMSCN is 
shown in Figure 13.

These two pieces of evidence were combined with the 
mRNA mapping data of Hall and co-workers (1982) to predict 
the existence of four protein coding sequences in the 
sequence of BamHI F, consistent with the same authors' in 
vitro translation data. A complete sequence listing and 
translation of all four hypothetical ORFs is presented in 
Figure 14. A provisional nomenclature of the form BmFX has 
been decided upon to indicate that the ORF lies in the BamHI 
F fragment and has approximate molecular weight X,000. It is 
likely that this nomenclature will be changed, when the 
complete sequence of the long unique region is known, to tie 
in with the system used to name hypothetical ORFs in the 
short unique region (M^Geoch et al , 1985). The ORF which 
corresponds to the gene for Vmw65 has been labelled as such. 
The prime notation given to BmF72', the leftmost ORF, is 
meant to indicate that the ORF is incomplete and continues 
into the adjacent restriction fragment.

5.2 The Gene for Vmw65
A subclone of that region of BamHI F covering the gene 

for Vmw65 had been constructed previously and named pM31 
(Campbell et al , 1984). It consists of a Sail (position 
4099) to Xhol (position 1490) fragment cloned into the 
vector pUC9. An 81 mapping experiment was performed in order 
to map the 5' terminus of the mRNA for Vmw65. Ten micrograms 
of infected or mock-infected cell RNA (isolated 6 hours 
after infection) was hybridised to a fragment, uniquely 5' 
end-labelled at an Mlul site (position 1833) or Sail site 
(position 1958), prepared from pMCl. A similar experiment 
was performed to locate the S' terminus of the mRNA using a
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Figure 13: Graphical Output from the Program FRMSCN

This program (described in section 4.9.2) clearly 
reveals the positions of the four genes in BamHI F, which 
are labelled according to the molecular weights of the in 
vitro translated products (Hall et al , 1982). The x-axis is 
the sequence of BamHI F and the y-axis is a logarithmic 
scale of the probability of the region being coding. Note 
that the three graphs represent the analysis in each of the 
three possible reading frames.

An equivalent analysis, for the opposite strand, is 
presented below.
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Figure 14; The sequence of BamHI F

Presented here is 8055 base pairs of sequence. All 
predicted ORFs are shown with their translation above the 
DNA sequence, except the N-terminus of the dUTPase which is 
shown below to indicate that it is translated from the 
opposite strand. The initiation sites of the transcripts
mapped by Hall et al (1982) are shown as O  , except
where the degree of precision merits a less specific marker 
in which case an open box of variable length is shown. The
terminus of the mRNA for Vmw65 is marked a s ----- X. The
precise 5 ' and 3' ends of the mRNA for Vmw65 were located by 
SI mapping (see Figure 15). Sequences for potential TATA 
boxes are underlined, as are probable polyadenylation sites.



TCCCCACTGACTCATCTTCCTGTTAGGGACGATGGGCCCCCCCAGAAGGGTCTGTCGGGCGGGCCTGTTGTTTGTCTTGCTCGTCGCCTTAGCGGCGGGAGACGCG 106 

GGCCCGCGCGGGGAGCCGCCCGGCGAGGAGGGCGGGCGCGATGGGATCGGGGGCGCGCGGTGCGAGACCCAAAAC ACTGGCCAAATGTCTGCCCCGGGGGCCCTGG 212 

TGCCCTTTTATGTAGGCATGGCCTCGATGGGCGTGTGTATT^GCACACGTCTGTCAGATCTGCCAGAGGCTACTGGCTGCCGGGCACGCCTGAACCCGCCCTGT 310
<  OmllNAS

GTGGGGTGAGGGGTGGGGGTGGAGGGTGTCCCAGGACTTCCCCTTCCTCOCGGAAACCGAGACCGTTTGGGGCGTGTCTGTTTCTTGGCCCCTGGGGATTGGTTAG 424
m RNA4,7 Q------------ ^

ACCCATGGGTTGTGGTTATATGCACTTCCTATAAGACTCTCCCCCACCGCCCACAGAGGGCCACTCACGCATCCCCAGTGGGTTTTGCGGACCCTCTCTTCTCTCC 530

0CGGGCCGCCCCTATCGCTCGACCTCTCCAC ACCTGCACCACCCCCGCCGTCCGAACCC AGGCCTAATTGTCCGCGC ATCCGACCCTAGCGTGTTCGTGGAACC 6 33

M T S R R S V K S G P R E V P R D E Y E D L Y Y T P  26ATG ACC TCT CGC CGC TCC GTG AAG TCG GGT CCG CGG GAG GTT CCG CGC GAT GAG TAC GAG GAT CTG TAC TAC ACC CCG 711

S S G M A S P D S P P D T S R R G A L Q T R S R Q R  52TCT TCA GGT ATG GCG AGT CCC GAT AGT CCG CCT GAC ACC TCC CGC CGT GGC GCC CTA CAG ACA CGC TCG CGC CAG AGG 789

G E V R F V Q Y D E S D Y A L Y G G S S S E D D E H  78GGC GAG GTC CGT TTC GTC CAG TAC GAC GAG TCG GAT TAT GCC CTC TAC GGG GGC TCG TCA TCC GAA GAC GAC GAA CAC 867

P E V P R T R R P V S G A V L S G P G P A R A P P P  104CCG GAG GTC CCC CGG ACG CGG CGT CCC GTT TCC GGG GCG GTT TTG TCC GGC CCG GGG CCT GCG CGG GCG CCT CCG CCA 945

P A G S G G A G R T P T T A P R A P R T Q R V A T K  130
CCC GCT GGG TCC GGA GGG GCC GGA CGC ACA CCC ACC ACC GCC CCC CGG GCC CCC CGA ACC CAG CGG GTG GCG ACT AAG 1023

A P A A P A A E T T R G R K S A Q P E S A A L P D A  156
GCC CCC GCG GCC CCG GCG GCG GAG ACC ACC CGC GGC AGG AAA TCG GCC CAG CCA GAA TCC GCC GCA CTC CCA GAC GCC 1101

P A S T A P T R S K T P A Q G L A R K L H F S T A P  182
CCC GCG TCG ACG GCG CCA ACC CGA TCC AAG ACA CCC GCG CAG GGG CTG GCC AGA AAG CTG CAC TTT AGC ACC GCC CCC 1179

P N P D A P W T P R V A G F N K R V F C A A V G R L  208
CCA AAC CCC GAC GCG CCA TGG ACC CCC CGG GTG GCC GGC TTT AAC AAG CGC GTC TTC TGC GCC GCG GTC GGC CGC CTG 1257

A A M H A R M A A V Q L W D M S R P R T D E D L N E  234
GCG GCC ATG CAT GCC CGG ATG GCG GCG GTC CAG CTC TGG GAC ATG TCG CGT CCG CGC ACA GAC GAA GAC CTC AAC GAA 1335

L L G  I T T l  R V T V C  E G K N L L Q R A N E L V N ,  260
CTC CTT GGC ATC ACC ACC ATC CGC GTG ACG GTC TGC GAG GGC AAA AAC CTG CTT CAG CGC GCC AAC GAG TTG GTG AAT 1413

P D V V O D V D A A T A T R G R S A A S R P T E R P  286
CCA GAC GTG GTG CAG GAC GTC GAC GCG GCC ACG GCG ACT CGA GGG CGT TCT GCG GCG TCG CGC CCC ACC GAG CGA CCT 1491

R A P A R S A S R P R R P V E -  302
CGA GCC CCA GCC CGC TCC GCT TCT CGC CCC AGA CGG CCC GTC GAG TGA AAACTTCCGTACCCAGACAATAAAGCACCAACAGGGGTTCAT 1581

TCGGTGTTGGCGTTGCGTGCCTTTGTTTCCCAATCCGACGGGGACCGGGACTGGGTGGCGGGGGGTGGGTTGGACAGCCGCCCTCGGTTCGCCTTCACGTGACAGG 1687
nRNAS ^ --------^

AGCCAATGTGGGGGGAAGTCACGAGGTACGGGGCGGCCCGTGCGGGTTGCTTAAATGCGTGGTGGCGACCACGGGCTGTCATTCCTCGGGAACGGACGGGGTTC ,'C 1793

GCTGCCCACTTCCCCCCATAAGGTCCGTCCGGTCCTCTAACGCGTTTGGGGGTTTTCTCTTCCCGCGCCGTCGGGCGTCCCACACTCTCTGGGCGGGCGGGGACGA 1899
VmwesM D L L V D E L F A D M N A D  15

TCGCATCAAAAGCCCGATATCGTCTTTCCCGTATCAACCCCACCCA ATG GAC CTC TTG GTC GAC GAG CTG TTT GCC GAC ATG AAC GCG GAC 1990

G A S P P P P R P A G G P K N T P A A P P L Y A T G  .41
GGC GCT TCG CCA CCG CCC CCC CGC CCG GCC GGG GGT CCC AAA AAC ACC CCG GCG GCC CCC CCG CTG TAC GCA ACG GGG 206b

S Q A Q L M P S P P 67
CGC CTG AGC CAG GCC CAG CTC ATG CCC TCC CCA CCC ATG CCC GTC CCC CCC GCC GCC CTC TTT AAC CGT CTC CTC GAC 2146

D L G F S A G P A L C T M L D T W N E D L F S A L P  93
GAC TTG GGC TTT AGC GCG GGC CCC GCG CTA TGT ACC ATG CTC GAT ACC TGG AAC GAG GAT CTG TTT TCG GCG CTA CCG 2224

T N A D L Y R E C K F L S T L P S D V V E W G D A Y  119
ACC AAC GCC GAC CTG TAC CGG GAG TGT AAA TTC CTA TCA ACG CTG CCC AGC GAT GTG GTG GAA TGG GGG GAC GCG TAC 2 302

V P E R T Q I  D I R A H G D V A F P T L P A T R D G  145
GTC CCC GAA CGC ACC CAA ATC GAC ATT CGC GCC CAC GGC GAC GTG GCC TTC CCT ACG CTT CCG GCC ACC CGC GAC GGC 2380



L G L Y Y E A L S R F F H A E L R A R E E S Y R T V  171CTC GGG CTC TAC TAC GAA GCG CTC TCT CGT TTC TTC CAC GCC GAG CTA CGG GCG CGG GAG GAG AGC TAT CGA ACC GTG 2458

Y L R A S V R Q L H R Q 197TTG GCC AAC TTC TGC TCG GCC CTG TAC CGG TAC CTG CGC GCC AGC GTC CGG CAG CTG CAC CGC CAG GCG CAC ATG CGC 2536

G R D R D L G E M L R A T I A D R Y Y R E T A R L A  223GGA CGC GAT CGC GAC CTG GGA GAA ATG CTG CGC GCC ACG ATC GCG GAC AGG TAC TAC CGA GAG ACC GCT CGT CTG OCG 2614

R V L F L H L Y L F L T R E I L W A A Y A E Q M M R  249CGT GTT TTG TTT TTG CAT TTG TAT CTA TTT TTG ACC CGC GAG ATC CTA TGG GCC GCG TAC GCC GAG CAG ATG ATG CGG 2692

P D L F D C L C C D L E S W R Q L A G L F Q P F M F  275CCC GAC CTG TTT GAC TGC CTC TGT TGC GAC CTG GAG AGC TGG CGT CAG TTG GCG GGT CTG TTC CAG CCC TTC ATG TTC 2770

V N G A L T V R G V P I E A R R L R E L N H I R E H  301GTC AAC GGA GCG CTC ACC GTC CGG GGA GTG CCA ATC GAG GCC CGC CGG CTG CGG GAG CTA AAC CAC ATT CGC GAG CAC 2848

L N L P L V R S A A T E E P G A P L T T P P T L H G  327CTT AAC CTC CCG CTG GTG CGC AGC GCG GCT ACG GAG GAG CCA GGG GCG CCG TTG ACG ACC CCT CCC ACC CTG CAT GGC 2926

N Q A R A S G Y F M V L I  R A K L D S Y S S F T T S  353
AAC CAG GCC CGC GCC TCT GGG TAC TTT ATG GTG TTG ATT CGG GCG AAG TTG GAC TCG TAT TCC AGC TTC ACG ACC TCG 3004

P S E A V M R E H A Y S R A R T K N N Y G S T I E G  379CCC TCC GAG GCG GTC ATG CGG GAA CAC GCG TAC AGC CGC GCG CGT ACG AAA AAC AAT TAC GGG TCT ACC ATC GAG GGC 3082

L L D L P D D D A P E E A G L A A P R L S F L P A G  405
CTG CTC GAT CTC CCG GAC GAC GAC GCC CCC GAA GAG GCG GGG CTG GCG GCT CCG CGC CTG TCC TTT CTC CCC GCG GGA 3160

H T R R L S T A P P T D V S L G D E L H L D G E D V  431
CAC ACG CGC AGA CTG TCG ACG GCC CCC CCG ACC GAT GTC AGC CTG GGG GAC GAG CTC CAC TTA GAC GGC GAG GAC GTG 3238

A M A H A D A L D D F  D L D M L G D G D S P G P G F  457
GCG ATG GCG CAT GCC GAC GCG CTA GAC GAT TTC GAT CTG GAC ATG TTG GGG GAC GGG GAT TCC CCG GGG CCG GGA TTT 3316

T P H D S A P Y G A L D M A D F E F E Q M F T D A L  483
ACC CCC CAC GAC TCC GCC CCC TAC GGC GCT CTG GAT ATG GCC GAC TTC GAG TTT GAG CAG ATG TTT ACC GAT GCC CTT 3394

G I D E Y G G -  491
GGA ATT GAC GAG TAC GGT GGG TAG GGGGCGCGACCGGACCCGCATCCCCCGTCTGGGTTTTCCCCTCCCGTCACCGGTTCGTATCCACAATAAACACG 3492

AGCACATACATTACAAAACCTGCGGTTGTCGTCTGATTATTTGGTGGTGGGGGAAAGAACTAGCCAGGAGACGGGACCGCGCAACCAACCCACTGGGGTCTGGGTT 3598

GCCGGCGTGTGTGTTAGCCGCGTCTGCGGGCCTGTCGTGTAGATTCGAAACCACGGACGGGTGATTGTGTCGCAGGGCGGCCCGCGTATAAAGGCGAGAGCGCGGG 3704
L I-------------- 9ACCGTTTCCGCATTTGGCCGGGGGCTGGGGCGGCGGGTAGCCTTCGCGGGAGATACTGCGTTTTTTTGCGCCGGCCCCGTCGCTCCCGTCCATTCCCATCGCGAGG 3810

M S  2
GGGTCCGGCGGCACCTACCCCGGCCTCCATCCGCGCTGTGGGGTCTTTTTCTTTTTTGGGGGGTAGCGGACATCCGATAACCCGCGTCTATCGCCACC ATG TCG 3914

A R E P A G R R R R A S T R P R A S P V A D E P A G  28
GCT CGC GAA CCC GCG GGG CGC AGG AGG CGC GCA TCC ACC CGC CCC CGC GCC TCG CCC GTG GCG GAC GAG CCA GCG GGC 3992

D G V G F M G Y L R A V F R G D D D S E L E A L E E  54
GAT GGG GTG GGG TTC ATG GGG TAC CTG CGT GCG GTG TTC CGC GGG GAT GAC GAC AGC GAG CTA GAG GCT CTG GAG GAG 4070

M A G D E P P V R R R R E G P R A R R R R A S E A P  80
ATG GCG GGC GAC GAG CCG CCC GTG CGC CGT CGA CGG GAA GGC CCG CGA GCC CGA CGA CGG CGC GCG TCG GAA GCC CCG 4148

P T S H R R A S R Q R P G P D A A R S Q S V R G R L  106
CCC ACA TCC CAT CGC CGA GCG TCC CGG CAG CGC CCC GGG CCC GAT GCG GCC CGT AGC CAG TCG GTG CGC GGT CGC CTG 4226

D D D D E V P R G P P Q A R O G G Y L G P V D A R A  132
GAC GAT GAT GAT GAG GTT CCC CGC GGT CCT CCG CAG GCC CGG CAG GGG GGA TAC CTG GGT CCC GTC GAC GCG CGG GCT 4304

I L G R V G G S R V A P S P L F L E E L Q Y E E D D  158
ATT TTG GGG CGG GTC GGC GGT TCG CGG GTG GCG CCG TCG CCG CTG TTC CTA GAG GAG CTG CAG TAC GAG GAG GAC GAC 4382

Y P E A V G P E D G G G A R S P P K V E V L E G R V  184
TAC CCG GAA GCC GTC GGG CCG GAG GAC GGC GGC GGG GCC CGT TCC CCG CCC AAG GTG GAG GTT CTG GAG GGA CGC GTG 4460

