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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
M13 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 S1
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
(vzZv; 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-1l.



The second aspect of IE gene control which has been
investigated is the reported autoregulation of IE gene 3
expression by its product Vmwl75. 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 invélved 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 I1E 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.

A

Ad
ATP
b, bp
BHK
bis-acrylamide
Bq
BSA
c

Ci
cpe
cpm
dATP
dCTP
dGTP
dTTP
dNTP
ddATP
ddcTp
ddGTP
ddTTp
ddNTP

DMSO
DNA
DNAase
DTT
EDTA
EtBr

adenine

adenovirus

adenosine-5'-triphosphate

base(s), base pairs(s)

baby hamster kidney

N,N'-methylene bisacrylamide
Becquerel(s)

bovine serum albumin

cytosine

Curie(s)

cytopathic effect

counts per minute
2'-deoxyadenosine-5"'-triphosphate
2'-deoxycytidine~5'-triphosphate
2'-deoxyguanosine-5'-triphosphate
2'-deoxythymidine-5"'-triphosphate

any 2'-deoxyribonucleoside-5'-triphosphate
2',3'-dideoxyadenosine-5'~triphosphate
2',3'-dideoxycytidine~5'~-triphosphate
2',3'-dideoxyguanosine-5'-triphosphate
2',3'-dideoxythymidine-5'-triphosphate
any 2',3'-dideoxyribonucleoside-5"
-triphosphate

dimethyl sulphoxide

deoxyribose nucleic acid
deoxyribonuclease

dithiothreitol

sodium ethylenediamine tetra-acetic acid
ethidium bromide

guanine



g gram(s)

2GHC moles per cent guanosine + cytosine
moieties

HeBS hepes buffered saline

hepes 4-(2-hydroxyethyl)-l-piperazine ethane

" sulphonic acid

hr(s) hour(s)

IPTG isopropyl-D-thiogalactosidase

kb, kbp kilobase(s), kilobase pair(s)

1 litre

M molar

min(s) minute(s)

ml millilitre(s)

mm millimetre(s)

mM millimolar

m.,o.i. multiplicity of infection

mol mole(s)

mMRNA messenger ribonucleic acid

N unspecified nucleotide (A, G, C or T)

NaOAc sodium acetate

NPT non-permissive temperature

oD optical density

32p radiolabelled phosphate

PAA phosphonoacetic acid

PEG6000 polyethylene glycol 6000

p.f.u. plagque forming units

PI post infection

PIPES piperazine-N,N'-bis(2-ethane sulphonic
acid)

poly At polyadenylated

R purine moiety

RNA ribonucleic acid

RNAase ribonuclease

rpm revolutions per minute

SDS sodium dodecyl sulphate

s second(s)

Sv40 simian virus 40

T thymine

TdR 2'-deoxythymidine



TEMED
TK
tRNA
ts

v/v

vmw

N,N,N',N'-tetramethylethylene diamine
thymidine kinase

transfer ribonucleic acid
temperature-sensitive

ultra-violet

volt(s)

volume/volume

molecular weight of viral polypeptide in
kilodaltons

watts

weight/volume

5-bromo, 4-chloro, 3-indolyl,
p-D-galactopyranoside

pyrimidine moiety

microcurie

microgram

microlitre



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 al, 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
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Figure 1l: 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 AAAAn. Splicing probably
occurs during, or just before, transport from the nucleus to

the cytoplasm.
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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 al, 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 seperated by their elution order
from a DEAE-Sephadex column, but they can be more rapidly
discriminated by a differential sensitivity to a-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 0.0l pg/ml. RNA
pol II1 transcribes 5S and tRNA genes and is also sensitive
to inhibition by the toxin, but higher levels (5-10 upg/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; Roeder & 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 1 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 II1 systems which operate in vitro to transcribe
tRNA and 5S RNA gene templates have been available for a
relatively long time. Parker and Roeder (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
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extracts were later produced which could faithfully
transcribe cloned DNA templates (Weil et al, 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 55 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 5S 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 5S gene (Hanas et al, 1983a) where it
is able to locally unwind DNA (Hanas et al, 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 al, 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
55 RNA (Lassar et al, 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
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selected promoters and hence maintain expression of specific
gene sets (Bogenhagen et al, 1982; Brown, 1984).
Furthermore, TFIIIA is not reguired for the synthesis of
tRNA precursors. Several groups have fractionated and
reconstituted crude extracts permissive for expression of
tRNA precursors (Segall et al, 1980; Ruet et al, 1984; Burke
& S611, 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 I1I

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 11 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
I1 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 (g.v) was required for maximal
transcription in vitro (Hu & Manley, 1981; Wasylyk et al,
1980a; Corden et al, 1980; Tsai et al, 1981; Grosveld et al;
1981). Indeed a single base change (T—>G) resulted in a
drastic decrease in transcription efficiency (Wasylyk et al,
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
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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 f-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 f-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 (g.v.) in vitro (Sassone-corsi et al, 1984;
Sergeant et al, 1984; Wildeman et al, 1984; Sassone-corsi et
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
I1I 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
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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 4ATP is a
pre-requisite for initiation in vitro (Bunick et al, 1982;
Sawadogo & Roeder, 1984). Other workers have independently
purified a stimulatory factor, called SII, which interacts
weakly with RNA pol II. This is a 40,000 MW phosphoprotein
which is essential for transcription, as antibodies to SII
inhibited transcription when added to isolated nuclei. A
stoichiometric amount of SI1 was shown to be bound to the
polymerase during chain elongation (Ueno et al, 1979;
Sekimizu et al, 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 al, 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 HelLa 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 thus 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 et
al, 1983; Cullota et al, 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
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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 al, 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 1

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 (g.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 al, 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 al, 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 (g.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 al, 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 al,
1981; Galli et al, 1981l; Ciliberto et al, 1982a). However,
unlike the 5S 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 seperation 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 al, 1982; Sprague et al, 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 1I

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 et
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 al, 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 al, 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 inaa 40-fold drop in transcription
(Wasylyk et al, l98¢). 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 al, 1980; Ghosh et al
+1981; Grosveld et al, 198l; Lebowitz & Ghosh, 1982;
Grosveld et al, 1982). Furthermore, deletions 3' to the TATA

box of the rabbit f-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; Breat'jnach & 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 Ad2 which appears to function by positioning
the mRNA cap sites, albeit rather less tightly than a
classic TATA box (Zajchowski et al, 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 haQe 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 al, 1982; Green et al, 1983)
and not directly with special sequences. This is especially
true in the viral situation, e.g. adenovirus (gq.v.) and
herpesvirus (g.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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1. 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 (g.v.; Dynan & Tjian, 1985; Jones et al, 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-Ip (Richards et
al, 1984), hamster HMGCoOA reductase (Reynolds et al, 1984),
mouse HPRT (Melton et al, 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 al, 1980; Corden et al, 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 pg-globin (Dierks
et al, 1981; 1983; Grosveld et al, 1981: 1982), the Ad2
major late promoter (Hen et al, 1982) and the human a-globin
promoter (Mellon et al, 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 al, 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 11 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 72 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 gquickly
shown that this element could also positively influence
transcription from other promoters (Banerji et al, 1981;
Moreau et al, 1981) including those for rabbit pg-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 72 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 al, 1983a). Similar experiments revealed
that proximal promoters were activated in preference to more
distal ones (Wasylyk et al, 1983a; de Villiers et al, 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 al, 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 al, 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 al, 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 al, 1985), MSV (Jolly et al, 1983), HSV-1
(Lang et al, 1984; Preston & Tanahill, 1984) and herpesvirus
saimiri (Schirm et al, 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
fé%tion was restored (Weber et al, 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 al,
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
éeems 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 al, 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 al, 1980; Durnam & Palmiter, 1981), to
glucocorticoid hormones (Karin & Herschman, 1979; Hager &
Palmiter, 1981) and to interferon (Friedman et al, 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 al, 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 (gq.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 g-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(rlI).poly(rC). The increase in
expression of IFN is due, at least in part, to an increase
in the rate of transcripg}on (Raj & Pitha, 1983; Nir et al,
1984; Hiscott et al, l984b, 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 f-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-f mRNA is produced, whereas leukocx}es express
predominantly IFN-a mRNA (Hiscott et a1,198qp. 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-3 (Maroteaux et al, 1983a), and thus these workers
cannot distinguish the two effects. From experiments in
which IFN-3 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 SV40/IFN-J 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- mRNA

levels were not measured. Zinn and co-workers (1983) studied
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the regulation of IFN-j3 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 f-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,
GALl1, 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 GAL1l0 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 CYC1l 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 CYC1l has two UAS sequences,
at about -275 and -225, that respond to heme, and mutations
at the HAP1 locus reduce heme activation, suggesting that
the HAP1l 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 al, 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 al, 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, 198l; 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 al, 1983). Similar work has been done on
two other glucocorticoid responsive genes - the human
metallothionein-11 gene (Karin et al, 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 al, 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 Ssv40 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 et
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 al, 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 & Wei%man, 1977; Prives et al, 1977). During a
lytic infection, large T is responsible for the induction of
a number of cellular enzymes (Tjian et al, 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 al, 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 et
al, 1978). Two abundant L mRNAs, 16S and 19S5, encode three
major proteins: VP1l, the major capsid protein, and VP2 and
VP3, minor structural components. A fourth, small, open
reading frame has been noted in the leader region of the
late 16S mRNA (Fiers et al, 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 al, 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 SV40

A cartoon of the SV40 control region is drawn, noting
the salient features discussed in section 1.4.2. L1-8
represent the known late mRNA initiation points. T1-3
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 5' 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 72 bp repeat (Benoist &
Chambon, 198l1; 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 al, 1984; Hansen et al,
1981), GC elements 111 to Vfare 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
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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, 198l1; Tenen et al, 1982) suggesting
that binding occurs co-operatively. Jones and Tjian (1984),
using methylation and ethylation 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 al, 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 I1I1I
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 II1 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 al, 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 gualitatively 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 VP1l. 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 al, 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, 1979%a; Sambrook et al,
1974; Johansson et al, 1978). Two main transcripts, the 128
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 al, 1981; Weeks & Jones, 1983). This transcript
encodes a number of phosphoproteins, as determined by
immunoprecipitation 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 et
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 12S product was
able to activate various genes in the absence of 13S 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.
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that both 12S and 13S products stimulated expression from
the EIIA and EIII transcription units and that this
stimulation was at the transcriptional level (Leff et al,
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 13S
mRNA is responsible for EIIAE activation and that the
product of the 12S mRNA is involved in EIIAL inhibition
(Guilfoyle et al, 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 pg-tubulin gene (Stein & Ziff,
1984), and when introduced as plasmid during co-transfection
experiments (Green et al, 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
13s product and that sequences within 135 bp of the EIB mRNA
cap site were important. Imperiale & 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 al, 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
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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 seguences 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 72K 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 &
Furlohg, 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 al, 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
Alphaherpesvirinae
HOST RANGE: Varies from wide to very narrow both in vitro HSV-1
and in vivo. HSV-2
DURATION OF REPRODUCTIVE CYCLE: Short (<24hr) EHV-1
CYTOPATHOLOGY: Rapid spread of infection in cell culture PRV
resulting in mass destruction of susceptible cells. BMV
LATENT INFECTION: Frequently, but not exclusively, in
ganglia.
Betaherpesvirinae
HOST RANGE: Narrow, frequently restricted to the species HCMV
or genus to which host belongs. In vitro replicates EHV-2
best in fibroblasts.
DURATION OF REPRODUCTIVE CYCLE: Relatively long (>24hr)
CYTOPATHOLOGY: Slowly progressing lytic foci in cell
culture. Infected cells become enlarged (cytomegalia)
both in vitro and in vivo. Carrier cultures easily
established.
LATENT INFECTIONS: Possibly in secretory glands, lympho-
reticular cells, kidneys and other tissues.
Gammaherpesvirinae
HOST RANGE: In vivo usually limited to the same family or EBV
order as the host it naturally infects. In vitro all MDV
members of this subfamily replicate in lymphoblastoid HVS

cells 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.