P G P E L R A A F P L D R L A P Q V A V W U E S V R  210
CCG GGC CCG GAG CTC CGG GCG GCA TTC CCG TTG GAT CGA CTG GCC CCT CAG GTT GCC GTG TGG GAC GAG TCC GTG CGC 4 5 3b

S A L A L G H P A G F Y P C P D S A F G L S R V G V  2 3 6

TCC GCC CTA GCC CTG GGG CAT CCG GCC GGG TTT TAC CCG TGT CCG GAT AGC OCG TTC GGG TTA TCG CGC GTG GGG GTC 4616



Q T L Q Q 262ATG CAC TTC GCC TCC CCC GAC AAC CCC GCG GTG TTT TTC CGC CAA ACC CTG CAG CAG GGC GAG GCG TTG GCC TGG TAT 4694

I T G D G  I L D L T D R R T K T S P A Q A M S F L A  288ATC ACG GGC GAT GGG ATT CTT GAC CTG ACG GAT CGT CGA ACA AAA ACC AGC CCC GCC CAG GCG ATG AGC TTT TTG GCG 477 2

D A V V R L A I N G W V C G T R L H A E A R  G S D L  314GAT GCC GTC GTG CGG CTG GCC ATC AAC GGG TGG GTG TGC GGG ACG CGC CTT CAC GCG GAG GCG CGC GGG TCT GAC CTG 4850

0 340GAC GAC AGG GCG GCC GAG CTG AGG CGG CAG TTC GCG AGC CTC ACG GCG TTG CGT CCC GTC GGG GCC GCG GCC GTG CCG 4928

L L S A G G L V S P Q S G P D A A V F R S S L G S L  366TTA CTG AGC GCG GGG GGG TTA GTG TCC CCC CAA TCC GGC CCC GAC GCC GCG GTG TTC CGC AGC TCG CTG GGG TCC CTG 5006

L Y W P G V R A L L D R D C R V A A R Y A G R M T Y  392CTG TAC TGG CCC GGG GTG CGC GCG CTG CTG GAC CGC GAC TGT CGC GTG GCC GCC CGC TAT GCC GGC CGC ATG ACG TAC 5084

L A T G A L L A R F N P D A V R C V L T R E A A F L  418CTG GCC ACC GGG GCC CTG CTC GCC CGC TTC AAT CCC GAC GCC GTC CGG TGC GTT TTG ACG CGG GAG GCC GCC TTC CTG 5162

G R  V L D V L A V M A E Q T V O W L S V V V G A R L  444GGG CGC GTG CTG GAT GTG CTG GCG GTG ATG GCG GAG CAG ACG GTC CAG TGG CTC TCG GTG GTC GTG GGG GCG CGC CTG 5240

H P H V H H P A F A D V A R E E L F R A L P L G S P  470CAC CCG CAC GTG CAC CAC CCC GCC TTT GCG GAC GTG GCG CGG GAG GAG CTG TTT CGC GCC CTG CCC CTG GGA AGC CCC 5318

A V V G A E H E A L G D T A A R R L L A N S G L N A  496GCG GTC GTG GGG GCC GAG CAC GAG GCG CTG GGC GAC ACC GCA GCG CGC CGG CTG CTC GCC AAC AGC GGG CTC AAC GCC 5396

V L G A A V Y A L H T A L A T V T L K Y A R A C G D  522
GTG CTG GGC GCT GCG GTG TAC GCG CTG CAC ACG GCC CTG GCG ACC GTG ACC TTA AAG TAC GCC CGG GCG TGC GGG GAC 5474

A H R R R D D A A A T R A I  L A A G L V L Q R L L G  548GCG CAC CGG CGC CGG GAC GAC GCG GCG GCC ACG CGC GCC ATT CTG GCC GCC GGG CTC GTC CTG CAG CGG CTG CTG GGC 5552

F A D T V V A C V T L A A F D G G F T A P E V G T Y  574TTT GCC GAC ACC GTG GTG GCG TGC GTG ACA CTG GCC GCG TTT GAC GGG GGA TTC ACG GCC CCC GAG GTG GGC ACG TAC 5630

T P L R Y A C V L R A T Q P L Y A R T T P A K F W A  600ACC CCC CTG CGC TAC GCG TGC GTC CTC CGA GCG ACC CAG CCC CTG TAC GCG CGC ACC ACC CCC GCC AAG TTC TGG GCG 5708

D V R A A A E H V D L R P A S S A P R A P V S G T A  626
GAC GTC CGC GCG GCC GCG GAG CAC GTG GAT CTG CGC CCC GCC TCC TCA GCG CCC CGG GCC CCC GTG TCC GGG ACG GCA 5786

D P A F L L K D L E P F P P A P V S G G S V L G P R  652
GAC CCC GCC TTT CTT CTC AAG GAC CTG GAG CCC TTC CCC CCC GCC CCC GTA AGC GGC GGG TCC GTG TTG GGC CCG CGG 5864

V R V V D I M S Q F R K L L M G D E G A A A L R A H  678
GTC CGC GTG GTG GAC ATC ATG TCC CAG TTT AGG AAA CTG CTG ATG GGA GAC GAG GGG GCC GCC GCC CTG CGG GCG CAC 5942

V S G R R A T G L G G P P R P -  694
GTG TCG GGG AGG CGC GCG ACC GGG CTG GGA GGC CCG CCA CGC CCA TAA GCTCCTCCCGATAAJ^GCGCCCCGATGGCCCTGGACGCGGC 6032

B n F 7 2 ‘
M Q R R T R G A S S L R L A R C  16

ATAACTCCGACCGGCGGGTCCCGACCGAACGGGCGTCACC ATG CAG CGC CGG ACG CGC GGC GCG AGC TCC CTG CGG CTG GCG CGG TGC 6120

L T P A N L I R G D N A G V P E R R I F G G C L L P  42
CTG ACG CCT GCC AAC CTG ATC CGC GGC GAC AAC GCG GGC GTT CCC GAG CGG CGC ATC TTC GGC GGG TGT CTG CTC CCC 6198

T P E G L L S A A V G A L R Q R S D D A Q P A F L T  68
ACC CCG GAG GGG CTC CTT AGC GCG GCC GTG GGC GCC TTG CGG CAG CGC TCC GAC GAC GCG CAG CCG GCG TTT CTG ACC 62 76

C T D R S V R L A A R O H N T V P E S L I V D G L A  .94
TGC ACC GAT CGC AGC GTC CGG TTG GCC GCG CGG CAA CAC AAC ACG GTT CCC GAG AGT TTG ATC GTG GAC GGG CTC GCC 63 54

S D P H Y E Y I  R H Y A S A A T Q A L G E V E L P G  120
AGC GAC CCG CAC TAC GAG TAC ATC CGG CAC TAC GCT TCG GCC GCC ACC CAG GCG CTG GGC GAG GTG GAG CTG CCC GGC 6432

G Q l S R A I L T Q Y W K Y L Q T V V P S G L D V P  146
GGC CAG TTG AGC CGC GCC ATC CTC ACG CAG TAC TGG AAG TAC CTG CAG ACG GTG GTG CCC AGC GGC CTG GAC GTC CCC 6510

E D P V G O C D P S L H V L L R P T L A P K L A G A  172
GAG GAC CCC GTG GGC GAC TGC GAC CCC AGC CTT CAC GTG CTG CTG CGG CCC ACC CTG GCG CCA AAG CTC GCT GGC OCG 6588



h p v q e r g r g g k y a a t v a g l r d a l h r i  198
CAC CCC GTT CAA GAG CGG GGC CGT GGC GGC AAG TAC GCC GCC ACC GTG GCC GGC CTG CGC GAC GCC CTC CAT CGG A TT 6 6 6 6

Q Q Y M F F M R P A D P S R P S T D T A L R L N E L  22 4
CAG C A G T A C A T G T T C  T T T  A T G CGC C C G GCG GA C C C A  A GC CGC C CC A GC A CC GA C A CC GC A  C T G C GG C T C  AAC GAG CT C 6 7 4 4

L  . A Y V S V L Y R W A S W M L W T T D K H V C H R L  2 5 0
CTG GCC TAC GTC TCC GTG CTG TAC CGG TGG GCG TCC TGG ATG CTG TGG ACG ACG GAC AAG CAC GTA TGT CAC CGG CTG 6 8 2 2

S P S N R R F L P L G G S P E A P A E T F A R H L D  2 7 6
AGT CCC TCC AAT CGC CGG TTC CTC CCG CTC GGC GGC AGC CCG GAG GCG CCC GCG GAA ACG TTC GCG CGC CAT CTG GAC 6 9 0 0

R G P S G T T G S M Q C M A L R A A V S D V L G H L  3 02
CGG GGT CCC AGC GGC ACG ACC GGC TCC ATG CAG TGC ATG GCG CTC AGG GCG GCG GTC AGC GAC GTC CTG GGC CAC CTG 6 9 7 8

T R L A N L W Q T G K R S G G T Y G T V D T V V S T  3 2 8
ACG CGC CTA GCC AAC CTG TGG CAG ACC GGC AAG CGG AGC GGC GGT ACG TAC GGG ACC GTG GAT ACC GTC GTA TCC ACG 7 0 5 6

V E V L S I V H H H A Q Y I I N A T L T G Y G V W A  3 54
GTG GAG GTT CTG TCG ATC GTC CAT CAC CAC GCC CAG TA T  ATC ATC AAC GCG ACC CTC ACC GGG TAC GGC GTC TGG GCC 7 1 3 4

T D S L N N E Y L R A A V D S Q E R F C R T T A P L  3 8 0
ACC GAC AGC CTG AAC AAC GAG T A T  CTG CGG GCC GCG GTG GAC AGC CAG GAG CGT TTC TGT CGG ACC ACC GCC CCC CTG 7 2 1 2

F P T M T A P S W A R M E L S  I  K A W F G A A L A A  4 0 6
TTC CCC ACG ATG ACC GCC CCC AGC TGG GCC CGG ATG GAG TTG AGC ATC AAG GCT TGG TTC GGG GCC GCC CTG GCC GCG 7 2 9 0

D L L R N G A P S L H Y E S I L R L V A S R R T T W  4 3 2
GAT CTG CTC CGC AAC GGG GCG CCG TCG CTC CAC TAC GAG TCC ATC CTG CGG CTC GTG GCG TCT CGC CGG ACG ACG TGG 7 3 6 8

S A G P P P D D M A S G P G G H R A G G G T C R E K  4 5 8
TCC GCG GGG CCT CCC CCG GAC GAC ATG GCC AGC GGC CCG GGG GGG CAT CGC GCG GGG GGT GGG ACC TGT CGG GAA AAG 7 4 4 6

l O R A R R D N E P P P L P R P R L H S T P A S T R  4 8 4
ATT CAG CGG GCG CGG CGC GAC AAC GAG CCC CCG CCC CTC CCC CGA CCT CGC CTA CAC TCG ACC CCC GCG TCC ACC CGG 7 5 2 4

R F R R R R A D G A G P P L P D A N D P V A E P P A  5 1 0
AGG TTC CGG AGG CGC CGC GCG GAC GGC GCG GGG CCC CCG C T T  CCG GAT GCG AAC GAC CCG GTC GCC GAG CCC CCC GCT 7 6 0 2

A A T Q P A T Y Y T H M G E V P P R L P A R N V A G  5 36
GCG GCC ACA CAG CCG GCC ACG TAT TAC ACG CAC ATG GGG GAG GTG CCC CCG CGC CTC CCG GCC CGT AAC GTC GCG GGA 7 6 8 0

P D R R P P A A T C P L L V R R A S L G S L D R P R  5 6 2
CCC GAC AGG CGA CCG CCG GCG GCG ACG TGC CCC CTC CTC GTC CGG CGC GCG TC T CTG GGG AGC CTC GAT CGG CCA CGG _ 7 7 5 8

V W G P A P E G E P D Q M E A T Y L T A D D D D D D  5 8 8
GTG TGG GGA CCC GCC CCG GAG GGA GAA CCC GAC CAG AT G GAA GCC ACG T AT  CTG ACG GCC GAC GAC GAC GAC GAC GAC 78  36

A R R K A T H A A S A R E R H A P Y E D D E S I Y E  6 1 4
GCC CGC CGC AAA GCC ACC CAC GCC GCC TCG GCC CGC GAA CGG CAC GCC CCC TAC GAG GAC GAC GAG TCA ATA TAC GAG 7 9 1 4

T V S E D G G R V Y E E I P W M R V Y E N V C V N T  6 4 0
ACG GTG AGC GAG GAC GGG GGG CGT GTC TAC GAG GAA ATA CCA TGG ATG CGG GTC TAC GAA AAC GTC TGC GTG AAC ACG 7 9 9 2

A N A A P A S P Y l  E A E N P L Y D W G G  6 61
GCG AAT GCA GCG CCG GCC TCC CCG TAC A T T  GAG GCG GAA A A T CCC CTG TAC GAC TGG GGG GGA 8 0 5 5
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fragment 3' end-labelled at an Xcyl site (position 3301).
The results are shown in Figure 15. The Mlul probe gave an 
Sl-resistant band estimated to be 67 bases in size, whereas 
an approximately 200 base band was obtained using the Sail 
probe. These data are consistent and place the mRNA start 
site at around position 1767. The 3' end-labelled probe 
produced an Sl-resistant band estimated to be 205 bases in 
size, locating the end of the mRNA at position 3512.

In the immediate 5' and 3' flanking sequences of the 
mRNA Vmw65 are several motifs similar to sequences 
implicated in the control of transcription initiation and 
termination, the details of which are discussed in the 
introduction. These are as follows:

(a) TTAAAT, at position 1738, which is a reasonable 
candidate for the "TATA box", a sequence important for 
efficient and accurate initiation of transcription. It is in 
approximately the expected position, about -30 with respect 
to the cap site. Similar sequence elements have been found 
in many genes transcribed by RNA polymerase II.

(b) AGCCAATGT, at position 1688, an excellent match to
a sequence, GGCCAATCT (the CAAT box), implicated in the
transcriptional activity of globin promoters but also found 
in many others.

(c) GC-rich motifs similar to those found in both the
SV40 21bp repeats and the HSV-1 TK gene. Specifically,
CCGCCC at position 1658 and GGGCGG at position 1718, are in 
approximately similar places relative to the "TATA box" as 
those elements found in the TK promoter.

(d) On the 3' side of the coding region lies a typical 
polyadenylation signal sequence AATAAA, at position 3483, 
followed about 30bp downstream by a sequence TGCGCTTG. This 
is consistent with sequences (consensus YGTGTTYY, where 
Y=pyrimidine) found in this position in many genes and shown 
to be functionally important in the termination of HSV mRNA.

The first initiating ATG codon to be found after the 
mRNA start was at position 1946 and conforms satisfactorily 
with the rules of Kozak (1983; 1984). This codon initiates 
an open reading frame of 490 amino acids whose codon usage
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Figure 15; SI mapping of the 5' and 3' termini of the mRNA 
for Vmw65

Panel (a) shows the results of using a 5' end-labelled 
restriction fragment to map the mRNA initiation site. The 
probes used were an EcoRI- Sail fragment, labelled at the 
Sail site, and an MluI-EcoRI fragment, labelled at the Mlul 
site. In both cases the EcoRI site is in the vector 
sequences. The Mlul probe gives a hybrid band of about 67bp 
in size positioning the mRNA start at position 1767, 
consistent with the hybrid, of about 200bp, obtained with 
the Sail probe.

Panel (b) shows an equivalent experiment to map the 3' 
terminus of the mRNA. The probe used in this case was a 3' 
end-labelled Hindlll-Xcyl fragment. The Hindlll site is in 
the vector. The hybrid band of about 205bp positions the end 
of the mRNA at 3512.

In both panels MI stands for mock-infected RNA and L is 
late, infected-cell, mRNA. The relative positions of the 
end-labelled probes used are shown below the gel.
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is consistent with that of other, known, HSV-1 proteins as 
determined by the program of Staden and MFLachlan (1982).

5.2.1 The Vmw65 Protein
From the above predicted ORF, Vmw65 is composed of 490 

amino acid residues and has a molecular weight of 54,342.
The amino acid composition is presented in Table 3. The 
protein is highly charged, with the acidic residues, 
aspartic and glutamic acid, accounting for 14.3% of the 
total amino acids. Those amino acid residues with basic side 
chains, arginine and lysine, make up a further 9%. The 
predicted net acidic character is consistent with 
two-dimensional gel electrophoresis of HSV-1 proteins, which 
has shown Vmw65 to be amongst the most acidic proteins in 
infected cells (Haarr & Marsden, 1981).

Analysis of hydropathicity shows that there are no 
extensive regions of an extreme hydrophobic or hydrophilic 
nature (data not shown). However, a histogram (Figure 16) of 
the numbers of basic or acidic residues every 30 amino acids 
reveals that there is a distinct polarity along the peptide 
backbone, with acidic residues prevalent in the 
carboxy-terminal 80 amino acids and basic residues 
concentrated'feward the amino-terminal region. The high 
leucine content may indicate that Vmw65 has a well Refined 
secondary structure as this chemically inert amino acid is 
relatively hydrophobic and has a propensity to form 
pleated sheet.

5.2.2 Homology to Other proteins
A clear homologue to Vmw65 has been detected in the 

genome of VZV (Dalrymple et al, 1985). The VZV protein has a 
molecular weight of 46,522 (46K). Figure 17 shows a matrix 
homology plot between the two proteins. It can be seen that 
they are approximately colinear except that the HSV-1 
protein has 80 amino acid residues, compared to VZV 46K, at 
the carboxy—terminus. Figure 18 is an optimal alignment of 
the two amino acid sequences, showing that approximately 35% 
of amino acid residues are conserved between the two
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Figure 16; Histogram of Acid/Basic Residue Distribution.

The distribution of acidic and basic residues along the 
polypeptide backbone of Vmw65 is plotted here. The interval 
is 30 amino acids. The data show that the distribution of 
each type of residue is not even.
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Figure 17; A CINTHOM Plot of Homology between Vmw65 and VZV 
46K.

This plot was obtained by use of the program described 
in section 4.9.2, using the mutation replacement matrix, a 
range of 12 and showing a minimum score of 25. It clearly 
shows colinearity between the two amino acid sequences 
except for the carboxy terminal 80 amino acid residues of 
Vmw65. HSV-1 Vmw65 lies along the X-axis and VZV 46k along 
the Y-axis.
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Figure 18; An Optimal Alignment of the Amino Acid Sequences 
of Vmw65 and VZV 46K.

The comparison was obtained by use of the optimal 
alignment program of Taylor (1984) - HO MOL - and the default 
parameters recommended by the author.
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proteins. Since the VZV and HSV—1 genomes have diverged 
considerably, to the extent that their base compositions 
differ by 21 percentage points (A. Davison, personal 
communication), this homology is regarded as good 
confirmation of the correctness of the Vmw65 ORF assignment. 
It has not been possible to detect a homologue to Vmw65 in 
another herpes virus, Epstein Barr virus, whose genome has 
been completely sequenced. Similarly, a search of the 
National Biomedical Research Foundation protein database 
produced no matches of obvious significance.

5.3 Discussion ; Vmw65
The results of Campbell et al (1984) clearly mapped the 

IE specific trans-activator gene to a portion of BamHI F, 
within which had been detected only one mRNA species, of 
about 1.7 kbp, encoding a protein of molecular weight 65,000 
(Hall et a l , 1982). Immune precipitations and 
hybrid-arrested translation experiments identified this 
protein as Vmw65, a major tegument species (Campbell et al, 
1984). Linker insertions in the middle of the transcribed 
region, designed to disrupt potential coding sequences, 
destroyed the ability of the fragment to trans-activate IE 
promoters. It was, however, still formally possible that a 
minor mRNA lay across these sequences and encoded a second 
protein, smaller than Vmw65 and possibly lying in a 
different reading frame. Analysis of the sequence of BamHI F 
shows that this is unlikely as there are no other ORFs of 
typical HSV-1 composition in the area covered by the mRNA 
for Vmw65 (see Figures 12b and 13). The predicted 54K MW 
ORF, designated as the gene for Vwm65, shows a codon usage 
remarkably similar to both the HSV-1 TK gene coding 
sequences (data not shown) and to other ORFs in BamHI F 
(Figure 13). The SI mapping data (Figure 15) is consistent 
both with the previously published map of Hall and 
co-workers and with the ORF prediction. The work presented 
here positions the 5' end of mRNA Vmw65 at 1766 and the 3 
terminus at 3512, giving a total length for the transcript 
of 1,746 bases, remarkably close to the value determined
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from Northern blots by Hall et al (1982). The evidence that 
Vmw65 is responsible for trans-act ivat ion of HSV-1 IE 
promoters is overwhelming.

The difference between the molecular weight determined 
by SDS-polyacrylamide gel electrophoresis and that from the 
predicted amino acid composition of Vmw65 is considerable. 
This is unlikely to be due to the reported phosphorylation 
of Vmw65 (Gibson & Roizman,1974; Marsden et al, 1978; McLean 
et al, 1982) since the in vitro translation product is of 
similar electrophoretic mobility (Hall et al, 1982; Campbell 
et al, 1984), although some in vitro translation systems can 
phosphory late newly synthesised proteins (M. Frame, personal 
communication). It is possible that the size difference is 
due to the excess of negatively charged residues (resulting 
in less bound SDS and hence lower mobility) or to the high 
proline content which might result in the formation of local 
kinks in the peptide backbone and hence retard protein 
mobility.

The question of which potential initiation codon is 
utilised in the translation of mRNA Vmw65 has arisen with 
the publication of the nucleotide sequence of the analogous 
region in HSV-1 strain F by Pellet et al (1985). The first 
two ATG codons, after the 5' end of the mRNA, lie at 1945 
and 1978 on the sequence of BamHI F (Figure 14). Pellet and 
co-workers favour M1978 as the initiating codon, presumably 
on the basis that an 8 bp linker insertion into a Sail site 
lying between the two ATGs does not affect trans-activation 
(Campbell et al , 1984). However, there are two lines of 
evidence which suggest that M1945 is at least as good a 
candidate and, indeed, that both AUG codons are utilised in 
vitro. Kozak (1983; 1984) has identified the sequence 
A/g n n a u GG as the optimal initiating environment for 
translation, although it is clear that other sequences are 
still functional. M1945 has the structure CCAATGG, a 
functional initiator in eleven cases out of 180 (Kozak,
1983) while M1978 has the structure GAGATGA*, functional in 
only 4 cases. The conflict with Pellet et al (1985) lies in
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the fact that there is a transition in their sequence from 
A* to G resulting in an initiation context which is 
functional in 10% of the cases examined by Kozak. The 
^tistical significance of 18/180 compared to 11/180 is 
doubtful and it is likely that translation initiates at 
M1945, thus the mRNA has a 5' untranslated leader of 179 
bases and a 3' non-coding region of 97 bases. This 
conclusion is supported by two-dimensional gel 
electrophoresis of infected cell proteins iHaarr & Marsden, 
1981; Marsden et a l , 1983). The position of Vmw65 in the 2-D 
gel system has been identified using the products of in 
vitro translation (C. Preston, personal communication), 
however, just below and to the basic side, a second protein 
species is consistently visualised and correlates with a 
similar protein from infected cells. The small shift in size 
and charge required to arrive at this position, relative to 
Vmw65, is consistent with an alternative initiation at 
M1978, which removes about 1,000 molecular weight and four 
acidic residues. Polypeptides resulting from translation 
initiation at downstream, in phase, AUG codons have been 
previously described in the case of HSV-1 thymidine kinase 
(Preston & McGeoch, 1981; Marsden et al, 1983).

It is of some interest to compare the Vmw65 sequence 
reported for HSV-1 strain F (Pellet et al, 1985) with that 
of HSV-1 strain 17 (Dalrymple et al, 1985; this thesis). 
Aside from the different translation initiation points 
taken, there are only three changes at the amino acid level 
(Figure 19) and none of these fall in regions of 
particularly high homology with VZV 46K (Figures 18 and 19; 
see later). At the level of nucleic acid, there are four 
deletions and three insertions in strain F relative to 
strain 17, two of the deletions being located in the 
putative coding sequences of BmF33. Seventeen single base 
changes have occurred in 2517 bp of published sequence, of 
which 13 reside in the coding sequences of either Vmw65 or 
BmF33. Eleven of the changes fall in the Vmw65 coding region 
but only three result in amino acid changes. It is 
interesting to note that all three base changes which lead
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Figure 19; Comparison of the Vmw65 Regions of HSV-1 strains 
17 and F

The sequence published by Pellet et al (1985) for HSV-1 
strain F is compared to the analogous region of strain 17. 
Insertion/deletion events are noted by the use of ^ or v . 
Mismatches are marked by 1. The translation of Vmw65 is 
shown and the occurence of mutations which alter the encoded 
amino acid are marked.
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to amino acid changes have occurred in the first position, 
whilst only t out of eight conservative base substitutions 
are in the first position, the remainder occurring in the 
third position.

The homologue to Vmw65 detected in the VZV genome, VZV 
46K, has an almost co-linear amino acid sequence but is 
shorter by 80 amino acid residues at the carboxy terminus.
It will be of interest to determine whether the VZV 
homologue and Vmw65 can stimulate expression from their 
heterologous IE genes. A preliminary experiment, in which a 
clone containing the entire VZV 46K gene and flanking 
sequences, was assayed for the ability to stimulate 
expression from pTKN2 (see Figure 27) in BHK cells by a 
standard co-transfection procedure, did not show stimulation 
of expression from the HSV-1 promoter (data not shown). This 
experiment was far from definitive as it was not determined 
whether the VZV gene was expressed, an important point since 
it is known that VZV cannot grow in BHK cells. In order to 
determine definitively whether the VZV 46K gene product can, 
or cannot, stimulate HSV-1 IE promoters, it will be 
necessary to replace exactly the coding sequences of Vmw65 
in BamHI F with the coding sequences of VZV 46K and assay 
the hybrid gene in co-transfection systems. One piece of 
evidence which suggests that the VZV homologue may not be 
able to stimulate expression of IE genes is based on the 
fact that the VZV gene homologous to HSV-1 IE3 does not 
exhibit sequences corresponding to the TAATGARAT consensus 
in its 5' flanking regions (Davison & Scott, 1984), and 
therefore, either VZV 46K recognises a different upstream 
sequence or it has no transcriptional stimulatory function. 
In this respect it is interesting to speculate that the 
carboxy terminal 80 amino acids of Vmw65 may be involved in 
the process of transcription stimulation. The distribution
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of acidic/basic residues (Figure 16) indicates a marked 
polarity to the protein molecule in which basic residues 
ptodominate near the amino terminus and acidic side chains 
at the carboxy terminus. It is unlikely that this acidic 
"tail" interacts with highly negatively charged DNA, but it 
may allow Vmw65 to interact with cellular DNA binding 
proteins. An experiment in which an 8 bp linker was inserted 
into the coding sequences at the Sail site at position 3179 
(thus placing the final 80 amino acids of Vmw65 out of 
phase), resulted in the loss of stimulatory activity (C. 
Preston, personal communication). Possible mechanisms for 
the action of Vmw65 will be discussed later.

There exists a temperature sensitive mutant of HSV-2 
strain HG52, called tsl3, which has an altered 65K 
polypeptide (H. Rixon, personal communication). This lesion 
was mapped to 0.64-0.70 map units and is believed to lie in 
the HSV-2 equivalent of Vmw65 (Moss et al , 1979). The Bglll 
I fragment of HSV-2 containing the region of interest was 
cloned, from both wild-type and mutant viral DNA, and tested 
for the ability to stimulate HSV-1 IE transcription in a 
short-term transfection assay. Both mutant and wild-type 
clones gave efficient stimulation of expression from an 
HSV-1 IE3 promoter and were indistinguishable at both 31°C 
and 38.50c (data not shown). The same preparation of mutant 
plasmid DNA was subsequently shown to be able to transfer 
the tsl3 lesion into a wild-type background, demonstrating 
that the cloning process had not resulted in reversion of 
the mutation (V.Preston, personal communication). It has 
recently been shown that the plasmid pMCl, containing the 
HSV-1 Vmw65K gene, is capable of rescuing the tsl3 mutation 
(V . Preston, personal communication) strongly suggesting 
that the tsl3 lesion resides in the HSV-2 equivalent of 
Vmw65. The implications of these findings are that it is 
possible to uncouple the transcription activator function of 
Vmw65 from its role as a structural component of the virion 
and that Vmw65 is an essential structural protein. It 
remains to be determined whether the activation function of 
the protein is also essential for virus viability.
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There are few clues as to the mechanism by which Vmw65 
is able to specifically activate IE genes, therefore the 
following section is speculative. Clearly, any mechanism 
must act to alter the specificity of RNA pol II such that IE 
gene promoters are at a competitive advantage compared to 
other promoters. Conceptually such an alteration might 
affect either the polymerase itself (including associated 
factors) or the template. Template modifications in 
eukaryotic gene expression have been described, for example 
DNA méthylation (Razin & Riggs, 1980), but it is difficult 
to envisage how such a mechanism might operate in the case 
of Vmw65. For this reason only the alteration of polymerase 
specificity will be considered. Below are listed the most 
obvious candidates, together with known examples where one 
exists. Most of the detailed analyses of transcription 
modulation have been performed in prokaryotic systems but 
may provide possibilities to be investigated.

(i) Chemical modification of E.coli RNA polymerase, by 
the addition of an adenosine-5 '-diphospho-5''-/5-D-ribosyl 
residue, has been shown to occur during infection by the 
bactriophage T4 (Seifert et al, 1969; Rohrer et al , 1975). 
The enzyme involved is phage encoded and packaged into 
mature virus particles. The first polymerase modifications 
occur within 30 seconds of infection and are probably due to 
transfer of the enzyme from the phage into the cell. 
Alteration of the polymerase molecule affects its ability to 
bind the Cffactor, which is essential for mRNA initiation. 
There is no evidence for an enzymatic activity, of any kind, 
associated with Vmw65.

(ii) Vmw65 might act by substituting for a host cell 
encoded polymerase subunit. The precident for such a 
mechanism again comes from T4. It is likely that phage genes 
code for proteins which become part of the E.coli polymerase 
complex (Stevens, 197Ü; 1972; 1974). In Bacillus subtilis 
there exist alternate " o factors" for initiation at 
promoters active during sporulation, and this cellular 
system is exploited by the Bacillus phage SPOl which encodes 
its own a factors (Losick & Pero, 1981). In E.coli it is
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likely that a novel factor is involved in the transcription 
of heat shock genes (Grossman et al, 1984). Presumably these 
substitute factors act to increase the affinity of RNA 
polymerase for a small sub—set of promoters, at the expense 
of others, a situation with some relevance to the expression 
of HSV-1 IE genes.

(iii) Vmw65 might act as a transcription factor in much 
the same way as Spl or HSTF (see section 1.2.3). Experiments 
designed to detect direct binding of Vmw65 to HSV-1 IE 
promoter sequences, in vitro, have failed to demonstrate 
such an activity (M.E.M Campbell, personal communication), 
however it is possible that an association of Vmw65 with a 
host cell transcription factor could alter the specificity 
of this factor without Vmw65 itself being able to bind DNA. 
Thus the binding specificity (for the TAATGARAT sequences) 
could reside in the viral protein and the DNA binding 
activity in the cell protein. This model would predict that 
Vmw65 (purified from virions), when mixed with a crude 
uninfected cell extract, might bind DNA in vitro. It is 
possible that a cellular modification to Vmw65 carried by 
the virus, for example phoshorylation or a specific 
proteolytic cleavage, could alter the affinity of the 
protein for DNA. Alternatively, Vmw65 might act to release a 
chromatin-bound transcription factor into the nucleoplasm 
where incoming HSV-1 DNA was at a competitive advantage 
compared to cellular genes. Many cell non-histone proteins 
(NHPs), such as the high mobility group proteins (HMGs), are 
particularly acidic. These proteins are believed to modulate 
the structure of chromatin in regions where genes are being 
actively transcribed (reviewed in Lewin, 1980). Due to the 
acidity of Vmw65, and the fact that it is present in 
substantial quantities in the virus particle, it is tempting 
to propose that it acts like an NHP either in the release of 
"TAATGARAT binding factors" from host chromatin or in 
catalysing the formation of stable transcription complexes 
on the promoters of IE genes.

In general, proteins have been assigned to the tegument
by a process of elimination rather than by direct
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experimental analysis, that is, tegument species are those 
structural proteins which cannot be found in either capsids 
or the envelope (Roizman & Furlong, 1974). Perhaps it is a 
measure of the mystery surrounding this structure that 
apparently elegant and important studies have remained 
unpublished and relegated to communication by review article 
(Roizman & Furlong, 1974; Spear, 1980). These authors report 
experiments, involving partial degradation of viral 
particles by detergent, which suggest that Vmw65 (VP16) is 
located towards the outside of the viral tegument, in 
contrast to other putative tegument proteins which could be 
extracted only under conditions which resulted in capsid 
solubilisation.