Abbreviations:
HSV-1, -2: herpes simplex virus type 1, or type 2
EHV-1, -2: eguine herpes virus type 1, or type 2

PRV : pseudorabies virus

BMV : bovine mamillitis virus
HC MV :+ human cytomegalovirus
EBV : Epstein Barr virus

MDV : Marek's disease virus
HVS : herpesvirus saimiri
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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 (VzZV). 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 al, 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 al, 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 al, 1978) and

nasopharyngeal carcinoma (Raab-Traub et al, 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-1l 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 al, 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 al,
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 (Up,)
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 al, 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 al,
1975; Delius & Clements, 1976). This inversion process
requires the a sequences (Mocarski et al, 1980; Mocarski &
Roizman, 1981; Smiley et al, 1981; Davison & Wilkie, 1983),

although the ability to invert is not a prerequisite for

viral viability (Poffenberger et al, 1983).
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Figure 5: The Structure of the HSV-1l 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 Uj, and Ug. 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 al, 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 Uj, (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 al, 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-1l 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 al, 1985; Rixon &
McGeoch, 1984). The powerful ability to produce monoqwqﬁc
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
al, 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 al, 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 et
al, 1982).

(d) most of the 5' flanking regions contain sequences
similar to those implicated in eukaryotic promoter function,
e.g. TATA and CAAT boxes (g.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 al, 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, B, ¥ (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 et
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 al, 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 1E 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‘gaéx
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 ;;dy 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 (IE-TK), or to biochemically transform LTK~- cells
to the TK* phenotype. It was discovered that the IE-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 superinfected 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
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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 IE1l,
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-acting 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 1E 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-acting and probably consisted
of one or more peptides located outside the nucleocapsid.
These workers superinfected cells, biochemically transformed
with the HSV-1l 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-1l 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
immunoprecipitation studies identified the gene responsible
as that for Vmwé65, a major virion tegument phosphoprotein
(Marsden et al, 1978; Lemaster & Roizman, 1980; McLean et
él, 1982). A considerable part of the work presented here is
concerned with the determination of the DNA sequence of the
gene for Vvmw65 (Dalrymple et al, 1985).
HoV-1

2.4.4 The Products of\;E Genes

The five IE mRNAASpecies: IEl, 2, 3, 4 and 5, translate

to the following respective products: vVmwllO, 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 al, 1978; Halliburton, 1980).
Due to their position in the major repeated regions, IE3 and
1IEl 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 ¢ in descending order of
electrophoretic mobility (Pereira et al, 1977), which appear
to cycle their phosphate hoeities (Fenwick & Roizman, 1977;
Wilcox et al, 1980). A mutant, tsK, which probably has only
a single base pair change (Davison et al, 1984), in a total
coding region of 3,894 bp (McGeoch et al, in press), is
defective in the synthesis-of the ¢ form at NPT (Preston,
1979b). TsK, and a similar mutant (tsB2), accumulate the
cytoplasmic form Vmwl75a and transéort 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)ation (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
vowl75, 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, tsB2lu 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 et
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 (Schrder et
al, 1985). o
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; 198l1). Deletion of one
copy of the gene for VvmwllO, 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 Vvmw63 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 (Ilhara et al, 1983). However, little
work has been done on the actual levels of IE mRNA, as
detected by sensitive hybridisation techniques. Using
nuclease S1 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 superinfecting 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 et
al, 1981; Smiley et al, 1983; El-Kareh et al, 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 al, 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-activation
by superinfecting HSV-1l 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 10th International Herpesvirus
Workshop, Ann Arbor, Michigan, 1985. Johnson and Everett
constructed a plasmid which contained the promoter for US11l
(a known late gene) with or without a viral origin of
replication. By short-term transfection of tissue culture
cells followed by superinfection with virus to provide
replicative functions, they showed that transcription from
the US11l 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 LL 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 Vmwll0 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-trilmethoxyethoxylsilane) was a gift
from Wacker-Chemie GmbH.

3.2 Radiochemicals

All radiochemicals were purchased from Amersham

International plc at the following specific activities:

5'-{a-32p} 4ATP; 3000 Ci (110 TBq)/mmol
5'-{yp-32p} 4ATP; 5000 Ci (185 TBq)/mmol
(Methyl-3H) 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. Sl 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. DH1

(recAl, nalA, rg~, mgr~, endol~, B~, relAl?; Hanahan, 1983)
was used as host in all recombinant plasmid experiments. The
host strain used for maintenance of M13 bacteriophage and
recombinants was JM10l1 ( A(lac;pro), supE, thi—, F'traD36,
proAB, lacId, Z AM1l5; Messing et al, 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. MCGeoch.

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 DH1 was grown in Luria Broth (L broth) which

is: 177mM NaCl, 10g/l1 Bactopeptone, 5g/1 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 f-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/m1) or tetracycline (5pg/ml). Host strain
JM101 was routinely cultured in 2YT broth composed of 16g/1
Bactopeptone, 10g/l1 yeast extract, 5g/1 NaCl. Colonies of
JM101 were maintained on minimal essential agar (M9 salts,
0.2% glucose, 5mM MgClj, 2mM thiamine, 1.5% (w/v) agar).

3.10 Tissue Culture Solutions

Trypsin solution (0.25% in Tris/saline) and versene
(émM EDTA in PBS, 0.002% (w/v) phenol red) were used to
harvest BHK C1l3 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, 100pg/ml Streptomycin, 0.002% (w/v)
phenol red and either 5% (ETC5) or 10% (ETC10) bovine calf

serum.

3.11 Frequently Used Buffers and Solutions

TE 10mM Tris.HC1l (pH8.0), 1lmM EDTA.

TBE : 90mM Tris, 90mM Boric acid, 1mM EDTA, (pH 8.3).

36mM Tris, 30mM NaH,PO4, lmM EDTA, (pH 6.8).

PBS 170mM NaCl, 3.4mM KC1l, 2mM KH,PO4, (pH 7.2).

Hx10: 1M NaCl, 100mM Tris.HC1l (pH 7.4), 100mM MgCl,.

Mx10: 500mM NaCl, 100mM Tris.HC1l (pH 7.4),
100mM MgCljy, 10mM DTT.

Lx10: 100mM Tris.HCl (pH 7.4), 100mM MgCl,, 10mM DTT.

(High, medium and low salt restriction buffers)

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

BGM : 150ml 40% acrylamide/ N,N'-methylene
bis-acrylamide (20:1), 62.5ml 40xTBE, 540g
urea, 50g sucrose, 10ml 1% bromophenol blue,

o]

made up to 1L with distilled water.
300mM NaCl, 10mM Tris.HC1l (pH8.0), 1lmM EDTA.
100mM Tris.HC1 (pH8.0), 100mM MgClj,

TNE
™
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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
379C with shaking. Stock cultures were maintained by growing
up a single colony in 5ml L broth, overnight, at 379C 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 -209C 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 ETC10 and incubated in an
atmosphere of 95% air, 5% COj; 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
108 p.f.u. per bottle. The medium was decanted, the virus
added in a volume of 40ml ETC10 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°9C. 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 -700C., The pellet was

resuspended in 5ml fresh ETC1l0 and the freeze/thawing
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process repeated. The final supernatant was added to the
first to give 1l0Oml total of CA stock which was aliquoted,
and titrated by established procedures (Brown et al, 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 SOpg/ml, and the culture shaken overnight.

The bacteria were harvested by centrifugation for 5
minutes, at 40C, in a Sorvall GS3 rotor. The supernatant was
carefully removed and the bacterial pellet resuspended in
10ml of ice-cold 50mM Tris.HC1l (pH 8.0)/ 25% sucrose
solution. To this was added 5ml of fresh 5mg/ml lysozyme in
50mM Tris.HC1l (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
CsCl, 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, %?e DNA was made 0.3M for sodium acetate
and ethanol precippted.

(b) For routine transfection experiments a different
purification procedure was used. The initial supernatant was
ethanol prec1gpted 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
chloroform alone. A second ethanol preciéption was
performed. This time the air dried pellet was redissolved in
5ml TE, DNAase-free RNAase was added to a final
concentration of SOpg/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 prec1p?ted
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 1-2ml 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.
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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 1xE buffer and O.SPg/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 léading.

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 lmm, 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 B0ml. To this was added 0.52ml of 10%
ammonium persulphate (APS) and 80P1 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 O.SPg/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 S1 nuclease mapping reactions were run
on ultra-thin polyacrylamide gels containing urea (Maxam &
Gilbert, 1980). Gel sandwiches were 230mm x 450mm x O.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 10M urea. To this was added 50p1
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_5F1 containing 90% formamide,
0.02% (w/v) Xylene cyanol, 0.02% bromophenol blue (formyl
dyes), after heating at 100°C 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

Sequencing.
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 al, 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 1lml of a solution of
Wackersilicone (100ml ethanol, 3ml 10% acetic acid, SOOFl
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



59

(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
15p1 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 O.5xTBE in the top buffer

reservoir and 1xTBE 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 IOOPg/ml BSA, for a
pre-determined time period at 379C (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 lpg of a standard DNA (usually
bacteriophage A) in 1 hour at the optimum temperature.
Usually a three-fold excess was used, e.g. lpg 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, 10OmM Tris.HC1
(pH8.0), 10mM MgCl,, 1mM DTT), Sall (150mM NaCl, 10mM
Tris.HC1 (pH7.4), 10mM MgCl,, 1mM DTT) and Xcyl (10mM
Tris.HC1 (pH8.0), 10mM MgCly, 10mM 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.HC1l (pH8.5), 5mM sodium
acetate, 1lmM 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 phénol/chloroform and chloroform, adjusted
to 0.3M sodium acetate and the DNA precipitated with ethanol
at -200C 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-2-0l 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.HC1l (pH7.6), 10mM
MgCl,, 10mM 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 10pl containing 1 unit of T4 DNA
ligase overnight at 159C. Vector DNA was treated
with either bacterial alkaline phosphatase (BAP) or calf
intestinal phosphatase (CIP) in order to remove 5' terminal
pho%hpate groups and reduce re-circularisation. The BAP
reaction was performed in a volume of 50pl containing 50mM
Tris.HC1 (pH8.5) at 65°C 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 1xTE.
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4.6.4 Transformation and Transfection of E.coli

I. Induction of Competence.

10pl of the stock glycerol culture of DH1l, or a
single colony of JM101l, was used to innoculate 5ml of L
broth or 2YT and incubated overnight at 37°C with shaking.
The following day 100mls of fresh liquid medium was
innoculated with 1lml of the overnight and shaken at 37°C,
until the ODg3p reached 0.3. The culture was chilled on ice
for 5 minutes before harvesting in a Sorvall SS34 rotor
(10000rpm, 4°9C, 1 minute). The pellets were resuspended in a
total of 40ml of ice cold 100mM CaCly and incubated on ice
for lhr. The cells were then re-harvested and finally
resuspended in a total of 1lml of ice cold 100mM CaClj,.
Competent cells were used within 24hr.

II1. Transformation by Plasmid

10pl of plasmid DNA, usually a ligation mix, was
added to IOOPl of competent DH1l. 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 379C. The transformation mixture could then be
plated out on L broth or selective agar plates containing
antibiotic.

I1I1I. 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
B-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
M13 phage was engineered to contain the coding sequences for
the first 145 amino acids of the pg-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 (JM101:
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 p-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.
10pl of M13 RF, usually a ligation mix, was added
to 100pl of competent JM101l 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 450C), 25pl each of IPTG (25mg/ml in water)
and Xgal (25mg/ml in dimethylformamide) and 100pl of mid-log
phase JM10l in 2YT broth (a few ml of which were kept on ice
from the initial 0.3 Ag3g 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 100pl STET (8% (w/v) sucrose, 5%
(v/v) triton X100, 50mM EDTA, 50mM Tris HC1l pH 8.0)
containing lmg/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 ETC10, 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 CaCl, (0.5ml of 2M
CaCly + 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 ETC10, 2ml 2xHeBS, 17.75ml
of used ETC10, 0.25ml 2M CaCl2. 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/1xHeBS for 4
minutes (Stow & Wilkie, 1976). The DMSO was removed and the
cells washed three times with ETC10. Finally 3ml of ETC10
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 100p1
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of ice cold lysis buffer [10mM Tris.HC1(pH7.5), 10mM NaCl,
2mM MgClp, 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
-70°c.

4.7.3 Thymidine Kinase Assays

Samples of cell extract were incubated for a fixed time
period in an assay mix consisting of 100mM sodium phosphate
buffer (pH6.0), 50pM 4TTP, 5mM ATP, 100pCi
{3H}—thymidine/ml, 10mM MgClp. Unless otherwise stated 3pl
of extract was incubated at 309C for 1.5 hours. 10 pl 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 pl of supernatant was spotted onto DE81 discs.
The discs were washed 3 times in 4mM ammonium formate/
10mMTdR 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% PPO 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 al, 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 M13 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.

ZOOPg 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 10pM for all four
dNTPs and 1xTM, for 4 hours at 30°9C. Repaired DNA was size
fractionated on a 1% agarose gel, using Hinfl or Alul cut
pPBR322 as markers. Gel slices containing fragments in the
range 300-600 bp were isolated and the DNA extracted by
electroelution.

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 JM101l and plated on L broth

agar.

4.8.2 Preparation of Single Stranded Template

A single colony of JM10l was picked from a minimal agar
plate into 5ml of 2YT broth and shaken, overnight, at 37°C.
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 370c,
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 NaCl1/20% 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 1xXxTNE, extracted twice with TE equilibrated
phenol and ethanol precipated at -20°9C overnight. The phage
DNA was pelleted, washed with 80% ethanol and then dried
under vacuum. Lastly, the pellet was redissolved in 50p1 of
1xTE.

4.8.3 DNA Sequencing Reactions

The amount of single stranded template produced from a
1.5m1 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 lpl of 10xTM buffer, 1lpl of
oligonucleotide primer (0.2pmol/pl) and 5pl of distilled
water in a 1.5ml reaction vial. This mix was incubated at
379C 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. 2ul 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, l6pl 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 épl of Klenow mix.
2pl of this final "reaction mix" was added to each 2pul
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 4TTP, d4CTP, d4GTP

and dATP) and a further 30 minute incubation at room



Table 2: Preparation of Sequencing Nucleotide Mixes

(a) Deoxynucleotide Triphosphate Mixes

da-0 dT-0 dc-0 dGg-0
5mM dTTP 20 1 20 20
5mM 4CTP 20 20 1 20
5mM dGTP 20 20 20 1
10xTE 50 50 50 50
dH >0 540 370 370 370
(b) Sequencing Mixes
dN-0 ddNTP dH,0
T mix 200 200p1 O0.3mM 44TTP 0
C mix 200 56pl 70pM  AACTP 144
G mix 200 100pl 0.1mM ddGTP 100
A mix 200 100pl 70pM  dd4ATP 100

Numbers are in Pl'
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temperature,. 3p1 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

1-5pg 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 ZOPl
of 50mM Tris.HCl (pH7.6), 10OmM MgCl,, 5mM DTT, O.5mM
spermidine, 50pCi of y-{32p} 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} ANTPs. The Xcyl
restricted DNA was recovered by ethanol precipitation, as
before. The dried pellet was resuspended in 20pl containing
1xTM, 25pM dCTP, 25pM AATP, 25pM dTTP, 10pCi a-{32p} 4GTP
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 Sl

Approximately 0.5-1.0pg of end-labelled DNA was
co-precipated with 10pg 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), 1mM
EDTA. The mixture was heated at 90°C for 3 minutes, in order
to denature the nucleic acids, then rapidly transfered to a
water bath set at precisely 58°C and incubated for about 16
hours. The incubations were quenched on ice and diluted ten
fold with a nuclease S1 mixture containing 0.25M NaCl, 30mM
NaOAc (pH4.5), 1lmM ZnSO4 and 4000 units of enzyme. The Sl
reaction was performed at 379C 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-11M 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, accumuléte 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 implémented 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!l)
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 al, 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 pest 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 términal 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-1l, 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

modified.
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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
thch 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 WORDSEARCH which uses the search algorithm of
Wilbur and Lipman (1983). Sequences identified out by these
methods were furthér 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-1l 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 (pMC1; Campbell
et al, 1984) is marked as this plasmid was used to produce

the end-labelled S1 probes (see Figure 12).



Figure 8: List of Gel lines in 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.



CONTIG LINES

GEL LINES

ENDBIT.6
ENDBIT.10
ENDBIT.13
ENDBIT. 12
ENDBIT. 4
ENDBIT.7
G69.61
G51.617
G42.459
G48.608
671.815
1177.G687
1155.659
G44.467
G45.485
G82.926
G44.470
914EXT.RR
669.82
G42.452
1012.G77
REP.452
G11.148
GB2.930
GELA. 564
G42.449
G81.947
G34.339
GX.786
G70.811
673.833
870EX.PRR
1213.690,
G67.870
G18.240
1018.677
G56.700
1080.653
L.85
JOL8EX.RR
240EXT . PRR
671.827
G13.85
1064.G79
G3.27
G45.483
1107.G85

595

240
337
400
399
233
334
317
228
172
198
298
454
435
162
170
343
163
494
313
159
364
257
43
345
203
174
333
119
320
289
301
495
485
260
83
367
244
438
149
492
493
299
56
388
16
184
404

8055

827

40
-40
142

-209
240
247
231
151
229
216
197
216

-242
136

-206

-206

~-176

240

G4.45
G10R.133
G51.594
G16.204
1058.G76
G15.186
Gll.142
1112.G85
1067.G79
G67.869
1178.G87
1191.G687
L.455
GB82.929
GX.797
1143.G59
G55.682
1179.G87
G2R. 11
G33.270
GX.796
GELH. 682
G33.434
G42.455
G2R.10
1180.687
R.270
REP.455
G81.958
1148.G59
G51.595
G67.875
1184.G87
G42.462
1030.G58
G13.86
G34.333
G66.638
G19.259
G82.943
L.86
G21.295
G33.362
G21.283
1119.G685
G46.500
R.274
g20.274
1040.G679
G17.229
G68.B6
G3.25
G20.267
G46.502

~152
-154
237
209
200
-168
213
-175
230
-136
-231
-194
-165
-257
186
201
-218
-240
-240
-242
-217
-142
~-222
-114
-165
-215
-139

G6.57
G13.5
274EXT.RR
G17.220
Gb.56
G2R.12
GSEXT.PRR
G41.440
G75.906
1190.G87
1200.G88
G1lEXT.139
1201.G88
Gl13.4
Al2.G70
A2.G70
A5.G70

1061.G76
1019.G77
1197.G88
G70.802
GX.784
1024.G78
1185.G687
GELA.568
R. 266
G82.939
G4.46
G80.768
1147.G659
1145.G659
G56.702
G82.921
A7.G/0
G69.78
G83.994
1189,687
1034.G58
G46.501
G67.868
Gl8.243

1721

1730
1737

1755

1772

1802

1807

1842

1844

1904

1904
1913
1927

1930
1959
1959
1959
1990
2039
2040
2083
2125
2146
2158
2166
2213
2220
2240
2246
2264
2280
2342
2461
2462
2465
2520
2586
2017
2696
2696
2710
2714
2722
2727
2743
2758
2769
2797
2807
2861
2861
2892
2321
2938

239

103
-200
-275
-128

-178
-213
-132
243
-150
-222
-108
104
105
105
195
-206
-209
-174
-295
189
-248
127
-162
-187
258
186
-90
263
-103
205
201
113
278
174
189
-63
-137

108
198
224
-233
-145
117
-151
173
-171
214
-197
218
159

497

318
419

327



ax.793
1075.Gel
1060.G76
G75.900
G46.511
1057.G676
AB.G70
G34.344
G44.466
G20.278
G46.498
1162.G86
1025.G58
Ge8.B3
G16.212
G18.248
Al4.G70
1031.G58
G20.277
G44.472
G47.601
G75.905
GELA. 569
GB2.920
G51.618
1167.G86
1188.G87
G44.474
Gb66.635
1146.G59
G42.463
1149.G59
G57.730
R. 269
G66.637
1114.G85
G41.443
1025.678
1096.G74
G57.727
G83.983
G81.948
G17.233
Gll1.147
A3.G70
G44.476
G40.421
Gl7.221
G19.250
1106.685
R.271
H2PT1.G70
1165.G86
G21.286

2940
2964
3008
3034
3034

183
-276
-224
-178
-184

160
-120

112

-78
-194
-181
-187
-185
-203

214
-104
-166
-130

166
190
-190
-247
-128
178
-234
159
-222
193
=121
253
-226
-156
258
252
-170
-234
231
156
-186
-236
-150
-104
-104
-178
-140
-227
-165
190

136
203

180

1013.a77
G34.342
G19.252
GELB.575
1022.G58
Al1.G70
1024.G58
G5.97
Al3.G70
GIOR. 135
G51.599
G51.616
657.616
G48.609
G47.603
G70.808
1083.G53
G19.254
G47.606
1009.G77
G12.166
G70.805
G44.471
Gl2.154
G44.477
Gl1l.144

Gl1.149

4280
4293
4316
4329
4341
4362
4396
4444
4457
4471
4486
4493
4533
4544
4558
4571
4571
4581
4581
4588
4603
4636
4645
4681
4690
4717
4727
4742
4749
4749
4750

108
- 140
-151
-230

179
-161
-195
-252

-76
-205

189

266
140
253
-245
243
-208
-195
-141
16l
-191
-120
-139
-173
187
145
-159
176
150
-120
141
-83
-177
195
-168
186
-181
176
237
-154
-207
-256
259
-259
-181
-302
-105
223
223
160
-162
-195
-109

121

G4.41
G33.338
G57.731
G82,941
G34.335
G1lOR.128
Gl2.163
G16.213
G2R.7
G34.332
1015.677
GELB.578
1218.G90
1073.G60
G1OR. 127
1113.G85
1002.G77
G3.19
G67.877
1198.G88
G82.932
G71.828
G71.829
GlOR. 126
G54.635
G54.665
G70.804
G54.664
G45.481
1034.G58
G75.909
G82.940
L.98
G16.210
G80.772
G5.98
1219.G690
1118.G685
L.23
G3.23
G51.596
G40.433
1209.G88
1006.G677
G68.B5
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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.
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PGAXCCGGTCXTGCCGC TGGXACCCCGGTXCA-ATGGCGCGC *AACGTTTCCGCGGACGLCCTCCGGAC TGC X
GTCXTACXGC TGXXACCCXXGTXCA~ATGGCGCACGAXC GTTTCCACGGXCGCCTCCGGXC TG X
GTUCAXATGXC XL XC *XACXXTTCC * * *GGCGCATC * *GXCTGCX
JOOKX ® XXXXTTTCC * * *GGCGCCTCCGGXC TGC X
AACXTTTCCGCGGXC GCCTCCOCGC TG X
GTGGCCCAGGAC GTCGC TGACCGCCGCCCTGAGCGCCATGCAC TGCATGGAGCCGGTCGTGCCGC TGGGACCCCGGTCCAGATGACACOC GAAC GTTTCCGC GGGCGC C TCCGGGC TGCC

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
GC *GAGCGGXAGGAA* CGGCGATTGCGGGATAGCG
GCCGAGC ACCGGCGATTGGA ACTCAGCCGGTGACATACGTGC TTGTCCGTCGTCCACAGCATCCAGGACGCCCACCGGTAC