The function of the viral tegument is unknown. Vmw65 
comprises a significant proportion of the total protein in 
the tegument and is likely to play an important structural 
role. In certain enveloped RNA viruses, such as influenza 
and vesicular stomatitis virus (VSV), there exists a protein 
species - the matrix or M protein - which aids the specific 
interaction of nucleocapsids and cell membrane (reviewed in 
Dubois-Dalq et a l , 1984). The M protein probably has two 
binding sites, one for nucleocapsids and a second for some 
component of the membrane. Two possible mechanisms can be 
envisaged by which the M protein and envelope might bind, 
either by direct interaction via a large hydrophobic domain 
or, indirectly, by complexing with virus encoded envelope 
proteins and, indeed, both mechanisms are probably used. 
Influenza virus encodes an M protein with a large 
hydrophobic domain (Gregoriades, 1980) which is likely to
interact with the lipid bilayer. Vesicular stomatitis virus 
has been shown to have a basic M protein which apparently 
binds electrostatically to the cytoplasmic membrane (Rose & 
Galliani, 1981) and associates with the virally encoded G 
protein, a membrane glycoprotein. Furthermore, the VSV M 
protein is a negative regulator of transcription in vitro 
(Carrol & Wagner, 1979). Gibson (1981) has suggested that 
the tegument of HCMV, and by implication that of all 
herpesviruses, has a function analogous to the M proteins of
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enveloped RNA viruses in interfacing the nucleocapsid and 
envelope. There is no large hydrophobic domain in the amino 
acid sequence of Vmw65, but, there is evidence to suggest 
that this protein is complexed with glycoprotein B and 
possibly other viral glycoproteins which reside in the 
envelope (M. E. M. Campbell, personal communication) which 
might implicate it as a candidate for an "M-type" protein. 
The relatively extensive conservation of amino acid sequence 
between Vmw65 and VZV 46K is suggestive of a strong 
selective pressure and may indicate that the protein has 
more than one structural role. Other functions one might 
postulate for the tegument would be important in the early 
stages of the infectious cycle, e.g. the tegument may 
provide a protective layer around the nucleocapsid or it may 
be responsible for the nuclear tropism of the virion. It 
will be interesting to dissect the tegument in detail and 
identify the proteins and genes involved in its synthesis.

5.4 Properties of the Other Predicted Polypeptides
Aside from the gene for Vmw65, four distinct ORFs can 

be seen in the sequence of BamHI F (Figure 12b). Three of 
these ORFs are described in detail below and have been named 
BamF33, BamF73 and BamF72', the fourth, marked * in figure 
12b, poses a problem. This ORF does not exhibit a strongly 
"herpetic" codon preference, with g /C residues in the third 
position, furthermore. Hall et al (1982) could not detect a 
mRNA which would correspond to a gene in this region. An ORF 
of similar size is found, in the identical position, in the 
genome of VZV, but exhibits no detectable homology to the 
HSV-1 ORF. The balance of evidence favours the conclusion 
that this ORF does not correspond to an actual protein 
coding gene and therefore no further reference to it will be 
made.

5.4.1 BmF33
The paper by Hall and co-workers (1982) places the 5' 

end of two mRNAs (4 and 7) at a position equivalent to 477 
in the sequence of BamHI F reported here. At position 1557 
there is a polyadenylation signal AATAAA, in a region
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reported to contain the 3' ends of mRNA? and mRNA6 (mRNA6 
initiates upstream of BamHI F). Hall et al predicted, on the 
basis of in vitro translation data, that this small family 
of 5' and 3 ‘ co-terminal mRNAs encoded a single 42K 
molecular weight protein. Consistent with this view, there 
lies a single open reading frame, between position 634 and 
1536, of 301 amino acid residues. The predicted molecular 
weight of this protein is therefore 32,252. The amino acid 
composition of BmF33 (Table 4(a)) shows that the protein is

basic in nature with about 26% of its residues strongly 
charged. The most common amino acids are alanine (14.3%), 
arginine (13.0%) and proline (12.3%). BmF33 has a homologue 
in the genome of VZV. Figure 20 is a matrix plot of the 
aligned amino acid sequences, revealing a strong block of 
homology in a 100 amino acid stretch towards the carboxy end 
of each protein. An optimal alignment of the two amino acid 
sequences is presented in Figure 21 and the block of 
homology underlined.

5.4.2 BmF73
Hall et al (1982) desc ribed a large, 4.7kb, mRNA which 

initiates 260bp upstream of a Sail site at map unit 0.674. 
The equivalent site in the sequence of BamHI F is at 
position 4099 and would place an equivalent mRNA cap site at 
around 3830 (see Figure 14). In vitro translation of this 
mRNA resulted in the production of a 7OK polypeptide. This 
size is consistent with an open reading frame, whose 
initiating methionine is at position 3909, stretching for 
693 codons to give a predicted molecular weight of 73,812. 
Again the protein is slightly basic in nature, 23% of its 
residues are strongly charged and the most represented amino 
acids are alanine (16.2%), arginine (11.5%) and leucine 
(10.5%). The complete amino acid composition is given in 
Table 4(b). In the relevant region of the vZV genome lies an 
ORF of 90K. This shows only limited homology to the HSV-1 
73K protein (Figures 22 and 23), most apparent at the 
carboxy terminus. The size difference in the two proteins 
can be largely explained by the presence of a repeated amino
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Figure 2 0 ; CINTHOM Plot of the relationship between HSV-1 
33K and VZV 33K

The HSV-1 protein sequence lies along the X-axis and 
that of the VZV protein along the Y-axis.
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Figure 21 ; Optimal Alignment of the HSV-1 and VZV 33K ORFs 

Parameters as recommended by
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Figure 22 ; CINTHOM Plot of the relationship between HSV-1 
73K and VZV 90K

The HSV-1 protein sequence lies along the X-axis and 
that of the VZV protein along the Y-axis.



First sequence: HSV1BAMF.73K 
Second sequence: VZV.90K

1 M................. SAREPAGRRRRASTRPRASP...........................* * * * * *  ** *
1 MQSGHYNRRQSRRQRISSNTTDSPRHTHGTRYR STNWYTHPPQILSNSETLVAVQELLNSEMDQDSSSDASDD

22 ............................................... VADEPAGDGVGFMGYLRAV
* * * * *  *

74 FPGYALHHSTYNGSEQNTSTSRHENRIFKLTEREANEEININTDAIDDEGEAEEGEAEEDAIDDEGEAEEGEAE

41 FRGDDD SELEALEEMAGDE. PPVRRRREGPRARRRRASEAPPTSHRRASRQRPGPDA........ ARS
* *  * * *  * * *  * * * * * * *  *

148 EDAIDDEGEAEEGEAEEDAIDDEGEAEEGEAEEGEAEEGEAEEDAIDDEGEAEEDAAEEDAIDDEGEAEEDYFS

100 QSVRGRLDDDDEVPRGPPQARQGGYL GPVDARAILGRVGGSRVAPSPLFLEELQYEEDDYPEAVGPEDGG
* * * * * * * * * * *  * *

222 VSQVCSRDADEVYFTLDPEISYSTDLRIAKVMEPAVSKELNVSKRCVEPVTLTGSMLAHNGFD. . ESWFAMREC

170 GARSPPKVEVLEGRVPGPELRAAFPLDRLAPQVAVWDESVRSALALGHPAGFYPCPDSAFGLS..... RVGV
* * * * * * * * * * * * * *

294 TRREYITV. . .QGLYDPIHLRYQFDTSRMTPPQILRTIPALPNMTLGELLLIFPIEFMAQPISIERILVEDVFL

237 MHFASPDNPAVFFR.... QTLQQGEALAWYITG. . DGILDLTDRRTKTSPAQAMSFLADAVVRLAINGWVCG
*  * *  *  *  *  *  *  *  *  *  *  *  *

365 DRRASSKTHKYGPRWNSVYALPYNAGKMYVQHIPGFYDVSLRAVGQGTAIWHHMILSTAACAISNRISHGDGLG

303 TRLHAEARGS DLDDRAAELRRQFASL. TALRPVGAAAVP . LLSAGGLVSPQSGPDAAVFRSSLGSLLYWP
* * * * * * * * * *  * * * * * * * *  * * * * *

439 FLLDAAIRISANCIFLGRNDNFGVGDPCWLEDHLAGLPREAVPDVLQVTQLVLPNRGPTVAIMRGFFGALAYWP

371 GVRALLDRDCRVAARYAGRMTYLATGALLARFNPDAVRCVLT. REAAFLGRVLDV.....LAVMAEQTVQWLS
* * * *  * * * *  * * *  * * * * *

513 ELRIAISEPSTSLVRYATGHMELAEWFLFSRTHSLKPQFTPTEREMLASFFTLYVTLGGGMLNWICRATAMYL.

438 VWGARLHPHVHHPAFADVAREELFRALPLGSPAWGAEHEALGDTAARRLLANSGLNAVLGAAVYALHTALAT * * * * * * * *  * * * *
586 .... AAPYHSRSAYIAVCESLPYYYIPVNSDLLCDLEVLLLGEVDLPTVCESYATIAHELTGYEAVRTAATN

512 VTLKYARACGDAHRRRDDAAATRAILAAGLVLQRLLGFADTVVACVTLAAFDGGFTAPEVGTYTPLRYACVLRA * * * * * * *** ** * ** ** * *
654 FMIEFA. . . . DCYKESETDLMVSAYLGAVLLLQRVLGHANLLLLLLSGAALYGG .CSIYIPRGILDAYNTLMLA

586 TQPLYARTTPAKFWADVRAAAEHVDLRP ASSAPRAPVSGTADPAFLLKDLEPFPPAPVSGGSVLGPRVR
* * * *  * * * * *  * *  * * * *  * * *

723 ASPLYAHQTLTSFWKDRDDAMQTLGIRPTTDVLPKEQDRIVQASPIEMNFRFVGLETIYPREQPIPSV. . . .DL

655 WDIMSQFRKLLMGDEGAAALRAHVSGRRATGLGGPPRP ★ * * *
793 AENLMOYRNEILGLDWKSVAMHLLRKY



Figure 23 ; Optimal Alignment of the HSV-1 73K and VZV 9QK 
ORFs

Parameters as recommended by '^ylor(vS^ .
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acid sequence in the VZV 90K polypeptide, which is 
underlined.

5.4.3 BmF72'
A prime has been used in the nomenclature to indicate 

that the ORF extends 3 to BamHI F . In fact 661 codons are 
present in BamHI F representing a molecular weight of 
72,292. Hall et al (1982) describe a mRNA, labelled mRNA2, 
which initiates l,250bp upstream of a PvuII site in the left 
hand end of EcoRI I (Figure 12a). It appears that the 
equivalent PvuII site in this sequence is at position 7233 
(see Figure 14) and the first potential initiating codon 
after this start site is at 6073. When mRNA2 was translated 
in vitro an 85K polypeptide was detected. From this it is 
estimated that about 80-90% of the coding sequences for this 
protein are present in BamHI F. The VZV genome has a 
homologous gene in the predicted genomic position. A matrix 
comparison of the amino acid sequences (Figure 24) shows 
good homology for the first 420 residues and an optimal 
alignment reveals that there are no large blocks of 
conserved amino acids but rather that the homology is 
scattered over the entire length of the protein, tailing off 
towards the carboxy terminus (Figure 25).

5.5 Discussion ; Other Genes in BamHI F
There are three predicted ORFs in .^amHI F, beside 

Vmw65; an organisation consistent with the mRNA mapping and 
in vitro translation studies of Hall et al (1982) (see 
Figures 12b and 14). All the ORFs in BamHI F lie on the same 
strand. There is no evidence, either from codon analysis or 
from the presence of polyadenylation signals, for the 
existence of protein coding genes on the opposite strand. 
Unlike Vmw65, there are no studies which assign functions to 
these genes and any discussion of such must be speculative. 
The three ORFs will be dealt with in order, from right to 
left on the prototype genome.
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Figure 24; CINTHOM Plot of the relationship between HSV-1 
72'K and VZV 73K

The HSV-1 protein sequence lies along the X-axis and 
that of the VZV protein along the Y-axis.



First sequence: HSV1BAMF.72K 
Second sequence : VZV.73K

1 M. QRRTRGASSLRLAR............. CLTPANLIRGDNAGVPERRIFGGCLLPTPEGLLSAAVGALRQ* * * * * *  ** * *** *** * ** **
1 MFSRFARSFSSDDRTRKSYDGSYQSFNAGERDLPTPTRDWCSISQRITSERVRDGCLIPTPGEALETAVKALSE

58 RSDDAQPAFLTCTORSVRLAARQHNTVPESLIVDGLASDPHYEYIRHYASAATQALGEVELPGGQLSRAILTQY * * * * * ** ***** * ** * * * * *  *
75 KTDSLTSPVLQSTERHSVLLGLHHNNVPESLWSCMSNDVHDGFMQRYMETIQRCLDDLKLSGDGLWWVYENTY

132 WKYLQTWPSGLDVPEDPVGDCDPSLHVLLRPTLAPKLAGAHPVQERGRGGKYAATVAGLRDALHRIQQYMFFM *** * * * * ** ** * ** ** * ** **

149 WQYLKYTTGAEVPVTSEKVNKKSKSTVLLFSSWANKPISRHPFKSKVINSDYRGICQELREALGAVQKYMYFM

206 RPADPSRPSTDTALRLNELLAYVSVLYRWASWMLWTTDKHVCHRLSPSNRRFLPLGGSPEAPAETFARHLDRGP ** ** ** ** * * ** * * * * * ** * ** * * *** * *

223 RPDDPTNPSPDTRIRVQEIAAYTATGYGWMLWFLDWDARVCRHLKLQFRRIRGPRAS.VIPDDLLRRHLKTGP

280 SGTTGSMQCMALRAAVSDVLGHLTRLANLWQTGKRSGGTYGTVDTWSTVEVLSIVHHHAQYIINATLTGYGVW * * * * * * ** * ** * ** *** ** ** * ** *
296 AVSAGTGVAFILAATTASALTALLRISVLWRKEEWRDGLNGTAAAIVAAVELITLLHHHFQYLINMMLIGYACW

354 ATDSLNNEYLRAAVDSQERFCRTTAPLFPTMTAPSWARMELSIKAWFGAALAADLLRNGAPSLHYESILRLVAS * * * * * * *  * * * * * * * * * * * * *  * * **
370 GDGGLNDPYILKALRAQGRFLYFAGQLVRTMSTHSWWLETSTHMWFSRAVAQSILAHGGKPTKY.YAQVLAAS

428 RRTTWSAGPPPDDMASGPGGHRAGGGTCREKIQRARRDNEPPPLPRPRLHSTPASTRRFRRRRADGAGPPLPD. * * * * * * * * * * * *  * * *
443 KRYT.......... PLHLRRISEPSSVSDQPYIRFN.......RLGS . PIGTGIGNLECVCLTGNYLSDD

501 . . ANDPVAEPPAAATQPATYYTHMGEVPPRLPARNVAGPDRRPPAATCPLLVRRASLGSLDRPRVWGPAPEGEP * * * * * * * * * * * *
495 VNASSHVINTEAPLNSIA.......... PDTNRQRTSRVLVRPDTGLDVTVRKNHCLDIGHTDG.

573 DQMEATYLTADDDDDDARRKATHAASARERHAPYED. . . DESIYETVSEDGGRVYEEIPWMRVYEN. . . .VCVN ** * * ** * * * ** *** ** * * *
549 SPVDPTY PDHYTRIKAEYEGPVRDESNTMFDQRSDLRHIETQASLNDHVYENIPPKEVGFNSSSDLDVD

640 TAN.......AAPASP.YIEAENPLYDWGG
* * *  * *

618 SLNGYTSGDMHTDDDLSPDFIPNDVPVRCKTTVTFRKNTPKSHH



Figure 25 : Optimal Alignment of the HSV-1 7 2 'K and VZV 73K 
ORFs

Parameters as recommended by "Tcî lcr(\9S7) .
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5.5.1 BmF33

This ORF lies immediately upstream of that for Vmw65. 
Hall et al (1982) could detect four mRNAs spanning this 
region, named mRNAs 3, 4, 6 and 7, which all translated to 
give a 42,000 molecular weight product in vitro. The mRNAs 4 
and 7 were 5' co-terminal as were the other two mRNAs, while 
it was implied that mRNAs 6 and 7 were 3' co—terminal and 
that mRNAs 3 and 4 were 3' co-terminal with mRNA 5 (that for 
Vmw65). As only a single potential polyadenylation signal 
can be seen in the area in which mRNA 6 and 7 are expected 
to terminate, it is reasonable to assume that indeed these 
mRNAs terminate at the same position. Similarly, the next 
polyadenylation signal downstream is that for mRNA Vmw65, 
indicating that this mRNA is 3' co-terminal with mRNAs 3 and 
4. The detected mRNAs were shown by Hall et al (1982) to 
fall into two temporal classes: 4 and 7 are early mRNAs, 
whilst 3 and 6 are late mRNAs. This might suggest that the 
product of BmF33 plays an important role in the replication 
cycle.