GCCGAGCGGGAGGAACCGGCGATTGGAGGGAC TCAGCCGGTGACATACGTGC TTG TCXGTCGTCCAC AGCATCCAGGACG
GCCGAGCGGGAGGAACCGCC ~ATTGGAGGGAC TCAGCCGGTGAXATAXGTGC TTG TCCGTCGTC
GCCGAGCGGGAGGAACCGGG *ATTGGAGGGAL TCAGCCGGTGACATAC GTGC TTG TCCGTCGTCCAC AGC ATCCAGGACGCCCACCGG TACAGC ACGGA - ACGTAGGCCAGGAGC TCGTT
GCCGAGC GG XAGGAACCGGCGATTGGAGGGAXT ~AGCCGGTGACATACGTGXTT-TCCGTCGTCCAC AGCATCC AGGACGXCCACXXGTACAGCACGGAGA
GCCGAGC GG XAGGAAC CGGCGATTGGAGGGAC TXAGCCGXTGAC ATACGTGC PTG TCCGTCGTCCAXAGCATCCAGGAXGCCXAL XXG TAC AGCAXGGAGAL TGAGGCCAGGAGC TCGTT
GCC *AGCGGXAG *AACCGGCGATTGGAGGGAC T ~AGCCGGTGACATACGTGC TTG TCCGTCGTCCAC AGCATCCAGGAC GCCCACCGGTACAGC ACGGAC ACGTAGGCCAGGAGC TCGTT
GCCGAGCGGGAGGAACCGGCGATTGGAGGGAL TCAGCCGGTGACATAC GTGC TTGTCCGTCGTCCAC AGC ATCCAGGACGCCCACCGGTACAGC ACGGAGAC GTAGGCCAGGAGC TCGTT
GC * *AGCGGXAGXAAC * *GCGATT *GAGG *ACTCAGC * *GTGACATACGTGC T *GTCCGTCGT *CAC AGCATCCGA * AGCGCCACCGGTACAGC AC GGAGAC GTAGGC CAGGAGC TCGTT
GCCGAGCGGXAGGAACCGGCGATT * GAGGGAC TCAGCCGGTGACATACGTGC TTGTCCGTCGTCCACAGCATCCAGGACGCCCACCGGTACAGCACG® * ¢ AAC TAGGCCAGGAGC TCXTT
GCCGAGC GGXAG XAACCGXCGATTXGAGGGAC TCAXCCGXTGAC ATACGTGC PTG TCCGTCGTCCACAGCATCCAG ~-ACGCCCACCGGTAC AGCACGGA - ACGTAGGCCAGGAGC TCGTT
AXCGGXAGXAACCGGC XATTXGAGGXAC TCAXCCGGTGACATA-XTGC TXGTCCGTCGTCCAC AGCATCCAGXACGCCCACCGATACAGC ACGGAGAC GTAGGCCAGGAGC TCGTT
AGCGGXAG *AACCXGCXATT *GA * GGAC TCAGCCGGTGACATAC GTGC TTGTCCGTCGTCCACAGCATE *AGXAXC GCCACCGGTACAGCACG *A -ACGTAGGCCAGGAGC TCGTT
ACTCATCCGGTGACATACGTGCXTGTCCGTCGTCCACAGCATCCAGGACGCCCACCGGTACA-TACGGAGACGTAGGCCAGGA - TTC - TT
CTCAGC * *GTGACATACGTGC TTG TCCGTCGTCCAC AGC ATC XAGGAC GCCCACCGGTAC AGCACGGAGAL GTAGGCCAGGAGC TCGTT
TCTGC *TGTCCGTCGTCCACAG *ATCCAGXACG *CCACC *GTACAGCAC *GAGAC GTAGGCCAGGAGC TCGTT
GXATXCAGXACGCCCACCAGTACAGCAL *GAGAC GTAGGCCAGGAGC TC*TT
G@CGCCCACCGGTACXGCACGGAGAC GTAGGCCAGGAGCTCGTT
AGAGGGAGA-GTAGGCCAGGAGCTCGTT
GCCGAGCGGGAGGAACCGGCGATTGGAGGGAL TCAGCCGGTGACATAC GTGC TTGTCCGTCGTCCACAGC ATCCAGGAC GCCCACCOGTAC AGC ACGGAGAC GTAGGCCAGGAGC TCGTT

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
GAGCXGCAGTGCGG TG TCGGTGC TGGGGCGAC T -GGG T *CACCGGACE
GAGCCGC

GAGCXG -AGTGCGGTGTCGGTGCTGG
GAGCCGCAGTGC GG TG TCGG TG TGGGGCGGC TTGGG TCCGCCGGGCGCATAANG
GAGCCG -AG TGCGG TGTC GETGC TGGGGCGGC TTGGG TCCGCCGGGCGCATAAAGAAC ATG TAC TGC TGAATCCG
XAXCXGCAXTGC XGTGTCGGTGCTGGE *CGGCTT * GGTCCGCC GGGCGCATAAA - AACATG TAC TGC TKAATCCTATGXAGGGCGTC
~AGCCGCAGTGCGXTGTCGGTGC TGGGGCGGC T -GGG TCCGCCGGGCGCATAAA -AACATGTACTGCT
GAGCXGCAGTGCGGTSTCGGTGC TGG
*A-CXGCAGTGCGGTGTCGGTGC TGGGGCGGCT -GGG TCCGCCGEGCGCATAAA - AACATGTAC TGC T ~AATCCGATGGA * GGCG TCGCGCAGGCCGGLCAC GG TG
GAGCXGCAGTGCGC TGTAGGTGCT ATGTACTGCTGAATCCEX
GAGCCG ~AGTGC GG TG TCGGTGC TGGGGCEGC TTGGG TCCGCCGGGC GCATAAAGAAL,
XAGCCGCAGTGCG 'NWGGTGCTGGGGCGGC'H‘GGGTCCGCCGGGCGCATAMGAMANTACTGCTGMNCGAWGNGCGCABGCCGOCCACGG‘I'GGCGGCGTAC'I“I'OCC
GAGCCGCA* TGCGX~GTCGETGC TGGGGCGGC TTGAG ~CCGGC GAACGCATAM - AACATG TA - TGC TGAATCCGATGGAGGGCGTC
GAGCCGCAGTGCGGTGTCGGTGCT
. TCCGCCGGGCOCATAAAGAACATG TACTGC TGAATCCGATGGAGGGCGTCGC GC AGACCGGCC ACGETAGC GGCGTATTTGCC
GAGCCGCACT * "GATATCORTECTI000Ca0CTTORE ACATGTAC TGCTXAATCCGA TGXAGGXC *TCGC G *AGGCCGGCCACGXTGXC GXC GTACTTGCC
TTACT*CTGAATCCGATGGAGGXC X TCGCGC AGORC GGCCACGGTGGCGGC GTAC TTGCC
XATGXAGGXC GTCGCG*AGGC XGGCKACGXTGACGXC GTAC TTGCC
GAGGXC XTCXCGXAGGCCGGCXAXGXTGXC GXCXTACTTGCC
GAGCCGCMTGCGGTGTCGGTGCTGGGGCGGCTNGGTCCGCCGGGCGCATMAACA?GTACTGCTGMNCGAWGGCOTCOCGCAGOCCGGCCACGCNGCGGCGTACTTGCC
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GCCACGGCCCCGCTCTTGAACG

GCXAXGGCCCCGC TCTTGAACGGGGTGLCGCGCT

GCCACGGCCCCGE TC TTGAAC GGGGTGC GCGCCAGE XAGC TTTGGC GCCAGGGTGGGL T GC AGC AGCACGTGANGGC TGGGG TCGC AGTCGCCCACGGGGTTC TCGGGGAC GTCCAGGCC

GCCACGGTCCCGC TCTT -MCGGGGTGCGCGCCAGCGAGCTTTGGCGCCAGGXTGGGCCC‘JAGCA«GCACGWGCTGGGCT'CGCAGWGCCCA: GGGGTCCTCGGGGACSTCCAGGCT

GCCACGGCCCCGCTCTTMGGGG’I‘GCGXXCCAGCGAGCmXGCGCCAGGXTGGCCCGCAGCAGCACGTWGCTGGGXTCGCAGTCGCCWCGOGTCCTC GGGGAC GT'CCAGL‘.EC

GCCACGGCCCCGCNTTXMCGGGXTGCGCGCCAGCXAXCmXGCGCCAGGGmCOCAGCM‘.CACGTGAMGCTGGGGTCFCAGNGCCCACGGGGTCCTCGGGGACGT(‘CAGG\ <

CGGXCCCGCTCTT'AACGGG'--CGCGCCAGCXAGCTTTGGCGCCAGGXTGGCICMAGCAGCMGTGWGCTGGGGTCGCAGTCECCCACGGGGXmXXXXWG'K‘CAGGCC

TTGAAC GGGGTGC GCGCCAXC GAGC TTTGGC GC CAGGG TG GGC CGCAGCAGE ACGTGAAGGC TGGGG TC GCAGTCGCCCACGGGGTCC TCGGGGAL GTCCAGGLC

CGCGC XAXCGAGC TTTGGCGXCAGGGTC GGCCGCAGKAGXAXTTGAAG GC TGG GG TCGCAG TCGCCCACGGGGTC ST * GGGGAC GTCCAGGL T

XAAC XAXC TTTGGC GCCAGGG ~GGGCCCCAGC AXXACAT ~AA -GC TGGGGTC GCAXTCGCC XACGGXGTCC TCGGGT AAATCCAGGCT

TTTGGCGCCAGGGTGGGCCGCAG ~AGC A * GTGAAGGC TGGGG TCGCAGTCGCCCAL * GGG TCC TCGGGGACGTCCAGGLC

GCGCAGCAGCALC GTGAAG GC TGGGG TXGCAG TC GC X XACGGGG TC X TCGGGGAC G TC XAGGC ~

CTGGGGTCACAGTCGCCCAGGGGGTCC TCGGGGAL GTCCAGGLC

TGGGGTCGCAG TC GLC XAXGGGGTCC TXGGGGAXGTCCAGGC A

AGTCGXCCACGG * * TCCTCGGGAACGTCCAGHCC

CCCALGGGGTCC TCGGGGAC GTCCAGGCT

GCCACGGCCCCGC TC TTGAAL GGGG TG GCGCCAGC GAGE TTTGGC GCC AGGG TGGGCC GC AGC AGC ACG TGAAGGC TGGGG TCGCAGTCGCCIAC GGGG TCC TCGGGGAC GTCCAGGL T
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GCTGAGCACCACCGTCTACAGGTAC TICCAGTACTOCG 1640 1650

GCT
GCTGGGCACCACCGTC TGCAGGTAL TTCCAGTAC TGCGTTAGXATGGCGCG
QCTGGGCACCACCGTC TGCAGGTAC TTCCAGTAC TGS GTGAGGATGG
GCTGGGCACCACCGTXTGCAGGTACTTCCAGTAL TGCGTGAGGA TGGC GC GGC TC AAG TGACCRCCGGGE 'GAAGC! TGCCOGA’
GCTGGGC ACCACCGTC TGCAGGTAC TTCCAGTAC TGCGTGAGGATGGCGCGGCT*AACT TreAcETRactehscaee o GTASTACCAGAT
GCTGGGCAL XAC * * *CTXCAGGTA
OCTGGGCACCACCCT
GTTGGGCACCACCGT - TGCAGGTATTTCCAGTAC T *CC ~TAGGATGGC GCGACT -AACTGACCAC *G =GCAGC TCCACCTCG --CCOCE *CTGGGATGCGGCCGAAGAT
GXTGGGCACXACCG)(—TXCAGGTAXT’I’CKAGTACTXCXTXAGGATGXCGCGGX‘ICMXTGXCCGCXGOGCAGCTCCACCK-CX!ABCOCXTGGXTEOCOGCXGAMCXTAGMCGGAT
GC'I’GGGCAC(;AAECG'ICTGCAGGTM“I“PCCM}TAC‘!CCG‘NAGGA'I‘GGCGCGWTAAM'I‘GO:CGCCGGGCM‘:C'ICCM:CT'GCCCAGCG'CNGGTGGCGGCCGAMCGTAGT'CCGGAT
GXTGGXCAC XXXCTXCAGGTAXTTC XAGTAXTXCGTGAGGATGGC GCGGXTXAAXTGXC CGC XGGGC AG X TC XAC XTXGCCCAGXGXXTGGX! ) {
GCTGG *CACXACCGTCTXCAGATAGTXC XXGTAGTGCGTXA TEXEXGCXGMEXXTAGTXXC GGXT
gx'rGGGCACXACCGXC'I'GCAGG'I'ACT‘PCCAGTDCNCGTGAGGA‘!‘GGCGCGGCTMTGGCCGCCGGGCAOC‘NCN:CT—&CXAGCG-XTOGGTGGCGGCCGAAGCGTAEWCOGAT
CXAC XGXC TXCAGGTAC TTC XAGTAC TGCGTGAGGATGGCGC GGC TC AAC TAGCCAC XGGGC AGC TC XAC X'TCGCC XAGCGCCTGGG TGGCGGCCGAAGC GTAG TGCCGGAT
ACCGTC TGCAG *TACTTCCAGTAL TGCGTGAGGATGGCGC GGC TCAAC TGGCCGCCGOGTAGC TCCACCTCGCCCA * CGCCTGGE TGGC GGCCGAAGC GTAGTGCCGGAT
TGCAGGTATTTCXAGTAC TGC GTGAGGATGGCG - ~GC TC AAC TGGCCGC XGGG XAGCTGCACCTC GGCCAGCGCC TGGGTGOC GECCGAAGXGTAG TGCCGGAT
AGGTAC TTCCAGTAC TGC GTGAGGATGGC GCGGC TC AAC TGGCCGCCGGGCAGT TCCACCTC GCCCAGCOCCTGGGPGGC GGCC GAAGCGTAG TGCCGGAT
CAGTAC TGCGTGAGGATGGC GCGGC TCAAC TGGCCGCCGGACAGC TCCAC CTCGCCCAGCGCC TGGGTGGCGGCCGAAGCGTAGTGCCGGAT
TGAGGATCGCGCGGC TCAAC TGACCGCXGGGCAGC TCCACC TCGCCCAGCGCC TGGG TGGCGGCCGAAGCGTAGTGCCGGAT
GGTGGCGGCCGAAGCGTAGTGCCGGAT
GGCGGCCGAAGCGTAGTGCCGGAT

1660 1670 1680

CCGAAGCGTAGTGCCGGAT
GCTGGGCACCACCGTC TGCAGGTAC TTCCAGTAC TGCG TGAGGATGGCGCGGC TCAAC TGGCCGCCGGACAGC TCCACC TCGCCCAGCGCC GGCCGAAGCGTAGTGCCGGAT
1690 1700 170 1720 1730 1740 17%0 1760 1770 1780 1790 1800
GTACTCGTAGTGC
GTACTCGXAGTGCGGXTXGC TGXCGAGCCXGTC XAC GATCGAXC TXTXGGGA
GTAXT*GTAGT *CGGG
XTATTCGGTGT

GTACTCGXAGTGCGGG TCGC TGGC GAGCC XGTC XAXGATCAA
GTACTXGTAGTGC GGG TCGC TGGC GAGCCCGTCCAXGA TCAAXXTC TCGGGAAXC GTG TTG TG TTGCC GCGCGGCCAACCGXACGXTGCGATE GG TXCAGG TCAGAAXXGCXGGE
GTACTCGTAGTGCGGG TCGC TGGC GAGCCCGTCCACGATCA
GGTTTGGTAGTGC GGG TCGATGXNGAGCC XGTC XAXGAT
GXAGTCGATGTGCGGGTC
GTACTCGTAGTGC GGG TCGC TGGC GAGCCCGTCCAC GATCAAAL TCTCGGGAACCG TG TTG TG TXGC XGCGCGGC X XAC X XGA
GTACTCGTAGTGC GGG TCGC TGGCGAGCCCGTCCACGATCAAAC TCTCGGGAACCG TG TTG TG TTGCCGCGCGGXC AACCGGAC X~ TGC G TAC GG TGC AGGTCAGAAAS GCCGGC TGCGC
GTACTCGTAGTGC GGG TCGC TGGC GAGCCCGTXCAXGAXX - AAC TC TCGGGAACCG TG TTG TG TTGCCGCGC GGCCAACCGGACGC TGCGATC GG TGCAGG TCAGAAAC GCCGGC TXC GO
GTACTCGTAGTGC GGG TCGC TGGCGAGCCCGTCCAC GATXAMAL TCTCGGGAALCG TG TTG TG TTGCCGCGCGGCCAACCGGACGL TGCGATC GG TGC AGGTCAGAAAC GCXGGC TGCGC
GTAC TCGTAGTGC GGG TCGC TGGCGAGCCCGTCCAC GATCAAAC TCTCGGGAACCG TG TTGTGTT
CGGTCGCGAGCCXXTCCAXGATCAAXXTC PCGGXAXE XGTG TTG TG TXGC XGXXXGAC XXAC XXGAC GXTGCGATCGX TXCAGX TCAGAAXXGCXGGC TGCGC
AAACTCTCGGGAACCGTGTTG TG TTGCCGCGCGGCCAACCGGACGXTOCGATCGGTGCAGGTCAGAAAL GCCGGC TXC GC
AMCTCTCGGGAACCGTGTTGTGT TGCCGCGCGGC CAMC CGGAC GCTGC GATC GG TGC AGGTCAGAAAS GCCGGC TGCGC
GGAACCGTGTTG TG TTGCCGC GCGGCC AACCGGAL GC TGCGATC GG TGCAGGTCAGAAA - - XCGGCTGLGC
TGTTGTGTTGCCGCGC GGCCAACCGGACGC TGCGATC GG TGCAGGTCAGAAMACGCCGGLTGC GO
CCAACCGGACGC TGCGATC XGTGCAGGTCAGAAAL GCCXGC TACXC
TCXGTGXAGXTAL XAAAL GCCGGC TXCGC
GTACTCGTAGTGC GGG TCGC TGGC GAGCCCGTCCACGATCAAAL TC TCGGGAACCG TG TTG TG TTGCCGCGCGACCAACC GGAC GC TGCGATC GG TGCAGGTC AGAAAL GCCGGC TGCGC

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
GTCGTCGGAGC GC TGCCGCAAL XC GGCCACGGLC GCGC TAAGGAGXCCCTC XXXGG TCGGGAGCAGA
GTCGTCGGAGCGC TGCCGC

GTCGTCGGAGCGC TGCCGCAAGXCGCCXAXGGCCG ~-GX TAAGGAGCCCXTC XXXGG TGGGGAGC AGAC ACCXGCCGAAGATGCACCGXTXGGGAA
GTCGTCGGAGCGC TGC XGXAAGXXGCC XAXXGC XGCGX TAAGGAGXCCC TC XXXGG TGGG XAGC AGXC ACGCGXXXXAGA
GTCGTCGGAGC GC TGCCGCAAGXCGCCCAC GGCCRCGC TAMGGACCCCCTCCGGGXTGGE XAGCAGAC ACCXGCCGAAGATXCGCCGXTXGGGAA
GTCGTCGGAGCGL TGCC GCAAGXCGCCCACGGCC G GC TAAGGAGC CCC TCCGGGG TGGGGAGCAGAC ACCCGCCGAAGATGC BCCGC TCGGGANM GCCCACG TTG TCGCCGC GGATCAG
GTCGTCGGAGCGC TGCCGCAA
GTCGTCGGAGCGC TGCC GCAAGXCGCCCACGGCCGCGLT
GTCXTCGGAGCGC TGCCGXAAGXC GCCC AL GGLCC GCGC TAAGGAGXC XXTCCGG GG TGGGXAG XAGAXAXCCOCCGXAGATXC GXCOC TCXXGAAL GCCCGCGTTGTCGCCGCGGATCAG
XTCXTCGXAGC GC TGCCGCAAGXCGCCCACGGCCGCGC TAAGGAGCC XXTCCGGGETGGGGAGC AGAC ACCCGCC XAAGATGC GCCGC TCGGGAAC GCCCGCGTTGTCGCCGCGGATCAG
TCGTCGGAGCGC TGCCGCAAGXCGXCCACGGCCGCGC TAAGGA CCTCC T AGCAGACACCCGCCGAAGATGC GCCGC TCGGGAAC GCCCACGTTGTCGCCGC GGATCAG
GGAGCGCTGCCGCAAGGL GCCCACGGCCGLGC TAAGGAGCC
GGAGXCXXTCCGGGGTGGGGAGXAGACAC CCGCC XAAGATTCGCC GC TCGGGAACACC XACATTATCGCCGCGGATTAG
AGCCXXTCCGGGGTGGGGAGCAGACACCCGCCGAAGATGCGCC GC TCGGGAAC GCCCGCGTTG TCGCCGCGGATCAG
TTCTCGCCGCGGTAC -A
TTGTCGCCGCGGATCAG
CGXATCAX
GTCGTCGGAGCGC TGCCGCAAGGC GCCCAC GGCCACGE TAAGGAGCCCC TCC GGGG TGGGGAGC AGAC ACCCGCCGAAGATGC OCCGC TCGGGAACGCCCGCGTTGTCGCCGCGGATCAG

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
GTTGGCAGGCGTCAGGCAC XGXXXACGXCGXAGGXAGCT
GTTGGCAGGCGTCAGGC ACCGCGCCAGCCGCAGG
GTTGGCAGGCGTCAGGC ACCGCGCCAGCCGCAGGGAGE TCGCGCCGCGCGTCCGACAC TGCATGGTGCAGCCCETTCGG TCGGGACCCOCCGG TCGGAGTTATGCC GCGTCCAGGACCAT
GTTGGCAGG
GTTGGCAGGCGTCAGGE ACCGC GCCAGCCGCAGGGAGE TCCGGCCGLOCGTCCGOCGC TGCATGGTGACGCCCE TTCGGTCGGGACCCGCCGGTCGGAG
GTTGGCAGGCGTC AGGC ACC XCGCCAGCCGCAGGGAGC TC XCGCCGCACGTCCGGCGC TACATGG TXACGCCCGTTCGGTCGGGACCCACCGGTCGGAG TTATGCCACGTCCAGGACCAT
GTTGGCA*GCGTC AGGCACCGCGCCAGCCGCAGGGAG ~TCXCGCT ~OCGX TCCEGCGE TGCATGG TGAC GCCCGTTCGG TCGGGACCCGCCGGTCGGAGTTATGCCGCGTCCAGG
GTTGGCAGGCGTCM}GCN:CGCGCCAGCCGCAGGGAGCTCGCGCCOCGCG'TCCGGCGX‘I‘GCATGGTGM:GCCCGTTCGGTCGGGACCCOCCGGKGGAGTTATGCCGCGTCCWCA;
XTTGGCAGXC XTC AGGCACC XXXXXAGCCGCAGGXAXCTCXCGCC -CXXX'I‘CCGGCMTGCAMTGAC@CCX‘I“l\'.‘GG‘ICGGGACCCGCCGG‘YCGGAG‘H‘A'I’GCCGCG'ICXMGOCC:T
MXCGTCAGGCACCGCGCCAGCCGCAGGGAGC'NGCGCCGCGCG‘PCCGGCGC‘PGCA‘K‘-GTGACGCCCGTTCGGTCGGGACCCOCCGGTCGGAG‘H‘A'I‘GCCGCG‘:EAMC
CGTCAGGCACCGCGCCA - ~CGCAGGGAA ~TC XCGCC XE =G *TCCXGE ~C TGXATXGTGAXGCCCGTTC GG TCGGGA-CCOCCGGTCGGAGTTATGCCGCE OGOCGC .
TCGCGCCGXGXGTCCGXXGC TGCATGETGACGCCCGTTCGGTCGGGACCCGCCGGTCGGAG TTATGCCACGTCCAGGGCCA
TCGCGCCGCGCGTCCGGCG *TGCATGG TGAC GCC * GTTCGGTC GGGACCCACCGGTCGGAG TTATGCCGCGTCCAGGGCCAT
TC ~CGCCBEGCGTCCEX ~ G TGCATGG TGAC GCCCGTTCGGTCGGGACCCGCCGGTCGGAGT TATGCCGC GTCCAGGGCCAT
GCCCGTTCOG‘NGGGA-CCGCCGG‘ICGGAGTTA?GCCOCGTCCAGGGCC:z

T
GT‘I‘GGCAGGCGTCAGGCACCGCGCCAGCCGCAGGGAGCTCGCGCCG:GCG'JCCGGCGC'I‘OCANGTGACGCCCGTTCGG‘!'CGGGACCCGCCGGNGGAGTTAT’GCCGCGTCCAGG&CAT
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CGGGGC
CGGGGCGC TTTTTATC
CGGGGCGXTTTTTATC GGGAGGAGE TTATGGGCGTGGCOGGCC TCCCAGCCCGGTC GCGCGCCTCCCCGACACGTACOCCCACA ~GACGACXXCCCCCTCGTCTCC
CGGGGCGCTTTTTATCGGXAXG

CGGGG-GC TTTTTATCGGGAGGAGC TTATGGGCGTGGCGGGCCTCCC CCGGTCGCGCGCCTCCCCGACACG cC GGCGGCCCCCTCGTCTCCCA
CGGGGCGXTTTTTATCGGGAGG
CGGGGCGXTTTTTATCGGGAGGA ¢

*GGGGCGXTTTT GGA
CGGGGCG-m;:gﬁ:GGAGCﬂANGGCGTGGCGGGCCTCCCAG *CCGGTC =CG-=CCTCCCCGACACGTGCGCCCGCA® * * ¢ '-CGGCCCCCNG;;Cng:::ggﬁm'CC'
CGGGGCGCT’X‘I‘TTATCGGGAGGAGCTTATGGGCGNGCGGGCCTCCCAGCCCGGNGCGCGCCTCCCCGACA’-‘GTGCGCCCGCAGGGCGGCGGCCCCC'NG A‘Nhocmmc
CXGGGCGCT'T'mA'N.‘GGXAXGAGCTTATGGGCGTGGCGGGCCTCCCAGCCCGGNGC(IGCCTCCCCGACACGTGCG CCGC, GGCGGCCCCCTCGTCTCCC e TT N:c
COTCCAGCCCGGTCGCGC GCC TCCCCGACACGT -6 ~CCCGCAGGGLGGCGGCCCCCTCGTC TCCCA' TTTC
XGGCXGCGGXC CCCTCXTC TXCCATCAXCAXTTTCC
CCATCAGCAGTTTCC