The ORF is comprised of 301 amino acids, whose 
composition is given in Table 4(a). Compared to the average 
amino acid composition of all non-mitochondrial human 
proteins (NMHP) present in the NBRF database version 2.0 
(see Table 5; Chen & Barker, 1985), BmF33 is much higher in 
proline, arginine, and alanine - a general characteristic of 
HSV proteins due to the high %G+C content of HSV DNA 
(McGeoch, 1984). The protein is very basic, with a surplus 
of 14 strongly basic residues over acidic residues, and 
slightly more highly charged than average. An analysis of 
the charge distribution along the protein backbone showed 
that it is slightly skewed such that the centre of the 
molecule has fewer charged amino acid residues than either 
end (not shown). There are fewer residues with large bulky 
side chains, for example phenylalanine (4), tryptophan (2), 
histidine (3) and tyrosine (6), than the NMHP average, 
possibly suggesting a tightly packed tertiary structure.



Table 4; Amino Acid Composition Tables
(a) BmF33 ; Number of identified codons= 301Approximate Molecular Weight* 32251.86

RES. NUM. % RES. NUM. « RES NUM. % RES. NUM. %Ala 43 14.3 Arg 39 13.0 Asn 6 2.0 Asp 16 5. 3Cys 2 0.7 Gin 9 3.0 Glu 16 5.3 Gly 20 6.6His 3 1.0 lie 2 0.7 Leu 15 5.0 Lys 7 2. 3Met 5 1.7 Phe 4 1.3 Pro 37 12.3 Ser 26 8.6Thr 24 8.0 Trp 2 0.7 Tyr 6 2.0 Val 19 6.3
Translation begun with base no. 634Translation stopped at termination codon (base no.1537)

(b) BmF7 3 : Number of identified codons* 693Approximate Molecular Weight* 73812.33

RES. NUM. % RES. NUM. % RES. NUM. « RES. NUM. %Ala 112 16. 2 Arg 80 11.5 Asn 5 0.7 Asp 44 6. 3Cys 7 1.0 Gin 17 2.5 Glu 33 4.8 Gly 64 9.2His 13 1.9 lie 6 0.9 Leu 73 10.5 Lys 6 0.9Met 9 1.3 Phe 23 3.3 Pro 57 8.2 Ser 37 5.3Thr 28 4.0 Trp 6 0.9 Tyr 14 2.0 Val 59 8. 5
Translation begun with base no.3909Translation stopped at termination codon (base no.5988)

(c) BmF72': Number of identified codons* 661Approximate Molecular Weight* 72292.12

RES. NUM. % RES. NUM. % RES. NUM. % RES. NUM. %
Ala 82 12.4 Arg 67 10.1 Asn 17 2.6 Asp 39 5.9
Cys 10 1.5 Gin 18 2.7 Glu 33 5.0 Gly 50 7.6
His 19 2.9 lie 15 2.3 Leu 63 9.5 Lys 8 1.2
Met 12 1.8 Phe 10 1.5 Pro 60 9.1 Ser 41 6.2
Thr 45 6.8 Trp 12 1.8 Tyr 23 3.5 Val 37 5.6

Translation begun with base no.6073Translated to 3' end— No termination codon found
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5.5.2 BmF73

This ORF lies immediately downstream of Vmw65. Hall et 
(1982) identified a 4.7 kbp mRNA spanning the entire left 

half of BamHI F and terminating in the adjacent DNA (Frink 
al , 1981). This mRNA (mRNA 1) was translated to an 

approximately 70,000 molecular weight polypeptide upon in 
vitro translation. The predicted size of BmF73 is 693 codons 
with a molecular weight of 73,812, thus the predicted 
protein is larger than the in vitro translated product 
(however, a close scrutiny of the gels presented by Hall and 
co-workers suggests that the mRNA 1 translation product is 
closer to 73K than to 70K). If the size difference is real, 
it is likely to be an artifact as a result of some 
physico-chemical property of the SDS-protein complex. As in 
the case of BmF33, BmF73 is high in alanine (16.2%) and 
arginine (11.5%). The proline content is much closer to the 
average NMHP value than that of BmF33. In terms of the 
strongly charged amino acids, BmF73 is predicted to be 
slightly basic. There are no obvious outstanding features to 
the predicted protein. Morse et al (1978), by means of 
intertypic recombinants, were able to assign a protein, of 
molecular weight 72,500 (ICP23), to a region of the HSV-1 
genome which includes BamHI F. It is tempting to speculate 
that they were detecting the product of BmF73 and this might 
allow further characterisation of this gene.

5.5.3 BmF72'
Hall and co-workers reported that a 2.5 kb mRNA (mRNA 

2) initiated transcription 1,250 bp upstream of a PvuII site 
in the left hand end of BamHI F , within the 4.7 kb mRNA 1. 
This mRNA 2 translated to an 85,000 molecular weight 
polypeptide in vitro. In an earlier paper from Wagner's 
group (Frink et a l , 1981) the 3' end of a 2.6 kbp mRNA was 
reported to map around 0.647 map units and probably consists 
of the 3' termini of both mRNA 1 and mRNA 2. There is a 
discrepancy in this region between the restriction map of 
Wagner's group and the sequence of BamHI F . Wagner s lab 
consistently report the position of a Hindlll site within
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the left hand end of BamHI F, however, the sequence 
presented here reveals no such site. Due to this 
inconsistency there must still be some doubt as to the exact 
location of the 3' ends of mRNAs 1 and 2, but it is 
reasonable to assume that no more than 300-400 bases of mRNA 
2 lie outside BamHI F . Thus, if there is less than 100 bases 
of 3* untranslated sequence, there may be up to 100 amino 
acids still to be allocated to BmF72' which would increase 
the predicted molecular weight closer to the in vitro 
translation product of 85K.

There are 661 amino acids present in _mF72' with a 
total molecular weight of 72,292. The protein shows a fairly 
typical HSV-1 amino acid composition. The most highly 
represented amino acids are alanine (12.4%), arginine 
(10.1%), leucine (9.5%) and proline (9.1%). There is a very 
slight surplus of strongly charged basic residues over 
acidic residues. The percentage of residues with large side 
chains (9.7%) is close to the .,MHP average of 10.7%. The 
protein has no exceptional characteristics.

5.5.4 Homology
VZV has been assigned to the sub-family 

alphaherpesvirinae, the same group as HSV-1 and -2, on the 
basis of its biological properties (Roizman et al, 1981). 
However, VZV displays a different genome structure to these 
two viruses. Based on the genome classification of Roizman 
(1982), VZV was assigned to group D, i.e. composed of two 
segments, L and S, the S segment having structure IRg-Ug-TRg 
(much like that of HSV) but the L segment having no large 
repeated region. Davison (1984) has shown that, in fact, the 
VZV Ul  segment is flanked by short (88.5 bp) inverted 
repeats and that the genome has no equivalent to the HSV a 
sequence. Despite this observation, the VZV L and S segments 
are able to invert with respect to each other, but invert ion 
of Ul  occurs less frequently than that of Ug (only about 5% 
of VZV genomes). By convention, the prototype orientation of 
VZV is equivalent to the IgL orientation of HSV-1 (see 
Figures 5 and 26). This means that when comparing the
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prototype orientations of HSV-1 and VZV the region 
0.645-0.695 in HSV-1 corresponds to 0.086-0.144 in VZV.
These corresponding regions of the HSV-1 and VZV genomes 
appear to be almost exactly colinear. As can be seen from 
Figures 17, 18, and 20-25, all four predicted ORFs in BamHI 
F have homologues in the corresponding region of VZV, and 
furthermore the genetic organisation is the same. This 
information is summarised in Figure 26. It is interesting to 
note that the best conserved gene in the region is that for 
Vmw65/VZV 46K. It is reasonable to infer from this 
observation that the selective pressure on this locus is 
correspondingly greater than on the genes flanking it, 
consistent with this protein having an important structural 
role in the virion particle. The converse of this argument 
is that the BmF7 3/VZV 90K locus may be of interest when 
searching for genes which confer biologically unique 
properties on the respective viruses, as these genes show a 
very low degree of similarity. Draper and co-workers (1984) 
have compared HSV-1 and -2 in the region around 0.645 map 
units by means of DNA-DNA hybridisation. They found that 
there was strong cross-hybridisation between sequences now 
known to correspond to Vmw65, BmF33 and .^mF73, a finding 
consistent with the fact that the product of these HSV-2 
sequences can trans-activate HSV-1 IE promoters (data not 
shown). However, sequences downstream of the PvuII site at 
position ?233 hybridised poorly or not at all to the 
corresponding HSV-2 region. These sequences contain the 
carboxy terminal half of BmF72' and it is interesting to 
note that this portion of BmF72' has no homology to the 
corresponding region of VZV 7 3K. Indeed, it is likely that 
the HSV-1 protein is much longer than its VZV homologue.

In general the degree of conservation at the amino acid 
level between HSV-1 and VZV is remarkable, especially as no 
significant homology exists at the DNA level (data not 
shown). Neither the ORFs in BamHI F, nor their equivalents 
in VZV, exhibit obvious homology to ORFs in the EBV genome, 
which has been completely sequenced (Baer et al, 1984; data 
not shown; A. Davison, personal communication). Indeed, a
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Figure 26 ; An Overview of the Homology Between HSV-1 and VZV 
in the Region of BamHI F

The equivalent regions of the two viruses are aligned. 
Solid boxes indicate regions of "strong" homology (>35%), 
hatched boxes indicate regions of lower homology (25%< x 
<35%) and open boxes indicate areas of little or no 
homology.

This figure is available as a loose sheet at the back of the 
thesis.



Table 6 : Time course of pTKN2 super infect ion by TK" virus

TIME 
(hr P I )

-1 0 +1 +2 +3 *5 + 7 ♦9

-SI 1. 3* 1.4 1.8 1.3 1.7 1.7 2.6 2.1
+SI 1.3 1.5 1.5 1.6 2.5 4.6 4.0 3.9
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comparison of the entire VZV genome against that of EBV has 
revealed remarkable genome rearrangements and shows that 
detectable VZV/e b V homology disappears around the region of 
VZV 46K (A. Davison, personal communication). EBV is 
classified as a gammaherpesvirus (Roizman et al , 1981) and, 
at the genomic level, would certainly appear to be much more 
distantly related to either HSV-1 or VZV than the two 
alphjierpesviruses are to each other. It is possible that the 
power of gene cloning, DNA probing and sequencing could be 
harnessed by the viral taxonomist to rapidly assign any 
herpesvirus to one of the sub-families by identifying 
conserved and non-conserved genomic regions across the 
family as a whole. In this respect the BamHI F region of 
HSV-1, and in particular conservation of the Vmw65 gene, may 
be diagnostic of the alphaherpesvirinae.

5.6 Negative Control
5.6.1 Evidence that an IE3-TK hybrid plasmid is first 
stimulated then down-regulated by HSV-1 super infection.

The rationale behind the design of this experiment was 
that plasmid DNA, containing the relevant cis-acting control 
elements and an assayable marker (the TK gene) might, when 
transfected into BHK cells, be regulated as a viral gene 
upon super infection by HSV-1 TK“ virus. Petri plates of BHK 
C13 monolayers were therefore transfected with the plasmid 
pTKN2 and incubated overnight at 37^0. Plasmid pTKN2 
contains the IE3 promoter sequences to -331 (see Figure 27) 
driving expression of the HSV-1 TK structural gene. The 
transfected plates were then super infected with 20 pfu/cell 
of HSV-1 TK" virus, or mock-infected, and individual plates 
were harvested after various time intervals. TK assays were 
performed on cytoplasmic extracts and calibrated to the 
extract protein content (as infection with live virus leads 
to some cell loss). The data are presented in Table 6 and 
Figure 28. The shape of the curve indicates that expression 
of TK activity from the chaemeric plasmid was first 
stimulated, presumably by the virion component, but that
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Figure 2^; DNA Sequences Present in the Plasmids Used in
Co-transfection Studies

Panel A. is a representation of the prototype HSV-1 
genome showing the relative positions of the DNA fragments 
used in the various plasmid constructions.

Panel B . is a detail of the Kpnl G fragment showing the 
structure of the plasmid pIE2TK. This plasmid was 
constructed using two other plasmids; p27 (C.M. Preston, 
unpublished data) and pFl (Pelham, 1982). p27 is a 
derivative of pMCll (M.E.M. Campbell, unpublished data), 
which is shown in the figure and consists of the left hand 
end of Kpnl G from the Kpnl site to the right most boundary 
of Hpal V. An Apal site at position +60, with respect to the 
start of IE mRNA 2, was converted to a unique Xhol site. pFl 
contains the HSV-1 TK gene in which a Haelll site just 
before the mRNA start has been converted to a unique Sail 
site. The construction of pIE2TK involved the ligation of an 
XhoI-EcoRI fragment from p27 to a Sall-EcoRI fragment from 
pFl. In both cases the EcoRI site is in vector sequences, 
the Xhol/Sall hybrid site is shown.

Panel C. shows the coding capacity of Xhol C. The 
figure is not to scale. The salient features are that this 
fragment contains the entire coding and flanking sequences 
of IE gene 3 but severely truncated forms of the genes for 
lEl and IE4. Arrows indicate the direction of transcription 
of each gene, hollow heads indicate that the mRNA does not 
fall entirely within Xhol C.

Panel D. details the sequences present in the plasmids 
pTKN2, pSlTK, pS13TK, pS20TK and pS21TK, the construction of 
these plasmids has been described previously (Cordingley et 
al, 1983; Preston et al, 1984). P3 and P4 indicate the 
extent of the promoter regions of IE gene 3 and IE gene 4 
respectively. USR3 indicates the upstream enhancer sequences 
of IE gene 3. Orig is the origin of replication in the short
repeat of HSV-1.

The letters indicate: K=KpnI; H=HpaI; X=XhoI; Sa=SalI. 
S, V and R indicate genomic Hpal fragments.



Table 7i Time courae of pTKK2 auperinfection by HSV-1 t»K TK~ virus

TIME 
(hr PI)

-1 0 + 1 + 2 + 3 + 5 + 7 +9

taK TK" 6.4* 9:0 9.4 6.9 19.6 26.4 38.0 46.4

TK" 11.0 11.0 12.3 9.5 13.8 16. 9 19.7 8.3

-SI 4.9 - - - - 7.5 - 6.8
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this activity soon p©al^6d (at around 5—7 hours 
post-infection) and then reached a plateau or even dropped. 
One conclusion from this experiment is that the initial 
switch—on was arrested by subsequent steps in the viral 

cycle. The plateau effect observed is consistent with a 
reduced level of transcription, a lowering of mRNA stability 
or a decrease in the efficiency by which the hybrid mRNA is 
translated into active TK. The latter two possibilities are 
deemed unlikely as there were only 27bp of IE3 mRNA 
(untranslated leader) present in the construction, therefore 
the working hypothesis was that the down-regulation occurred 
at the level of transcription.

5.6.2 Vmwl75 is involved in the plateau effect.
Previous work has shown that the virus mutant tsK, 

which contains a temperature sensitive lesion in the IE3 
gene product Vmwl75, over-produces IE mRNA and proteins at 
the NPT. Temperature shift experiments led to the conclusion 
that Vmwl75 was responsible for its own transcriptional 
autoregulation as well as for the activation of E and L 
genes (Preston, 1979b, Dixon & Schaffer, 1980, Watson & 
Clements, 1980). Using the super infection system described 
in the previous experiment, it was possible to determine 
whether functional Vmwl75 was required for the plateau 
effect. A similar experiment was performed, but plates of 
transfected cells were super infected with either HSV-1 TK“ 
virus or HSV-1 TK” tsK virus and incubated at 38.5°C, the 
NPT for tsK. A third set of plates was set up without 
super infection. Cells were harvested at suitable times, as 
before, and TK assays performed on cell extracts. The data 
are presented in Table 7 and Figure 29. It is clear that the 
level of TK activity did not reach a plateau when the 
transfected cells were super infected under conditions in 
which Vmwl75 is non-functional. Two distinct possibilities 
exist. The first is that the mutant virus is more effective 
at stimulating the expression of the chaemeric plasmid. The 
second is that the phenomenon observed with plasmid pTKN2 
accurately reflects the autoregulation which occurs during
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virus infection. Evidence will now be presented to support 
the latter case.