TCC
GGCOGCCCCCTCGTCTCCCATCAGCAGTTTCC

CGGGGCGC TTTTTATCGGGAGGAGC TTATGGGCGTGGCGGGCC TCCCAGCCCOE GCGCCTCCCCGACACGTGLGCCC
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TAAA-TGGGACATGATGTC XAXCA CAACACGGAC GCTTAC
TAAAT TGGGACATGATGTC *ACCAC GCGGACCCGCGGGCC CCOCC

TAAACTGG *ACATGATGTCCACC ACGCGGACCCGCGGGCCCmﬁﬁ:CCRCmﬂ:mmGGmﬁﬁxg:ﬁgc AGAA

TAAAC TGSGACATGATGTCCACCAC GCGGACCCGLGGGCCT 'CCGCCGCTT TTG " PCTGC -GTCCCGG

n\n:nésmnurxrxcwcmxccxxcc:xcocccccuc:ggcx:ccccccocnmmmcxcmwggﬁxgrﬂrﬁ:cmwcmmﬁx ToCgTeccge

TAAAC TGGGAC ATGATGTCCACCAL GCGGACCCG *GGGCCCAAL, CCGCCOT AL XTCTGCCGTCCCGS
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TGGGACATGATGTCCACCACGCGGACCCGCGGGCCCAAC A-GGAU..L; E:cc::c:: G pppscodss AGG'I'CCT?’ 'g aC uc”n ,"‘, gucggasmcmcccrcc GG

ACGGGGGCX: AAGGGC TXCAGGTCCTT AGAAAGGC GGGG TC TGCC GTCCCGG

CTCCAGGTCCTTGAGAAGAAAGGCGGGGTC TGCC GTCCCGG

GTCCTTGAGAAGAAAGGC GGGGTCTGCCGTCCCGG

CGGGTCTGCCGTCCCG®

AAGGGCTCXA

G
AA TCCAGGTCC TTGAGAAGAAAGGC GGGGTCTGCCGTCCCGG

TAAACTGGGACATGATGTCCACCACGCGGACCCGCGGGCCCAAC ACGGACCCGCCGC TTAC GLLLLL
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ACACGGGGGCCCGGGGC G TGAGGAGGC GGG GCAGATCC ACGTGL TC COC GGOC AC GCGRALG! =AAC TTGGC NGGAG' AGGGGC! GGA
ACACGGGGGCCCGGGGLG * TGAGGAGGC GGGGCGTAGATCCAGGTG *TCCGCGE TecocceA-mAE TeaTACaC0CoTA: TXGeTCACTS
ACAC CCGGGOCGC TGAGGA

ce GcmnncAcc'mc'rccoccoccococmcxcxccmmrmcmmmcocacmmmccacmmacn:ou

A AL GGGGGLCCGGEG ~GC TGAGGAGGC GGGGCGCAGATCCAC GTGCTCC *COGCC GCGCGAACGTCCOCCCAGAAC TIGGCGGGOG

TGGTGCG
KACGWGGCCCGGGGCGCNWGAGGCGGGGCGCAGA'N:CACG'H‘-C1CCGCGGCCGCGCGGACGTXCGCCCAGWTTGOCGGGGGTGGTGCGCG:GTACAGGGGCTGGG‘ICGCY’CGGA
EACGGGGGCCCGGGGCGCTGAGGAGGCGGGGCOCAGA1€CACG‘N‘;CKCGCGOCCGCGCGGMGKCGCCCAGAACWGGGGGTGGTGCEOCGTACMGGGCNGGTCIKGGA

GGACGTCCG *CCAGAAC TTGACGIGAT AGOGG *TGGG
ACACGGGCGCCC *GGGCGE TGAGGA ® GCGGGGCGCAGATCCAC GT Y CTCCG * Y GCCACOEGRAC CICCOCCOA TAGTECOCACGTAC *TGGGTCG *TCOGA

ACACBGG -GCCCGGGCEC TGAGGAGGC GGGGCGTAGATCCAC G TGC TCCAC GGCCOCGE XGAC GTCCGCCCAGAACTTGOC

CAAGTCCGCCCA-AAC TTGOCGGEOGTG S TX X~ ot MGG 4TG0 TCQE TCOCA

2 - eo100

ACACGGGGGCCCGAGEE GC TGAGGA GCAGATCCACGTOCTCC 6C GTCCOCCCAGARC TTGGC! T *ffmmﬁlﬁizzi
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GGAC GCAC GCGTAGC XCAGGGGGG TGTAC GTGCC XAC XTCGGGGXCCGTGAATCCCCXGTC AAMC GCGGCCAGTG!
GGAC GCACGCGTAGC XCAGGGGGGTGTACGT TEACOCACOCCACCACAGTG TG

GGAC GCACGCGTAGC XCAGGGGGG TG TACGTGCCCACC TCGGGGGCCGTGAATCCCCCGTCAAAL ~~GGCCAG TG TCACGC ACGCCACC AL - = =AAGC!
GGACG-AXXCGTAGCGCAGGGGGG TG TACGTGCCCACCTCGGGG N eeT-Tees CEAICABCCAXTOCA
CAAALGCGGCCAGTGTCACGCACGCCACCACGG TG TCGGCAAAGCCCAGCAGCCGCTGCA
AAACCCGGCCAGTGTCACGCACGCCACCAC GGTGTCGAC AAAGCCCAGCAGCCGC TGCA
COCGACCAGTGTCACGCACGCCACCACGGTGTCGGC AAAG ~CCA-CAGCCGC TGAC

A
GGAL GCACGCGTAGCGC TGTACGTGCCCACCTC! CGTGAATCCCCCGTCAAACGCGGCCAG TGTCACGCAC GCCACC AC GG TG TCGGC AAAGCCCAGCAGCCGCTGCA

2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640
GGACGXXXCCGGCGXCCAGXAT
GGACGAGCCCGGCGGCCAGAATGGL GCGLGTGGLCGCCELGTCGTCCCGHLGCCGETGCG *GTCCCCGCATGCCCGGGLGTAC TTTAAGGTC ACGGTCG *CAGGGCCGTGTGCAGCGCET
GGACGAGCCCGGCGGCCAGAATGGC GCGLCGTGGCCGCCGCG TCGTCCCGGL GCC GG TGCGCGTCCCCGCACGLCCOGGCGTAC TTTAAGG TCAC GG TC GCCAGGGCCGTGTGCAGCGCGT
GGA -GAGCCCGGCGGCCAGAATGGCGCGC - TGGCCG *CGCCTCGTCCCG *C6~CGGT
GGAZGAGCCCGGCGGCCAGAATGGC GCGCGTGGCCGCCGCGTCGTCCCGGCGCC GG TGCGCETCCCCGCACGCCCGGGCGTAC TTTAAGGTCAC GG TCGCCAGGGCCGTG TGC AGCGCGT
CCGCACGCCCGGGCGTAC TTTAAGG TCACGGTCGCCAGGGCCGTGTGCAGCGCGT

TCGCCAGGGCCGTGTGCAGCGCGT
GGACGAGCCCGGCGGCCAGAATGGC GCGCETGGCCGCCGCGTCGTCCCGGCGCC GG TGCGCGTCCCCGCACGCCCGGGCGTAC TTTAAGGTCAC GG TCGCCAGGGCCGTGTGCAGCGCET

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 276C
ACACCGCAGCGCC ~AGCACGGCGTT
ACACCGCAGCGCC *AGXA*GGC
ACACCGCAGCGCCCAGCACGGCGTTGAGCCCGC TGTTGGCGAGCAGCCGGCGCGL TGCGGTETCGCCCAGCGLCTCG —GC TCGGCCCCCACGAC CGCGGGGC PTACC XGGGGAC GGXXAUC
ACA*CGCAGCGCCCAGCACGGCGTTGAGCCCGC TGTTGGCGAGCAGCCGGCGCG -TGCGGTGTCGCCCAGCS *CTCG TG TCGGCCCCCAC GACCGCGGGG * TT*CCAGGGG *AGGGCG
ACACCGCAGCGCCCAGCACGGCGTTGAGCCCGC TG TTGGC GAGCAGCCGGCGCGCTGCGG TG TCGCCCAGCGLC TCGTGC TCGGCCCCCACGA *CACGGGG * TTCCXAGGGG *AGGGCGC
TGCGXTGTCGCCCAXE GCC TCETGC TCGGC GCCCAC GACCGCGGGGG TTCCCAGGGGCAGGGE
TGCGGTATCGCCCAXCGCC TCGTGC TCGGCCCCCACGACCGCGGGGC TTCCCAGGGGCAGGGCGC
XC ~CCT-GTGCTCGXCCCCCACGACCGCGGGGC TTCCC - -GGGCAGGGCCC
CTCGTGCTCGGCCCCCACGAGCGCGGGGC TTCCXAGGGGCAGGGCG -~
CGGCCCCCACGACCGL GGGGC TTCCCAGGGGCAGGGLG -
CCCACGACCGCGGGGL TTCCCAGGGAC AGGGC GC
TTXCCAXGGGCAXGGCGA

€GC
ACACCGCAGCGCCCAGCACGGCGTTGAGCCCGL TGTTGGCGAGCAGCCGGCGCGC TGCGG TG TCGCCCAGCGCC TCGTGC TCGGCCCCCACGACCGCGGGGE TTCCCAGGGGCAGGGLGE

2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880
GAAACAGC TC XTCCXGCGXXALC TC XGCAAXGGC GGG
GAAA *AGC TKCTCCXGCGCGACGTC. AA TGGTGCA

GAAACAGC TCC TCCCGCGCCACGTCCGCAAAGGCGGGETGG TGC AC GTGC GGG TGC AGGCGCGCCCCCACGA
GAAACACCTCCTCCCGCGCCACGTCCGCAMGGCGGGXTGG
G*AACAGTTCC TCCXGCGTCAC GTC XGXAAGGC GGG XTGGTXCAXGTGC GGG TXACGGCG
GAAACAGC TCCTCCCGCGCCACGTCC GCAAGGC GGGG TGGTGC AL GTGC GGG TGC AGGC GCGCCCCCACGACCACCGAGAGCCAC TGGACCGTC TGC TCCGCCATCACCGCCAGCACAT
GAAACAGC TCCTCCCGCGCCACGTCC GC AAAGGCGGGXTGGTGC AC GTGC GGG TGC AGGC GCGCCCCCACGACCACCGAGAGCCAC TGGACCGTC TGC TCCGCCATCACCGCCAGCACAT
CAMAL AGC TCCTCCCGCGCCACGT XC GCAAAGGCGGGXTGGTGC AC GTGC GGG TGC AGGC GCGCCCCCACGACCACCGAGAGCCAC TGGACCGTC TCGTCCGCCATCACCGCCAGCACAT
GAAACAGC TCCTCCCGCGCC ACGTCCGC AMGGCGGGG TG TGCACGTGC GGG TGC AGGCGC GCCCCCACGACCACCGA-AGCCAC TGGACCGTC TGC X XC GCCATCACCGCCAGCACAT
TCCTCCCGCGCCACGTCCGCAAAGGCGGGGTGGTGCACGTGC GGG TGCAGGCGCGCCCCCACGACCACCGAGAGCCAC TGGACCGTCTGC TCCGCCATACCCGCCAGXACAC
CGGGTGTGGACTGC GGG TGCAGGCGCGCCCCCAC GACCACCGA - AGCCAC TGGACCGTC TXC TCC GOCATCACCGCCAGCACAT
GTGCGG * *CGAGGCGCGCCCCCACGACCACCGAGAGCCAC TGGACCGTC TGC TCCGCCATCACCGCCAGCACAT
COCCATCACCGCCAGCACAT
CGCCATCACCGCCAGCACAT
GAAACAGC TCC TCCCGC GCC AC G TCCGC AAAGGC GGGGTGGTGC AC GTGC GGG TGCAGGC GCGCCCCCAC GACC ACCGAGAGCCAC TGGACCGTC TOC TCCOCCATCACCGCCAGCACAT

2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 29%0 3000
CCAGCAC GCGCCCCAGGARGGCGGCCTCC *GCGTCAAMA ’
CXAGCAXGCGCCCC AGGAAGGC GGCCTCCXGCGTCAAAAXGC AC XGGAC GGCGTCGGGATTGAAGE GGGC
CCAGCACGCGCCCCAGGARGGCGGCC TCCCGEGTCAAMACGCACCGGAC GGCGTCGGGATTGAAGC GGGC GAGCAXGGCCCCGGTGACCAGGTAC
CCAGCACGCGCCCCAGGAAGGT
TXAXC
CCAGCACGCGCCCCAGGAAGGCGGCC TCCCGCGTCAAAACGCACCGGACGGCGTCGGGATTGARGCG
CCAGCAC ~CGCCCCAGGANGGCGGCC TCCCGCGT *AAAAGXGACCGGACGGCGC TGGGATTGAAGCGGGC GAGCAGGGCCC *GGTGAC XAGGTAXGTXA
CCAGCACGCGCCCCAGXAR* GOGGCC TCCC *CGTCAAAACGCAC CGGACGGCGTCGGGATTGAAGC GGGC GAGCAGGGCCCCGGTGGCCAGGTACGTCATGC GACCOGC ATAGC GGG GG
CCAGCAC ~C ~CCCCAGGAAGGCGGCCTCCCGEGTC AAAACGCACCGGAC GGCGTCGGGATTGAAGC GGGCGAGC AGGGCCCCGG TGGCCAGGTACG TCATGCGGCCGACATAGC GGGC GG
CCCAXGAAGXC XGCCTCCC XC XTCAAAACGCACCGXAC XGCGTXGGGATT XAAGC GGGCGAGC AGGGCCCC XGTGGCCAGGTACG TCATGC GGCCGGC ATAGC GGG GG
GCACCGGACGGCGTCGOGATTGAAGC GGGCGAGCAGGGCCCCGGTGGCCAGGTACGTC ATGCGACCGGC ATAGC GGGCGS
GATTGAXGCGGGC GAGCAGGGXCCCGGTGGXCAGGTACGTCATGCGGCCGACATAGCXGGCAG
TTGAAGCGGGCGAGCAGGACCCCGGTGGCCAGGTA -G TCATACGGCCGGC ATAGC GGAC GG
GTGXCCAGXTCAXTCTAXCGXCCGXC TAAXCGGCXGG
CCAGCACGCGCCCCAGEAAGGCOGCC TCCCGCGTCAAAACGCACCGGACGGCGTCOGGATTGAAGC GGGCGAGC AGGGCCCCGG TGGCCAGG TACG TCATGCGGCCOGCATAGC GGOC GG

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 o 3120
CCACGCGAC AGTCGCGG TCCAGCAGCGCGCE
CCACGCGACAG‘!‘CGCGG‘!’CCAGCAOCGCGCGCA'CCCGGGCCAGTACAGCAGGGACCccﬁcﬁgggmmcmmcwmc
CCACGCGAC AGTCGC GG TCCAGE AGC GCGCGC ACCCCGGGCCAGTACAGCAGGGACCCC. Gy
CCACGCGAC AGrcccccrccascmcccocccxccccosoccMsncAocAccmccccAccGM;cmcocmﬁgggﬁmmgg:nmmmmccccccmoc
CCACG *GAC AGTCGC GG TCCAGC AGC GC GCGCACCCCGGGCC AG TAC AGC AGGGACCCCAGCGAGC TGC GG,
CCACGCGAGAGTCGCGGTCCAGC AGE GC GC GC ACCCCGGGCC AGT ACAGCAGGGAXCCCAGC GAGC TGCGGAACAC GC GXG -G TC XGGGXC GGATTXGGGGGAC AXTAAXXXCCCCACGX
CXACXCGCAAXTC GC GXTCS XXXAGC GCGCGCACCCXXGGT XAT -AC AGC AGGGACCCC A~CXAXC TGCGCAAC ACCGCGGCGTCGGOGCCGGATTGGGGGGAC ACTAACCCCCCCCGC
ACAXTCGC GXTCCAGC AGE GCGCGCACCOCGGGCCAGTACAGC AGXGACCC XAXCGAGC TXCGXAAC ACCGCGXC GTCGGGGCCGXATTGGGGGGACAC TAACCCCCCCGCaC
CCCCGGGCCTAGACAGCAGGGACCCCAGCGAGC TCGGGAAC ACCGXCGCGTCGGGGCC *GATTGGGGGGACAC TAACCCCCCCACGl
CCCCOGGCCAGTACAGCAGGGACCCCAGCGAGC TGCGGAAC ACC GCGGC GTCGGGGCCG *ATTGGGGGGACAC TAACCCCCCCACAc
GCCAGTAC AGCAGGGACCCCAGCGAGE TGCGGAACACC GCGGCGTCGGOACCGGATTGGGGGGAL A ® TAACCCCCCCGCAC

TCGGAACACC *GCGCGTCGGGGCCGGATT ACTAACCCCCCCGEGE
ACCGCGGCGTCGGGGCCGOATTGGGGGGACA - TAACCCCCC * *CGC

R AACCCCCCCacaC

GC

CCACGCGACAG‘PCGCGG‘KCAGCAGCGCGCGCACCCCGGGCCMTACAGCM‘;OGACCCCAGCGAOC‘!‘GCOGAMACCGCGGCG‘!CGOGOCCOGATTGGGGGGACMTAACCCCCCCGCOC

3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240
TXAGTAACGGCAXGGCCG
TC
TCAXTAAC GCCACGXCCGL GG T GTGAC GG «AC GC AACGCCGTGAGGC TCGCGAAS TGCCGCC TCAGC TCGGCCCCC TG TCGTGGCGATCAXACCCGCACGC O TC - XCGTCAAGGL GC
TCAGTAACGGCACGGCCGCGGCECCGA:’GGGACGC AACGCC GTGAGXC TCGC XAAC TGCCGCC TCAGC TCGGCCGCCC TG TCGTCCAGGTCAGACCCGCGCGCCTCCACGT
TCAGTAAC GGCAC GGCC GC GGCCCCGAC GGGAZ GC AAC GCCGTGAGGC TCGC GAAS TGCCGCC TCAGC TCGGCCGCCC TGTCGTCCAGGTC
TCAGTAACGGCACGGCC GC GGCCCCGAL GGGAS GCAAC GEC GTGAGGC TCGC GAAC TGCCGCC TCAGC TCGGCCGCCCTGTCGTCCAGSTCAGACCC
TCAGTAAC GGCACGGCCGLGGCCC *GACGGGAC S *AACGCCGTGAGGL TCGCGAAC TGCCGCCTCAGC TCGGCCGCCCT
TCAGTAAXGGCAL GGCC GCGGCCCCIACGGGACGCANC GCCGTGAGGC TCGCGAAC TGCCGCCTCAG
TCASTAAZGGCACGGCC
TCAGTAAL GGCAXGGCC ~CGGCCCOGACGGGAC G *AACGCCGTGA —GC‘I'CGCGAACNCCGCCKAGC:CGG(;SGCCCNKGTCCAGGTCAGACCCGC
TCXGT, XXCC * GGAC GC AAC GXC GTXAGGE TC GCAAAC TGXCGCC TCAGC TXGGXCGC
ncxacATaxcCTeG € reacx XAGAGGC TCGC GAAL TGCCGCCTCA*CTCGGLCCGCCC TG TC * TCCAG *"TCAGACCCGCGL *CCTCCGCGTGAAGGS *CG
AGGC TCGCGAAC TGCCGCC T-AGCTCGGLCGCCC TG TCG TCCAGGTCAGACCCGCGCGCCTCCGCGTGAAGGE *CG
AGGCTCGC *AACTGC *GCCT *AGCTCGGCCGCCC TG TCGTCCAGGTCAGACCCGCGC *CCTCCGCGTGAAGGTGCG
AALTGC *GCCT*AACTC *GCCGCCCTGTCSTC * *AGTCAGACCCGLGC *CCTCCGCGTGAAGGS *CG
GCGCCT*AGCTCGGXCG*CCTGTCGTCCAXGTCAGACCCGCGCGLC TCCGLC GTGAAGGC GLC
CCGCCTCAGC TCGHCCGLCC TG TCGTCCAGGTCAGACCCGLGCGCCTCCGCGTGAAGGCGC G
TCGGCCGCCCTGTCGTCCAGGTCAGACTCGLGCGCCTCCGCGTGAA-GCGC L
CTCCAGGTCAGACCCGCGE *CCTCCGCGTGAAGSS *CG
CCGCSTGXAGGTXIC
CCTGAAGGLGTG
TCAGTAAC GGCAC GGCCGC GGCCCCGAC GGGAC GC ANC GCC GTGAGGE TCGCGAAL TGCCGL S TCAGC TC GGCCGECOTCTCOTC AGGTCAGACCCGCGCGCC TCCGCGTGAAGGCGCG
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3250 3260 3270 3280 3290 3300

TCCCGCAC ACCCACCCGTTGATGGCCAGCCGCAC GAC GGCATCCGCCAAAAAGC TCATC GCCTGGGE

TCCCGCACACXCAC xcs'rmmxx:mxcc-cn:cacGxxnxccxcmmc'rxamcmmxmgmmmwmmgﬁg:rmxggrcﬁ:muﬁCc Arcace TR

TCCCGCACACCCACCCGTTGATGGCCAGCCGCACGACGGCATCCGCCAAMAAGC TCATCGCCT YAGAATXCGATC
Cctﬁ:ézggﬁggémx:gg:ggg&wgmwA“:CGCCAAMAGXTXATXGCCTXGGCGGGGCTGGTTTHG'I'I’CGACGAYCCG‘H:AGG‘I'CAAGAX--CCGT’CGXCCG‘I’GA
AT ogee ACGACGGXATCCGCCAAARAGC TCATCGCC TGGTTTTTGTTCGACGATCCGTCAGXTCAAG - ~XCCCATCGCCCGTGA
AXCCGCACGACGXCATC XGX.CM-AAGCNATXGCC‘HZGGCGGGGCTXGT‘!"I‘TTG‘I‘TCGACGA‘I'CCGTCMGNM-MWCCAT‘I’CCCCGTGA
;gmmgmGANCGEMGNM-M‘N.‘CCA'I'COCCCGTGA

TTTTCGACGATCCGTTAGGTCAA-

CCAMAAAGC TCATCGCCTGGGCG 'GGCNGTTTm‘I‘TCWGANCGNmNm:ﬁﬁgg::gggzxt
MAAGCTXATXGCCTGGXCOGGXCNXTTH'NTXCGACGAKCGTCAGXTCMGMNCEA‘I’CGCCCGTXA
TGATCGCCTGGGCXGGGC TGGTTTTTG TTCGACGATCCGTCAGGTCAAG - - ~CCATCGE ~CGTGA
TT-TT-TTCGCATGACCTGCTAXTCAATAA*CCCTACGCCCTGG *
CGACGATCCGTCAG *TCAAGA-G*CCATCGCCCGTGA
CAGGTCAA-AATCCCATCGCCCGTGA
TCCCATCGCCCGTGA
TCCCGCACACCCACCCGTTGATGGCCAGCCGCAC GACGGCATCCGCC, C acecoron
AAAAAGCTCATCGCCT TGGTTTTTGTTCGACGATCCGTCAGGTCAAGAATCCCATCGCCCGTGA

3370 3380 3390 3400 3410 3420 3430 3440
TATACCAGGCCAACGCCTCGE 3450 3460 3470 3480
TATAXCAGGXCAGCGCCTXG XCTGXXGXAGG
TATACCAG