5.6.3 Vmwl75 can trans-activate other IE promoters, but not 
its own.

Several workers have described the ability of certain 
viral IE products to promiscuously trans-activate both viral 
and non-viral promoters in a co-transfection assay (see 
i n t r o d u c t i o n ). In order to determine if this was the case 
for HSV-1 IE promoters, co-transfection experiments were 
performed in which suitable IE/TK chaemeric test plasmids 
(for details see Figure 27) were mixed with cloned Xhol C 
fragment from either wild-type or tsK HSV-1 (see Figure 27). 
Xhol C contains the complete coding and flanking sequences 
of the gene for Vmwl75 and faithfully stimulates expression 
from early promoters. The tsK derived Xhol C fragment is 
active in trans-activation at 31*^C but not 38.5°C 
(C.M.Preston, unpublished results). The co-transfection was 
performed at the NPT for tsK (38.5°C), and cell extracts 
made and assayed for xK activity.

Table 8 shows the results of these experiments. It is 
clear that an IE4-TK chaemeric plasmid (pSlTK), in which the 
TK coding sequences are transcribed from the IE4 promoter, 
is stimulated about two-fold by wild-type Xhol C but not at 
all by tsK Xhol C. A construct in which the IE2 5' flanking 
sequences mediate expression of the TK coding region 
(pIE2TK) is stimulated to an even greater extent, about five 
fold on average, although a slight stimulation by tsK Xhol C 
was noted. It is apparent, however, that pTKN2 (the 
prototype IE3-TK chaemeric plasmid) is not stimulated even 
by wild-type Xhol C, indeed there may be some dimunition in 
the level of TK activity in the presence of this plasmid.
Two possible explanations for this result appear likely. 
First, there may be specific sequences which mediate the 
stimulatory response of Vmwl75. This would predict that IE3 
lacks these sequences which are present in the promoter 
regions of both IE2 and IE4/5. The apparent switch-off of 
IE3 expression by Vmwl75 may be an indirect consequence of
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Table 8 ; Trans-activation of IE promoters by Vmwl75

This table shows the results from transfection 
experiments. The type of plasmid DNA used is in column 1, 
the kind of Xhol C plasmid co-transfected is in column 2 
(+ = wild-type, tsK = that from HSV-1 tsK, and - = pBR322 
control). The next 5 columns represent the results from 
independent experiments. These results are summarised by 
presentation of the average response and the stimulation 
relative to cells transfected without Xhol C, calculated 
from this average. The final column is the average of the 
stimulations calculated for each individual experiment.
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competition from other promoters which do respond to 
trans—ac t ivat ion. Second, IE3 might have inhibitory 
sequences in its 5 flanking region which prevent the Vmwl75 
protein from activating expression or which respond 
negatively to the presence of Vmwl75. A qualitative
comparison of the different levels of expression from the
three IE promoters shows that, without trans-activation, IE2 
was poorer than both IE3 and IE4/5. This difference was less 
pronounced in the presence of Xhol C, indeed the stimulation 
of the IE2 construct was more than twice that of the IE4/5 
plasmid. These experiments suggest that Vmwl75 is capable of 
modulating the expression of at least two IE genes in vivo
and that this may play an important role in the viral life
cycle.

5.6.4 Are specific sequences required for the 
trans-activation of IE4 by Vmwl75 ?

A series of 5' deletion mutants of the IE4-TK plasmid 
construct (see Figure 27) were assayed for the ability to be 
stimulated by Xhol C in the co-transfection system, and the 
results are presented in Table 9. A deletion which removed 
sequences to -151 (pS13TK), with respect to the mRNA start 
site, showed reasonable unstimulated expression and about a 
four-fold increase in the presence of Xhol C. This 
experiment was performed only once and thus no extensive 
conclusions can be made. Deleting sequences to -69 (pS20TK) 
had no effect on either stimulated or unstimulated levels of 
expression, as compared to the prototype plasmid pSlTK. From 
this it can be inferred that there are no sequences between 
-422 and -69 which substantially alter the response of IE4 
to Vmwl75. However, deletion of a further 12bp to -57 
(pS21TK) resulted in a significant drop in the absolute 
level of TK activity but not in the degree of stimulation, 
which remained two-fold. It was concluded from this result 
that elements which respond to Vmwl75 are integral to the 
constitutive promoter function and may be indistinguishable 
from "promoter" elements. This conclusion is consistent with 
similar, more detailed, work on the gD promoter of HSV-1, an
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Table 9 ; Sequences required for the activation of IE4 by 
Vmwl75

This table shows the results from transfection 
experiments. The type of plasmid DNA used is in column 1, 
the kind of Xhol C plasmid co-transfected is in column 2 
(+ = wild-type, tsK = that from HSV-1 tsK, and - = pBR322 
control). The next 6 columns represent the results from 
independent experiments, note that 11 separate experiments 
were performed with pS20TK, These results are summarised by 
presentation of the average response and the stimulation 
relative to cells transfected without Xhol C, calculated 
from this average. The final column is the average of the 
stimulations calculated for each individual experiment.
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early class promoter which responds to Vmwl75 (Everett,
1983? 1984).

5»6.5 The IE3 enhancer region can inhibit trans—activation 
by Vmwl75

It has been suggested that enhancers are capable of 
inhibiting trans-activation by viral IE products (Green et 
Ël, 1983? Impériale et al , 1983? Velcich & Ziff, 1984). In 
order to test whether the IE3 enhancer-like sequences 
prevented the stimulation of IE3 by Xhol C, a plasmid was 
constructed in which the IE3 enhancer region (-331 to -174) 
was placed upstream of the natural TK gene promoter. This 
construct was compared to pTKl in co-transfection 
experiments, as described above. The results of these 
experiments are presented in Table 10. These data suggest 
that the IE3 enhancer element is not able to stimulate 
expression from the full TK promoter, indeed it may even 
slightly depress the wild-type level of expression. 
Furthermore, whilst the normal xK promoter responds 
vigorously to the trans-acting factors produced by Xhol C, 
when the IE3 enhancer is present in cis the stimulation is 
significantly reduced.

5.7 Discussion ; Negative Control of IE3
The data presented in Figures 28 and 29 appear to 

confirm the role of Vmwl75 as an autoregulatory protein and 
indicate that the tsK mutant of Vmwl75 has lost its ability 
to autoregulate at the NPT. The co-transfection experiments 
which followed were an attempt to investigate further the 
mechanism of autoregulation. Two main conclusions can be 
arrived at from the results presented, (a) the product of IE 
gene 3 (Vmwl75) stimulates expression from two other IE 
promoters - IE2 and IE4/5, (b) Vmwl75 is not able to
stimulate expression from its own promoter.

The stimulation of other IE promoters by Vmwl75 was 
unexpected since it was believed that at E and L times all 
IE transcription is much reduced (Clements et al , 1977?
Dixon & Schaffer, 1980). The results obtained here suggest
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Table 10; Role of IE3 enhancer in trans-activation

This table shows the results from transfection 
experiments. The type of plasmid DNA used is in column 1, 
the kind of Xhol C plasmid co-transfected is in column 2 
(+ = wild-type, tsK = that from HSV-1 tsK, and - = pBR322 
control). The next 4 columns represent the results from 
independent experiments. These results are summarised by 
presentation of the average response and the stimulation 
relative to cells transfected without Xhol C, calculated 
from this average. The final column is the average of the 
stimulations calculated for each individual experiment.
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either that some IE genes are transcribed throughout the 
replicative cycle (under IE3 control just like true E and L 
genes) or that an E or L gene product acts to switch-off IE 
gene expression, an idea originally postulated by Honess and 
Roizman (1974; 1975), The argument will be advanced here 
that within the IE class there are at least three distinct 
types of promoter which behave very differently and that 
probably only IE3 is autoregulated at post-IE times.

It is now generally held that Vmwl75 falls into a class 
of trans-activators, which act via basal promoter elements 
in a relatively non-specific manner and include adenovirus 
ElA protein and the product of the pseudorabies virus IE 
gene (Everett, 1983; 1984; Everett & Dunlop, 1984; Eisenberg 
et a l , 1985). It would appear that the same mechanism of 
stimulation operates in the system described here. At least 
in the case of IE4/5, it seems likely that the stimulatory 
effect of Vmwl75 was dependent on the function of the 
resident promoter element (Preston et a l , 1984) and not on a 
Vmwl75-specific responder element. Thus, deletion of 12bp 
between -69 and -57 resulted in a corresponding decrease in 
the absolute levels of expression, but did not effect the 
degree of stimulation relative to non-stimulated levels of 
expression (see Table 9). Placing this result in the context 
of the whole virus, it seems likely that Vmwl75 acts to 
increase the levels of IE mRNAs for Vmw63, 68 and 12 
throughout the replicative cycle, unless there is some 
counterbalancing effect from another viral product.

In purely qualitative terms, it is clear that the 
promoters of IE2, IE4/5 and IE3 are not identical. To obtain 
maximal, non-stimulated, expression from each promoter 
requires the presence of sequences extending to different 
positions with respect to the cap site. Thus, IE3 requires 
sequences to at least -331 (Cordingley et a l , 1983; Herz & 
Roizman, 1983; Lang et al , 1984), IE4/5 shows maximal 
expression from only 69 bp of 5' flanking sequence (Preston 
et al, 1984; Table 9) and pIE2TK exhibits relatively poor 
expression despite the fact that it contains 5' flanking 
sequences extending far upstream (Table 8). From these data
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likely that only IE3 has an upstream enhancer —like 

element, which drives a very poor promoter, whilst IE4/5 and 
IE2 have high and medium/low efficiency basal promoters 
respectively, but no enhancers. If these observations are 
correct, it is clearly unwise to assume that all IE 
promoters behave identically throughout the infectious cycle 
and, indeed, preliminary analyses indicate that there are 
different levels of mRNA detectable from individual IE 
promoters at different times post infection, including late 
times (F. Rixon, personal communication; Whitton, 1984).

Several workers have shown that the product of IE gene 
1 (VmwllO) can trans-activate both IE and E promoters in 
transient expression systems (Everett, 1984; O'Hare & 
Hayward, 1985a; 1985b; Gelman & Silverstein, 1985). O'Hare 
and Hayward (1985a, b) have tested the IE3 promoter and 
claimed to have recreated "negative regulation of IE genes" 
by co-transfection of cloned sequences. I argue that one 
cannot treat all IE promoters alike and that it is likely 
that only IE3 is down-regulated by IE products. It will be 
of interest to see how the lEl promoter responds to Vmwl75 
and how all IE promoters respond to VmwllO. The finding that 
autoregulation of IE3 was dominant over stimulation by 
VmwllO (O'Hare & Hayward, 1985b) might be explained by 
postulating that Vmwl75 also turns off transcription from 
the lEl promoter.

It is clear, from the data in Table 8, that Vmwl75 does 
not stimulate expression from its own promoter in the same 
way as it trans-activates IE2 and IE4/5. Indeed, there is 
some evidence from these data to suggest that Vmwl75 
represses IE3 activity slightly, a finding recently reported 
by others (O'Hare & Hayward, 1985b). Therefore, the IE3 
promoter behaves in isolation in the way one would predict 
if the gene autoregulates its expression. Three of the many 
possible mechanisms which may operate to enable this 
autoregulation to occur are:

(a) Vmwl75 might bind directly to specific negative, 
cis-acting, regulatory sequences as has been shown to occur 
in the case of SV40 large T-antigen.
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(b ) autorsgulation might occur due to an abortive 
association of Vinwl75 with transcription factors, freezing a 
potential stable complex in a non-functional state.

(c) the effect might be indirect in that Vmwl75 can 
activate all other HSV-1 promoters, and possibly some 
cellular promoters, but not its own (due to a different 
transcription factor requirement or the presence of an 
enhancer, as discussed later). Thus, there would exist a 
competition between the trans-activated promoters and IE3 in 
which the latter would be at a distinct disadvantage. The 
end result would be an apparent down-regulation of IE3 
expression.

The last model is the most attractive since it predicts 
that IE3 expression is not completely prevented but reaches 
an equilibrium based on the concentration of Vmwl75. This is 
an important point for it is known that functional Vmwl75 is 
required throughout the replicative cycle (Preston, 1979a, 
b; Dixon & Schaffer, 1980; Watson & Clements, 1980). 
Furthermore, it fits the observation that mutants with 
non-functional Vmwl75 over produce IE polypeptides (Preston, 
1979a, b; Dixon & Schaffer, 1980; DeLuca et al, 1984).
O'Hare and Hayward (1985b) provide some evidence in support 
of such a model. Their experiments showed that the degree of 
autoregulation of IE3 by Vmwl75 was dependent on the amount 
of plasmid introduced into the cells and, by implication, 
depended on the concentration of available Vmwl75 protein.

The data in Table 10 suggest that the IE3 enhancer 
element acts to suppress stimulation of the TK promoter by 
Vmwl75. Furthermore, the enhancer alone does not stimulate 
TK expression, in the absence of trans-activation. It has 
been shown that the SV40 enhancer differentially activates 
heterologous promoters, for example, it enhances 
human ^-globin transcription about 100-fold (Treisman et a l , 
1983) but only weakly activates the promoters for Drosophila 
hsp70 (Pelham, 1982) and human a-globin (Treisman et a l , 
1983). It would appear that the IE3 enhancer exhibits 
similar properties in this respect and it may indicate a 
fundamental difference in the transcriptional requirements
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of different promoters, Borelli et al (1984) have shown that 
the Ad 2 ElA product (a general trans—activator) represses 
the enhancer functions of SV40, polyoma virus and the 
Ad2-E1A gene itself, and that the repression might act via 
the enhancer sequences themselves. A negative acting role 
for the ElA product has also been suggested in the 
transcriptional control of the Ad2 E2A promoter (Rossini, 
1983; Guilfoyle et al , 1985). There is some evidence to 
suggest that the ElA gene itself is negatively regulated at 
late times. It has been shown that the level of ElA mRNA 
increases only modestly after the E to L shift in Ad2 
infected cells (Spector et al , 1978; Shaw & Ziff, 1980), 
when compared with the increase in template copy number. 
Recently, Smith et al (1985) claim to have shown 
autoregulation by ElA in transient expression systems. They 
constructed a variety of mutated ElA genes on plasmid 
vectors, harbouring the SV40 origin of replication and able 
to replicate in COS 7 cells. One mutant, which encoded a 
severely truncated EIA polypeptide, appeared to over-produce 
ElA mRNA by about 30-fold in comparison to other plasmids. 
This was taken as evidence that the fully functional ElA 
protein acts to repress its own transcription, possibly via 
the ElA gene enhancer element. Stenberg and Stinski (1985) 
have suggested that autoregulation of the HCMV lEl gene 
occurs in transient expression systems by performing almost 
identical experiments to Smith and co-workers. Thus, 
expression of a truncated IE product resulted in an 
increased transcription from the lEl promoter compared to 
the wild-type case. In both these papers there must be some 
doubt as to the validity of the results due to the authors' 
use of replicating SV40 vector systems. It has been shown 
that the ElA product is able to repress transcription from 
the SV40 early promoter (Velcich & Ziff, 1984), which 
includes part of the viral origin of replication and such an 
effect cannot be ruled out as responsible for the apparent 
autoregulation of genes linked on the same plasmid. Clearly 
a similar phenomenon might be taking place in the case of
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the HSV-1 IE3 gene. However, from the limited data in Table 
10, it would appear that the entire repressive effect of 
Vmwl75 on the IE3 promoter cannot be mediated via the 
enhancer element as some stimulation of TK expression is 
evident. It may be that the full autoregulation occurs by an 
interaction between Vmwl75, the IE3 enhancer region and the 
promoter sequences. This hypothesis is consistent with the 
observation that the IE3 promoter alone (sequences to -108) 
cannot be trans-activated by Vmw 175 (data not shown).



CONCLUSIONS & 
FUTURE PROSPECTS
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Conclusions and Future Prospects

The two main genes studied in this work, those for 
Vmw65 and Vmwl75, encode effectors involved in the global 
control of at least two gene sets in HSV-1. The most 
detailed work on such systems has been performed in 
prokaryotic organisms, but can give useful guidelines. Maas 
and Clark (1964) defined a unit, called the regulon, which 
consisted of two or more opérons (transcription units) that 
shared a common regulator molecule. The transcription units 
in the regulon may be unlinked and also subject to seperate, 
alternative, controls. Such a general system description is 
obviously relevant to both IE and E gene control. The task 
of analysing a regulon has been described as falling into 
four stages (Gottesman & Neidhart, 1983):

(i) recognition of the genes and products comprising 
the regulon.

(ii) discovery of the regulatory element(s), that is, 
the genes and products.

(iii) elucidation of the molecular details of the 
controlling activities.

(iv) understanding the physiological significance of 
the coordinate regulation.

In the case of Vmw65, tasks (i) and (ii) have been 
accomplished. The genes recognised by this positive 
regulator molecule are the IE genes and some of their 
functions have been described. The identity of the regulator 
molecule as Vmw65 is clear, although the precise biochemical 
structure of the active protein may involve some host 
induced modification. Task (iii) is being actively pursued. 
Some of the details are already known, for example all IE 
genes share the TAATGARAT recognition sequence in their 5' 
flanking regions and presumably this acts, in some way, to 
determine the specificity of transcriptional activation. So 
far almost none of the potential mechanisms by which the 
Vmw65 molecule activates an IE promoter can be excluded, 
indeed the exciting possibility exists that a completely 
novel method of specific gene activation is being observed.
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The effect of Vmw65 on cellular transcription is now being 
addressed. There is evidence that the protein is modulating 
IE transcription by use of an existing cellular control 
pathway as stimulation of chromosomally resident promoters 
has been detected (C.M.Preston and D.Latchman, personal 
communication). The isolation and identification of such 
genes may provide clues to the mechanism of IE gene 
activation. It will be interesting to see if such genes are 
identified by the TAATGARAT motif.

The physiological relevance (task (iv)) of coordinate 
stimulation of IE gene expression may be more easily 
approached than the detailed mechanism by which it is 
brought about. It is feasible to construct mutant Vmw65 
genes, by established in vitro techniques, to determine 
their stimulatory potential by co-transfection studies and 
to transfer stimulation-minus mutants into the viral genome 
by standard recombination methods. Assuming that it is 
possible to disengage the structural functions of the 
protein from the activator role, one could produce a virus 
which lacked only the ability to stimulate its IE gene 
expression. The phenotype of such a virus would be of 
immense interest.

The functions of the other genes identified in BamHI F 
are completely unknown. Again, the powerful modern 
techniques of in vitro mutagenesis may allow the 
construction of viruses with specific defects in these 
genes. The predicted amino acid sequence of the proteins 
permits the synthesis of oligopeptides to specific regions 
of the predicted proteins and, in turn, these peptides can 
be used to obtain mono6p€o|'ic antibodies which often react 
with the whole, native, protein of interest. In these two 
ways the DNA sequence can provide the foundation for 
rigorous genetic and biochemical studies.

Much remains to be done on the problem of 
autoregulation by Vmwl75. The experiments in this work and 
the published accounts of O'Hare and Hayward (1985b) suggest 
that the details of the phenomenon can be approached in 
isolation from the whole virus. Thus, co-transfection
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experiments, coupled with the construction of mutations both 
in the coding sequences and 5 ‘ flanking region of the 
Vmwl75 gene, may provide the answers. The role of the other 
IE polypeptides in transcription regulation is only now 
being addressed. It is probable that a complex interaction 
of Vmwl75 with other viral proteins and host cell factors 
determines the function of this protein. In this case, the 
use of in vitro transcription systems and purified viral 
polypeptides is likely to be a fruitful direction for future 
studies.
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ABSTRACT
Previous work has shown that transcriptional activation of 

herpes simplex virus type 1 (HSV-1) immediate early genes is 
mediated by a protein species (Vïnw65) present in the tegument of 
infecting virions. This paper describes DNA sequence analysis 
and mRNA mapping of the Vmw65 gene in HSV-1 strain 17. The Vmw65 
coding region was identified as a 49D codon sequence encoding a 
polypeptide of molecular weight 54,342 and characterised by a 
high proportion of charged amino acid residues. A homologue to 
Vmw65 was detected in the genome of varicella-zoster virus, 
another human herpesvirus. Apart from its role in 
trans-activation, Vmw65 is a major constituent of the virion.
Its possible significance in virus structure is discussed.

INTRODUCTION
Herpes simplex virus type 1 (HSV-1) is a large, enveloped, 

icosahedral virus (1). It has a linear, double-stranded DNA 
genome of approximately 155 kilobase pairs (kbp) (2, 3) which is 
transcribed and replicated in the cell nucleus. At least three 
classes of genes have been distinguished in a temporal cascade, 
based on their requirements for de novo protein synthesis and 
viral DNA replication before transcriptional activation (4, 5,
6, 7). These classes have been named immediate early (IE), early 
(E) and late (L). The IE group consists of five genes named 
l E l (2 copies), 2, 3 (2 copies), 4 and 5. These genes are the 
first to be expressed after infection and do not require prior 
viral protein synthesis for their transcription (4, 5). 
Polypeptide Vm w l 75, the product of IE3, is required continuously 
for the expression of all E and L genes (8, 9). There is growing 
evidence that other IE proteins are involved in modulating 
transcription of the later temporal classes, probably in 
conjunction with Vmwl75 (10, 11, 12).

The 5' flanking sequences which control expression of HSV-1
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lE genes have been studied by several groups. In particular, IE3 
and 4/5 (IE mRNAs 4 and 5 have identical 5' termini and upstream 
sequences) possess efficient promoters, including upstream 
regions with enhancer-like activity (13, 14, 15, 16, 17, 18,
19). Furthermore, transcription from all IE genes is strongly 
stimulated by a structural component of the herpes simplex 
virion (13, 15, 18, 20). Functional analysis of the IE gene 
regulatory regions (18, 21) located an AT rich, cis-actinq, DNA 
sequence essential for the stimulatory response. This element is 
represented by a consensus sequence TAATGARATTC (R=purine) 
present in one or more copies far upstream of all IE genes, both 
in HSV-1 and HSV-2 (14, 20, 22, 23, 24). Thus, the available 
evidence suggests that stimulation of HSV IE gene transcription 
is mediated by a virion component which interacts, either 
directly or indirectly, with specific DNA sequences located far 
upstream from the mRNA 5' terminus.

Studies by Batterson and Roizman (25) have shown that the 
virion component is trans-acting and probably consists of one or 
more polypeptides located outside the nucleocapsid. Campbell, 
Palfreyman and Preston (26) applied a novel strategy to identify 
the HSV-1 gene or genes encoding the specific stimulatory 
factor. Cloned restriction fragments of the HSV-1 genome were 
transfected into tissue culture cells, together with a plasmid 
containing the HSV-1 thymidine kinase (TK) gene under the 
control of the IE3 promoter. Genomic fragments which stimulated 
the levels of TK activity were identified. Initial experiments 
located the IE specific trans-activator to the EcoRI I region 
(map coordinates 0.635-0.721). By a process of subcloning and 
insertion mutagenesis the authors were able to exclude all mRNAs 
known to map in EcoRI I except one (27). Hybrid arrested in 
vitro translation and immunoprécipitation studies identified the 
gene responsible as that for V m w 6 5, a major virion tegument 
phosphoprotein (28, 29). The tegument is an amorphous layer of 
protein, which lies between the viral nucleocapsid and envelope, 
of unknown function.

We report here the complete nucleotide sequence of the gene 
encoding V m w 6 5. The gene maps to a 2.6kbp fragment located in 
the long unique region of the genome, between m ap coordinates
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0.669 and 0.685. In this region there is only one potential open 
reading frame consistent with our mapping data and analysis of 
codon usage. Furthermore, the 5' and 3' flanking regions exhibit 
typical promoter and termination sequence elements.

MATERIALS AND METHODS 
Plasmids

The sequence reported here is derived from the sequence of 
the BamHI F fragment of HSV-1 strain 17, cloned into the BamHI 
site of pATl53 (30) and named pGX158. The plasmid was propagated 
in Escherichia coli DHl (31). Plasmid DNA was prepared by 
established techniques and banded by CsCl gradient 
ultracentrifugation (32).
DNA Sequence Analysis

The dideoxy sequencing methodology was used (33, 34).
Plasmid pGX158 was digested with BamHI and the vector sequences 
separated by agarose gel electrophoresis. The insert fragment 
was electroeluted from the gel slice. Purified fragment was 
self-ligated,using T4 DNA ligase, and then sonicated using a 
Dawe probe sonicator (35). Sonicated DNA was end repaired by 
incubation with T4 DNA polymerase and all four deoxynucleoside 
triphosphates. The end repaired fragments were then size 
fractionated by a second round of gel electrophoresis and 
electroelution. Purified fragments in the size range 300-600 
base pairs were cloned into Smal cleaved and phosphatase-treated 
Ml3mp8 vector (36). Clones were transfected into E.coli JMlOl, 
suitable plaques picked and single stranded template isolated 
and sequenced.
Computing

The sequence data were managed with the database system of 
Staden (37), implemented by Dr.P.Taylor on a DEC PDP 11/44 
machine running under the RSX-llM operating system.

Open reading frames were identified using the program of 
Blumenthal et al (38) and codon usage evaluated by the method of 
Staden and M^Lachlan (39). Amino acid sequence hydrophobicities 
were examined with the parameters of Kyte and Doolittle (40). 
Sequence homologies were assessed by use of a matrix comparison 
program (41) and an optimal alignment program (42).
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Figure 1 ; Location of the BamHI F fragment in the HSV-1 
genome

A diagrammatic representation of the HSV-1 prototype 
genome. U l and Ug are the long and short unique regions of the 
genome. The open boxes represent repeated sequences. BamHI F is 
located between 0.645 and 0.695 map units. The sequence 
presented is marked as a line between Sail and Xhol sites. Also 
shown are the positions of the end-labelled probes used to 
determine the 5' and 3' termini of the mRNA for V m w 6 5.

mRNA Mapping
Total cytoplasmic RNA was extracted from BSC-1 cells at 6h 

after infection with 2 0 plaque forming units of wild-type HSV-1 
strain 17 per cell, or mock infected, as described by Preston 
(43).

To map the 5' terminus of the mRNA, lOug of RNA was 
hybridised with a 5' end-labelled Mlul or Sail fragment derived 
from the plasmid gMCl (26), a 2.6kb sub-clone of pGXl58 which 
contains the complete coding and flanking sequences of the Vmw65 
gene and whose sequence is reported here. The 3' end of the mRNA 
was mapped by hybridisation to a 3' end labelled Xcyl fragment. 
The respective probes are shown in Figure 1. The full procedure 
has been described previously (44).

RESULTS
Location of the Gene for Vmw65

The gene for Vmw65 lies between map coordinates 0.669 and
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Figure 2: Si m a p p ing of the 5' and 3' termini of the mRNA for
Vmw65

Panel (a) shows the results of using 5' end-labelled 
restriction fragments to map the mRNA initiation site. The 
probes used are indicated above the lanes. The hybrid bands 
obtained are discussed in the text.

Panel (b) shows an equivalent experiment to map the 3' 
terminus of the message. In both panels MI stands for 
mock-infected RNA and L is late, infected-cell, mRNA.

7869



Nucleic Acids Research

OAGCCCCAGCCCGCTCCGCTTCTCGCCCCAGACGGCCCGTCGAGTGAAAACTTCCGTACCCAGACAAT^GCACCAACAOGGGTTCATTCGGTGTTCGCGTTGCGTGCCTTTG H 4

TTTCCCAATCCGACGGGGACCGGGACTGGGTGGCGGGGGGTGGGTTGGACAGCCGCCCTCGGTTCGCCTTCACGTGACAGGAGCCAATGTGGGGGGAAGTCACGAGGTAr.GGan 228

ÇGGCCCGTGCGGGTTGCTTA^GCGTGGTGGCGACCACGGGCTGTCATTCCTCGGGAACGGACGGGGTTCCCGCTGCCCACTTCCCCCCATAAGGTCCGTCCGGTCCTCTAAC 342

GCGTTTGGGGGTTTTCTCTTCCCGCGCCGTCGGGCGTCCCACACTCTCTGGGCGGGCGGGGACGATCGCATCAAAAGCCCGATATCGTCTTTCCCGTATCAACCCCACCCA 45 3

m d l l v d e l f a d m n a d g a s p p p p r p a g g p  28
ATG GAC CTC TTG GTC GAC GAG CTG TTT GCC GAC ATG AAC GCG GAC GGC GCT TCG CCA CCG CGC CGC GGG GGG GGC GGG GGT GGG 537

K N T P A A P P L Y A T G R L S Q A Q L M P S P P M P V  56
AAA AAC ACG GGG GGG GCC CGC GGG GTG TAG GGA ACG GGG GGG GTG AGG GAG GGG GAG GTG ATG GGG TCG GGA GGG ATG GGG GTG 621

P P A A C F N R L L D D L G F S A G P A L G T M L D T W  84
GGG GGG GGG GGG GTG TTT AAG GGT GTG GTG GAG GAC TTC GGG TTT AGG GGG GGG GGG GGG GTA TGT ACG ATG CTG GAT ACG TGG 705

N E D L F S A L P T N A D L Y R E G K F L S T L P S D V  112
AAC GAG GAT GTG TTT TGG GGG GTA GGG ACG AAG GGG GAG GTG TAC CGG GAG TGT AAA TTG GTA TCA ACG GTG GGG AGG GAT GTG 789

V E W G D A Y V P E R T Q I D I R A H G D V A F P T L P  140
GTG GAA TGG GGG GAG GGG TAG GTC GGG GAA GGG AGG GAA ATG GAC ATT GGG GGG GAG GGG GAC GTG GCG TTG GGT ACG GTT GGG 87 3

R T V L A N F C S A L Y R Y L R A S V R Q L H R Q A H M  
GGA ACG GTG TTG GGG AAC TTG TGG TCG GGG GTG TAC CGG TAC CTG GGG GGG AGG GTG GGG GAG GTG GAC CGG GAG GGG GAG ATG

P G R D R D L G E M L R A T I A D R Y Y R E T A R L A R  
GGG GGA GGG GAT GGC GAC GTG GGA GAA ATG GTG GGG GCG ACG ATG GCG GAC AGG TAC TAC GGA GAG ACG GGT GGT GTG GCG GGT

TTT GAC TGC GTG TGT TGG GAG GTG GAG AGG TGG GGT GAG TTG GGG GGT GTG TTC GAG GGG TTG ATG TTC GTC AAC GGA GGG GTG

S A A T E E P G A P L T T P P T L H G N Q A R A S G Y F  
AGG GGG GGT ACG GAG GAG GGA GGG GGG GGG TTG AGG ACG GGT GGG ACG GTG GAT GGG AAG GAG GGC GGG GGG TGT GGG TAC TTT

M V L I R A K L D S Y S S F T T S P S E A V M R E H A Y  
ATG GTG TTG ATT GGG GGG AAG TTG GAG TGG TAT TGG AGG TTG ACG ACG TCG GGG TGG GAG GCG GTG ATG GGG GAA GAC GGG TAC

S R A P T K N N Y G S T I  E C L L D L P D D D A P E E A  
AGG GGC GGG GGT ACG AAA AAC AAT TAC GGG TGT AGG ATG GAG GGG GTG GTG GAT GTG GGG GAG GAG GAC GCG GCG GAA GAG GGG

G L R A P R L S F L P A G H T R R L S T A P P T D V S L  
GGG GTG GGG GGT GGG GGG GTG TCG TTT GTG GGG GGG GGA GAG ACG GGG AGA GTG TGG AGG GCG GGG GGG AGG GAT GTG AGG GTG

o d e l h l d g e d v a m a h a d a l d d f d l d m l g
GGG GAC GAG CTG GAG TTA GAG GGG GAG GAG GTG GGG ATG GGG GAT GCG GAC GCG GTA GAC GAT TTC GAT GTG GAC ATG TTG GGG

d g d s p g p g f t p h d s a p y g a l d m a d p e f e
GAC GGG GAT TGG GGG GGG GGG GGA TTT ACG GGG GAC GAG TGG GCG GCG TAC GGC GGT GTG GAT ATG GGG GAC TTG GAG TTT GAG

TCGTATGCACAATAAAGAGGAGGACATAGATTAGAAAACGTGGGGTTGTGGTCTGATTATTTGGTGGTOGGGGAAAGAACTAOCGAOQAOACGQGACCOCOCAACCAACCGACT 2094 

GGGGTGTGGGTTGGGGGGGTGTGTGTTAGGGGGGTGTCGGGGGGTGTCGTGTAGATTCGAAACGACGGACGGGTGATTQTCTCGCAOGOGGGGCCGCGTATAAAOGCGAOAOCO 22 08  

GGGGAGGGTTTGGGGATTTGGGGGGGGGGTGGGGGGGGGGGTAGGGTTGGCGGGAGATACTOGGTTTTTTTGGGCGGGCCCCOTCGCTCCCOTCGATTCCCATCGCGAGGGGGT 2322 

GGGGCGGGAGCTACGCGGGGGTGGATGGGGGGTGTGGGGTGTTTTTGTTTTTTGGGGGGTAOGGGACATCGGATAACCGGCGTGTATCGCCACCATGTCGOCTCGGGAACGCGG 2436 

GGGGGGG AGGAGGGGGGG ATGG AGGGGGGGGGGGGGGTCGGGGGTGGCGGACGAGGGAGGGOOGGATGGGOTGGGGTTGATGGGGTACGTGGGTGGGGTGTTGCGCGGOGATGA 2550 

GGACAGCOAOCTAGAGGGTCTGGAGGAGATGOCGGGGGACGAGCCOGGGGTGCGGGGTC 2609
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0.685 on the prototype HSV-1 genome, in a region bounded by Sali 
and Xhol sites (see figure 1 and reference 26). The length of 
this fragment of the genome is 2609 base pairs. Approximately 
30,000 characters were present in the database and greater than 
98.5% of the sequence was determined on both strands. The base 
composition is 66.0% G+C.

We have accurately located the 5' and 3' termini of the 
single, 1.7kb, mRNA which is known to map entirely within this 
region (27). The results are presented in figures 2 and 3. The 
5' end of the mRNA was mapped using two independent probes 
end-labelled at Sail and Mlul sites respectively. The Mlul probe 
gave a hybrid band of about 67bp in size, consistent with the 
hybrid of approximately 200bp obtained using the Sail probe. 
These data position the mRNA start site at approximate position 
274. The mRNA 3' terminus was mapped using a 3' end-labelled 
Xcyl probe which gave an SI hybrid band of about 205bp, 
positioning the end of the mRNA at approximately 2020. Note that 
the sequence presented is numbered right to left (5' to 3') with 
respect to the genomic orientation.

In the 5' flanking regions it is possible to discern various 
sequence motifs which are similar to sequences implicated in 
control of transcription. These are as follows :

(a) TTAAAT, at position 246, which is a reasonable candidate 
for the "TATA box" (45), a sequence important for efficient and 
accurate initiation of RNA polymerase II transcription. It is in 
approximately the correct position, about -30 with respect to 
the cap site.

(b) AGCCAATGT, at position 196, an excellent match to a 
sequence, GGCCAATCT, implicated in the transcriptional activity 
of globin promoters (46, 47) but also found in many others (48).

Figure 3 : The sequence of the gene for Vmw65
We present here 2609 base pairs of DNA sequence including 

the gene for V m w 6 5. The initiation site of the transcript for
this gene is shown as 0 ------. The terminus of the mRNA is
marked as  X. Canonical sequences implicated in the control
of transcription in other systems, and referred to individually 
in the text, are underlined. The single letter amino acid code 
is used to indicate the extent of the open reading frame for 
Vmw6 5.
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(c) GC rich motifs similar to those found in both the SV40 
21bp repeats and the HSV-1 TK gene (49, 50, 51). Specifically, 
CCGCCC at position 167 and GGGCGG at position 226, are in 
approximately similar places relative to the "TATA box" as those 
elements found in the TK promoter.

On the 3' side of the coding region lies a typical 
polyadenylation signal sequence AATAAA (52), at position 1991, 
followed about 30bp downstream by a sequence TGCGCTTG. This is 
consistent with a consensus (YGTGTTYY, where Y=pyrimidine) found 
in this position in many genes and shown to be functionally 
important in the termination of HSV mRNA (53,54).

The first initiating ATG codon to be found after the mRNA 
start was at position 454 and conforms satisfactorily with the 
rules of Kozak (55). This codon initates an open reading frame 
of 490 amino acids whose codon usage was consistent with that of 
other, known, HSV-1 proteins as determined by the program of 
Staden and M^Lachlan (39).

The DNA sequence of Fig.3 also contains what we consider to 
be the termini of the genes flanking the gene for V m w 6 5. At 
position 66 is a polyadenylation signal, presumably that for 
two, 3' co-terminal, messages coding for a 42,000 molecular 
weight polypeptide located upstream of Vmw65 (27). Hall and 
co-workers also indicate that a 70,000 molecular weight 
polypeptide should be translated from a mRNA initiating soon 
after the end of the mRNA for V m w 6 5. We believe that this 
protein begins at position 2417 and there is a reasonable "TATA" 
box at 2193.
The Vmw65 Protein

From the above predicted open reading frame, Vmw65 is 
composed of 490 amino acid residues and has a molecular weight 
of 54,342. The amino acid composition is presented in Table 1. 
The protein is highly charged, with the acidic residues, 
aspartic and glutamic acid, accounting for 14.3% of the total 
amino acids. Those amino acid residues with strongly basic side 
chains, arginine and lysine, make up a further 9%. The predicted 
net acidic character is consistent with two-dimensional gel 
electrophoresis of HSV-1 proteins, which has shown Vmw65 to be 
amongst the most acidic proteins in infected cells (56, 57).
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Table 1 ; Predicted amino acid composition of Vmw65

Residue N o . % Residue N o . % Residue N o . %

Ala 58 11.8 Arg 40 8.2 Asn 12 2.4
Asp 41 8.4 Cys 6 1.2 Gin 10 2.0
Glu 29 5.9 Gly 32 6.5 His 13 2.7
lie 9 1.8 Leu 65 13.3 Lys 4 0.8
Met 16 3.3 Phe 23 4.7 Pro 40 8.2
Ser 26 5.3 Thr 27 5.5 Trp 4 0.8

Val 17 3.5

Analysis of hydropathicity shows that there are no extensive 
regions of an extreme hydrophobic or hydrophilic nature (data 
not shown). However, a histogram (figure 4) of the numbers of 
basic or acidic residues every 30 amino acids reveals that there 
is a distinct polarity along the peptide backbone, with acidic 
residues prevalent in the carboxy-terminal 80 amino acids and

N" ACID

N® BASIC

Figure 4 ; Histogram of acid/basic residue distribution
The distribution of acidic and basic residues along the 

polypeptide backbone is plotted. The interval is 30 amino 
a c i d s .
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HOMOLOGY MATRIX PLOT 
X AXIS=HSV1BAMF.54K from base no. 1 to base no. 490
Y AXIS=VZVCLC.45 from base no. 1 to base no. 410

Range=15 Seale= 0.98 Minimum value plotted= 28 Compressed 4 tii

Figure 5 ; A dot matrix plot of homology between Vmw65 and 
VZV 45K

This plot was obtained by use of the program of Pustell and 
Kafatos (41) with the parameters indicated in the figure. 
Graphical output was programmed by Philip Taylor. It clearly 
shows colinearity between the two amino acid sequences except 
for the carboxy terminal 80 amino acid residues of Vmw65.

basic residues concentrated near the amino-terminal region. The 
relatively high leucine content may indicate that Vmw65 has a 
well defined secondary structure.
Homology to other proteins

We have detected a clear homologue to Vmw65 in the genome of 
v a rice11a-zoster virus (VZV), another human herpesvirus 
(A.Davison, manuscript in preparation). The VZV protein has a 
molecular weight of 45,000 (45K). Figure 5 shows a dot matrix 
homology plot between the two proteins. It can be seen that they 
are approximately colinear except that the HSV-1 protein has 80 
amino acid residues at the carboxy-terminus which the VZV 45K 
lacks. Figure 6 is an optimal alignment of the two amino acid 
sequences. This indicates that approximately 35% of amino acid 
residues are conserved between the two proteins. Since the VZV
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1 MD L L V D E L F A D M N A D G A S P P P P R P A  G G P K N T P A A P P L Y A T G R L S Q A  Q L M P S P P M P V P P A A L F N R L L D D L  * *  * ♦ * * ♦ *  ***« * * «
1 M E C N L G T E H P S T D T W N R S K T E Q A V V D A F D E S L F G D V A S D IG F E T S L Y S H A V K T A P S P P W V A S P K IL Y Q Q L IR D L

7 0  G F S A G P A L C T M L D T W N E D L F S A L P T N A D L Y R E C K F L S T L P S D V  V E W G D A Y V P E R T Q ID IR A H G D V A F P T L P  
* *  * *  * * * * * * * * * *  * * * * *  * *  * * *  * * * * * * * *

7 5  D F S E G P R L L S C L E T W N E D L F S C F P IN E D L Y S D M M V L S P D P D D V IS T V S T K D  H V E M F N L T T R  G S V R L P S P P

1 4 1  A T R D G L G L Y Y E A L S R F F H A E L R A R E E S Y R T V L A N F C S A L Y R Y L R A S V R Q L H R Q A H M R G R D R D L G E M L R A T IA D R  
* *  ♦ ♦ * * * * * * *  * * * * * * * * * * *

1 4 5  K Q P T G L P A Y V Q E V Q D S F T V E L R A R E E A Y T K L L V T Y C K S I IR Y L Q G T A K R T T IG L N IQ N P D Q K A Y T Q L R Q S IL L R

2 1 5  Y Y R E T A R L A R V L F L H L Y L F L T R E IL W A A Y A E Q M M R P D L F D C L C C D L E S W R Q L A G L F Q P F M F V N G A L T V R G V P IE  
*  *  *  *  *  *  *  *  *  * * * * *  *  *  *  *  * *  *  * *  *  *  * *  *  *  *  *  *

2 1 9  Y Y R E V A S L A R L L Y L H L Y L T V T R E F S W R L Y A S Q S A H P D V F A A L K F T W T E R R Q F T C A F H P V L C N H G IV L L E G K P L T

2 8 9  A R R L R E L N H IR E H L N L P L V R S A A T E E P G A P L T T P P T L H G N Q A R A S G Y F M V L IR A K L D S Y S S F T T S P S E A V M R E H  
*  *  *  *  *  *  *  * * * * *  * *  *  *  *  *  *  *  *  *  *  *  *  *

2 9 3  A S A L R E IN Y R R R E L G L P L V R C G L V E E N K S P L V Q Q P S F S V H L P R S V G F L T H H IK R K L D A Y A V K H P Q E P R H V R A D H

3 6 3  A Y S R A R T K N N Y G S T IE G L L D L P D D D A P E E A G L A A P R L S F L P A G H T R R L S T A P P T D V S L G D E L H L D G E D V A M A H A  
* * * * *  * * * * * * * * * * *  *

3 6 7  P Y A K V V E N R N Y G S S I E A M IL A P P S P S E IL P G D P P R  P P T C G F L T R

4 3 7  D A L D D F D L D M L G D G D S P G P G F T P H D S A P Y G A L D M A D F E F E Q M F T D A L G ID E Y G G  

4 0 9

Figure 6 ; An optimal alignment of the amino acid sequences of 
Vmw65 and VZV 45K 

Obtained using the optimal alignment program of Taylor (4 2) 
and using the default parameters recommended by the author. The 
top line is the amino acid sequence of Vmw6 5.

and HSV-1 genomes have diverged considerably, to the extent that 
their base compositions differ by 21 percentage points, we 
regard this homology as a good confirmation of the correctness 
of our Vmw65 reading frame assignment. We have been unable to 
detect a homologue to Vmw65 in another herpesvirus, Epstein Barr 
virus, whose genome has been completely sequenced 
(58).Similarly, a search of the National Biological Research 
Foundation protein database produced no matches of obvious 
significance.

DISCUSSION
The results of Campbell and co-workers (26), using 

transfection of plasmid clones, preclude the possibilities 
either that the tegument's structural integrity is involved in
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lE gene stimulation or that other viral proteins play an 
essential part. Since no other open reading frames of 
significant length, with acceptable codon usage, were detected 
on either strand we conclude that the polypeptide described here 
is alone responsible for specific trans-activâtion of HSV-1 IE 
promoters. The difference between the molecular weight 
determined by SDS-polyacrylamide gel electrophoresis and that 
obtained by sequence analysis cannnot be due to phosphorylation 
since the in vitro translation product is of similar 
electrophoretic mobility (26). We believe that it is more likely 
that the large number of charged residues result in aberrant 
electrophoretic mobility. The first AUG codon may not be the 
sole initiating codon in v i v o , since experiments involving 
hybrid-arrest translation, in v i t r o , followed by two-dimensional 
gel electrophoresis have detected a minor polypeptide which 
probably results from initiation of translation at the second 
AUG codon, 33bp further downstream (C.M.Preston and L.Haarr, 
unpublished observations). This smaller polypeptide is capable 
of trans-activation, since plasmids possessing an 8bp 
oligonucleotide insert at the Sail site between the two ATG 
codons are active in the co-transfection assay (26).
Polypeptides resulting from translation initiation at 
downstream, in phase, AUG codons of the HSV thymidine kinase 
mRNA have been previously described (57,59).

The VZV 45K polypeptide is homologous to HSV Vmw6 5 but lacks 
the carboxy-terminal 80 amino acids, which are relatively rich 
in acidic residues. It will be interesting to determine whether 
the VZV homologue and Vmw65 can stimulate expression of the 
heterologous IE genes. The VZV gene homologous to HSV-1 IE3 does 
not exhibit sequences corresponding to the TAATGARATTC consensus 
in its 5 '-flanking region (60). Therefore, either the VZV 45K 
protein recognises a different upstream sequence or it may lack 
the ability to stimulate transcription.

The function of the viral tegument is unknown. Vmw65 
comprises a significant proportion of the total protein in the 
tegument and is likely to play an important structural role. The 
tegument may be instrumental in the maturation of virus 
particles by directing the envelopment of nucleocapsids. Two
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possible mechanisms by which this could be brought about are 
either by direct interaction with the lipid component of the 
envelope or, indirectly, by complexing with virally encoded 
envelope proteins. There is no obvious sequence evidence, in the 
form of a large hydrophobic domain, for direct membrane 
interaction. It is known that Vmw65 is tightly complexed with 
glycoprotein B and possibly other viral glycoproteins which 
reside in the envelope (M.Campbell, personal communication). 
Another possible role for the protein may be in maintaining the 
structural integrity of the tegument. Our analysis of the 
distribution of acidic/basic residues indicates a potential 
polarity to the protein molecule. Such a polarity might allow 
Vmw65 to be arranged, in the tegument, in an ordered fashion and 
result in a structure held in place by hydrogen bonding 
interactions. It is thought that the tegument is especially 
sensitive to dehydration (61) which is compatible with such a 
mechanism. Other functions we can postulate for Vmw65 would be 
important in the early stages of infection, for example the 
tegument might provide a protective layer around the 
nucleocapsid or it may play a role in the virion's nuclear tropism, 

In conclusion, we present here the DNA and implied protein 
sequences of a gene from HSV-1 whose product specifically 
stimulates transcription from HSV-1 IE promoters. The predicted 
protein is notably acidic. It shows homology to an open reading 
frame in the VZV genome, but no significant homology to any 
other known amino acid sequence. The sequence will allow 
detailed molecular genetic analyses to define functionally 
important regions of the polypeptide. Further immunological and 
biochemical experiments may provide insights into how this 
protein specifically stimulates HSV IE transcription and into 
the mechanisms of promoter recognition.
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Codon Usage TabIe of the Coding Sequences of Vmw65

TTT Phe 12 2.4% TCT Ser 3 0.6% TAT Tyr 3 0.6% TGT Cys 3 0.6%
TTC Phe 11 2.2% TCC Ser 6 1.2% TAC Tyr 15 3.1% TGC Cys 3 0.6%
TTA Leu 1 0.2% TCA Ser 1 0.2% t a a-- 0 0.0% TGA-- 0 0.0%
TTG Leu 12 2.4% TCG Ser 6 1.2% Ta g -- 1 0.2% TGG Trp 4 0.8%

CTT Leu 3 0.6% CCT Pro 2 0.4% CAT His 3 0.6% CGT Arg 6 1.2%
CTC Leu 16 3.3% CCC Pro 21 4.3% CAC His 10 2.0% CGC Arg 19 3.9%
CTA Leu 8 1.6% CCA Pro 4 0.8% CAA Gin 1 0.2% CGA Arg 2 0.4%
CTG Leu 25 5.1% CCG Pro 13 2.6% CAG Gin 9 1.8% CGG Arg 11 2.2%

ATT lie 4 0.8% ACT Thr 0 0.0% AAT Asn 1 0.2% AGT Ser 0 0.0%
ATC lie 5 1.0% ACC Thr 17 3.5% AAC Asn 11 2.2% AGC Ser 10 2.0%
ATA lie 0 0.0% ACA Thr 0 0.0% AAA Lys 3 0.6% AGA Arg 1 0.2%
ATG Met 16 3.3% ACG Thr 10 2.0% AAG Lys 1 0.2% AGG Arg 1 0.2%

GTT Val 1 0.2% GCT Ala 5 1.0% GAT Asp 11 2.2% GGT Gly 3 0.6%
GTC Val 8 1.6% GCC Ala 26 5.3% GAC Asp 30 6.1% GGC Gly 9 1.8%
GTA Val 0 0.0% GCA Ala 1 0.2% GAA Glu 6 1.2% GGA Gly 7 1.4%
GTG Val 8 1.6% GCG Ala 26 5.3% GAG Glu 23 4.7% GGG Gly 13 2.6%

Average Base 'Composition of the Coding iSequences of Vmw65

y T C A G R ALL
NUMBER 782 271 511 243 448 691 1473
PE R C E N T 53.1 18.4 34.7 16.5 30.4 46.9 100.0