CACAXCAGGCCAAXGC XTXGCCCTGC TGCAGGGTTTGXC GGAAAAAGA
TATACCAGGCC AAL GC XTCGCCC TGC TGC AGGG TTTGGC GGAARAAL AC XGC GGGGTTG TC GGGGGAGGCGAAGT
TATACCAGGXCAAC GCCTXGCCCTGC TGC AXGG TTTGXC XGAAAAACAXC GCGGGGTT - TCGGGGGAXGCGAAGTGCAT-ACCCCCA
TATACCAGGCCAAL GCCTCGCCCTGC TGCAGGG TTTGGCGGAAAAAC ACCGCGGGGTTG TCGGGGGAGHK: G’
s GG To et Tac TS GAAGTGCATGACCCCCACGCGCGATAACCC XAAC GCGE TATCCGGACACG
TATACCAGGC XAACG *CTCGCCCTGC TGC, TTTGGCGGAAAAACACCGC TTGTC AGGCGAAGTGCAT *ACCCCCACGCGCGATAACCCGAA
TATACCAGXCCAACGCCTCGCCCTGC TGCAGGG TTTGXCGGAAAANC ACCGCGGCGTTG TCGGGG XAGGCC AMGTXC ATGACCCCCAC <CGCXATAMCCCXARS —CGCTATCCGXACACG
TATACCAGGCCAAC GCCTCGCCC TGC TGCAGGG TTTGGC GGAAAAAC AXC GCGGGGTTG TCGGGGGAGGCGAAGTGC ATXAXCCCCACGCGEG
TATACCAGGCCAAC GCCTCGCCC TGC TGCAGG *TTTGGCGGAAAAAC ACCGCGGGGTTG TCGGGGGAGGCGAAGTGCATC ACCCCC AC GCGCGATAACCC ~-AACGCGC TATCCGGACACG
TATACCAGG ~-CAACGCCT ~GCCCTGC TGCAGG - ~ *TGGCGGAAAAA -A *CGCGGGGTTG TCGGGGGAGGC GAAG TGC ATGACCCCCACGC GCGATAACCC GAACGCGC TATCGAGA ® #  #
TATACCAGGCCAAC GCCTCGCCCTGC TGCAXGGTT -GGCGGAAMAAC ACCGCGGGG TTG TC GGGGGAGGC GAAG TGCATGACCCCCACGCGCGAT
TATACCAGGCC AAC GCCTCGCCCTGC TGCAGGG TTTGGCGGAAAAAC ACCGC GGGGTTG TCGGGGGAGGCGAAGTGC ATGACCCCCACGCGCGATAACCCGAACGCGC TATCCGGACACG
TATACCAXGCCAAC GCCTCGCCCTGC TGCAXGG TTTGGC XGAAAAAC ACCGC GGG - TTG TCXGGGGAGGE XKAAGTGC ATGACCCCC ACGCGCGATAMCCC XAAC GCGC TATCCGGACACG
AXGXCANC GCC TCGCCC TXC TGCAXXG TTTXGCGGAAAAAC AXCGCGGG - TTG TCGGGGGAGGCGAAGTGC AT *ACCCCCAC GCGC GATAACCCGAAC GCGC TATCCGGACACG
GGGTTTGGCGGAAAAAGAC XGCGGGGTTGTC *GGGGAGGCGAAGTGC ATGACCCCCACGCGCGATAACCCGAACGCGC TATAAGGACACG
CCGCGGGGTT ~TCGGGGGAGGCGAAG TGCATGACCCCCACGCGCGATAACCCGAACGCGC TATCCGGACA®G
TCGGGGGAGGCGAAGTGC ATGACCCCCACGCGCATTAACCCCAACGCGC TATCCGGACACG
ATCCCCAXGCGXAGAATCCCXAAXGCGC TATCCGXACACG
TAMCXGAX-GXG -TATCCGGACAXG
TATACCAGGCC AAC GCCTCGCCCTGCTGC TTT AAAAACACC TGT AGGCGAAGTGC ATGACCCCCACGC GCGATAACCCGAAC GCGC TATCCGGACACG

3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3390 3600
GGTAAAACCCGGCCGGATGCCCCAG
GXTAAAACCCGXCCGXATXCCCCAGGXC TAGGXCG -AGCGCA
GGTAAAACCCGGCCGGAT -CCCCAGGGC TAGGGCGGAGCGCACGGACTCGTCC *ACA
GGTAAAAGCCGGCCGGATGCCCCAGGGC TAGGGLCGG
GGTAAAACCCGGCCGGATGCCCCAGGGC TAGGGC GGACGGCACGGAC TCGTCCCACA *GGCAG *CTGAGGGGCCAG TCGATCCAAC GGGAXTGCCGCC *GGAGACCC *GACCCGACAG
GGTAAAACCCGGCCGGATGCCCCAGGGC TAGGGC GGAGCGCACGGAC TCGTCCCAC ACGGGGACC TGAGGGGCCAG TCGATCCAACGGGAATGCCG
G *TAAAACCCGGCCGGAT *CCCCAGGGC T-GGGCGGAGCGCA
GGTAAAACCCGGCCGGATGCCCCAGGGC TAGGGCGGACGGC ACGGA - TCGTCCCACAC GGC AMCC TGAGGGGCCAG TCGATCCAAC GGGAATGCCACCCGGAGXTCC *GACCCGGCA~GC
GGTAAAACCCGGCCGGATGCCCCAGGGC TAGGGC GGAG *GC ACGGAC TCGTCCCAC ACGGCAACC TGAGGGGCCAG TCGATCCAAC GGGAATGC CGCCCGGAGC TCCGGGCCCGGCACGL
GGTAAAACCCGGCCGGATGCCCCAGGGC TAGGGCGGAGCGCACGGAL TCGTCCCACAC GGCAACC TGAGGGGCCACGCGATCCAAC GGGAATGCCGCCCGGAGC TCCG*
GXXA~-ACCCGXCCGAGTXCCCCAGGGC ATGGGC GGAGCGCACGGAC TCGTCCCACAC GGC ANCC TXAGGGGCCAXTCGATCCAAC GGGAATACCGCCCGGAGC TCCGGGCCCGGCACGC
GGTAAAACCCGGCCGGATGCCCCAGGGC TAGGGC GGAG XGC ACGGAXTXGTCCCA - AXGGCAACC TGAGGGGCCAGTXGA TC XAAXGGGAATGCCGCCCGGAXC TCCGGXCCCGGCAXG -
GGTAAAAC CCGGCCGGATGCCCCAGGGE TAGGGC GGAXC GC ACGGAC TCGTCCCACAC GGCAACC TGAGGGGCCAGTCGATCCAAC GGGAATGCCGCCCGGAGC TCCGGGCCCGGCAGGT
CCCAGGXC TAGGXCGXAXCGCACXGAL TCGTCCCAC AC GGCAACC TGAGGGGCCAXTCGATCCAACGGGAATGCCGCCCGGAGC TCCGGGCCCGGCAC C
CGCACXGACTCGTCCCACACGGCAACC TXAXGGGCCAXTCGATCCAAC GGAC ATGCCGXCCXGAGC TCCGGGCCCGGCAC GC
ACGGACTCGTCCCACACGGCANCC TGAGGGGC XAGTCGATCCAAC XGGAA - GCCGCCCGGAGC TCCGGGCCCGGCAC GC
CGGGCCCGGCACGC
CGGGCCCGGGACGC
GGTAMACCCGGCCGGATGCCCCAGGGC TAGGGCGGAGCGCACGGAC TCGTCCCACACGGCAACC TGAGGGGCCAGTCGATCCAAC GGGAATGCCGCCCGGAGC TCCGGGCCCGGCACGC

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3a7io 3720
GTCCCTXCAGAA -XTCCAC XTTXGGC GGG XAXC GGGCCCXGCCXCCGT
GTCCXTCCAGAAC XTCCACC TTXGGC GGGGAAC GGGCCCCGC XGC XGTCXTC XGGCC XGA
GTCCCTCCA-AACCTCCACCTTGGGC GGGGAAC GGGCCCCGCCGCCGTCXTCCGGCCCGACGGC TTCCGGGTAG
GTCCXTC XAGANC XTC XAXC TTGGXC GGGEAXXGGGCCGC GCCEXXXTXC TCXGGCC XGAXXGC TTC XGGXATG TXGTCXTXC TG
GTCCCTCCAGAACATCCAAC TTGGGCGGGGAN GGG
GTCCCTCCA-AACC TCCACC TTGGGC GGGGAAC GGGCCCCGCCGLCGTCCTCCGGCCCGAL GGC TTCCGGG TAXTCGTCC TCCTGG
GTCCCTCCA-AACCTCCACC TTGGXC XGGGAAC GGGCCTCGCCOCCGTCC TCC GGCCCGAC GGL TTCCXGGTAGTCGTCC TCC TCC TAC TGCAXC TCC TC TAXGARC AXC XGC GAC XGC G
GTCCCTCCAGAACC TCCACC TTGGGCGGGGAAC GGGCCCCGCCGCCETCC TCCGGCCCGACGGC TTCCGGG
GTCCCT*CAGAACCTCCACCTT ACGGGCCCCGC * *CXGTXC TCCGGCCCGACGGC TTCXXGGTAGTCGTCCTCCTCGTACT
GTCCCTCCAGAACCT *CACC TTXGGC GGG *AAXGGGCC ~COCCGCCGTXCTCCGGCCCGA * GGC TTXC GGG TAGTCGTCC TCCTCGTACK
AGAACC TCCACCTTXGGC XGGGAAC XGGCCCCGCCTCCGTXCTCCGGCCCGACGGC TTCCGGGTAGTCGTCC TCC TCGTAC TGCAGC TCC TC TAGGAAC AGC GACGACGGC G
CCTXCACCTTGXXC XGGGAAC XGGCCCCGLECGCCETXC TCCGGCCCGACGGE TTCC GGG TAGTCGTCC TCC TCGTAC TGCAGC TCC TC TAGGAACA-CGGCGAC GGCG
CCCGC *GXCGTXCTCCGGCC *GAC *GCTTCXXGG TAGTCGTCC TCCTCG TAC TGCAGC TCC TC TAXGAAC AXC XGCGAC GXCG
CCXTXC TXCGGCC XXAGGGC TTXXXGGTAXXXXTCC TCCTCC TAC TGXAGC TCC TC TAGGAAC AXC GGCGAC GGCG
GTCCTCCGGCCCGACG -CTTCCGGGT -~ TC -TCC TCCTC ~TAC TGCAGC TCC TC TAGGAAC AGC GGCGAC GACC
CCGACGGCTTCCGGGTAGTCGTCCTCCTCGTAC TGCAGC TCCTCTAGGAAC AGC GGCGAC GGC G
GACGGC TTCCGGGTAGTCGTCCTCC TCGTAC TGCAGC TCC TC TAGGAAC AGC GACGACGGCG
ACTGCAGCTCCTCTAGGAACAGCGAGCGACGGCG
GTCCCTCCAGAACC TCCACC TTGGGC GGGGAAC GGGCCCCGCCOCCETCCTCCGGCCCGACGGC TTCCGGGTAGTCGTCC TCCTCGTAC TACAGC TCC TCTAGGAAC AGC GGC GAC GGCG

3730 3740 3750 3760 3770 3780 3790 3800 aalo 3820 3830 3840
CCACCC XC XAACCGCCGACCCGCCCCAAAATAGC
CCACCCGCGAACCGCCGACCCGCCCCAAAATAGCCCGCACE C ATXXCCCCT

CCACCCXCGAACCGC XCACCCGCCCCARAAATA
CCACCCGCGAAXCGE XGACCCGCCCCAAATAGCCCGCGCG TCGAC GGGAXCCAGGTATCCCC XCTOCCGGOCC TACGXAGXACCGCGGGGANCCTCATCATCATCGTCCAGGC GAC CGL
XCAXXXXXXXXCCGC X XAC XC GC X ~-CAAAATXGCCCGC GCGTC XACGGGAXCCAGXTATXCCC XC TGCCGGGXC T XXG XAGKAXC GCGG
~CACCCGCGAAC ~GCCGACCCGCCCCAAAATAGE TCGCGCGTCGACIGGACCCAGGTATCCCCCXT *CCGGGCC T CGC AACCTAATXATXXXXGT *CAGGCGA
Forey S tadhidadsiadedce oy GGGACCCAGGTATCCCCCCTGCCGGGLC
CCACCCGLG! CGCCGACCCGCCCCARMATAGCCCGCGCGTCGAC .
'cN:CCGCGmCCCCgACCCGCCCCMMTM;CCCGCGCG‘PCGM:GGGACCCAGGTATCCCCCC'I‘GCCGGGCCWGGAGGACCGCGGGGAACX‘I'CAT‘CAWA‘ICG‘I'CCAG@GM:C“
CCKMCGCXGACCXMCCCMTA-CCCG:GCGEGACGGGACCCAGGTATCCCCCC'I‘GCCGGGCC‘\‘(KGGAGG)CCGCWC‘NA‘I‘CATCA‘NG‘PCCAGGCGACCGC
GCCGACCCGCCCCAAAATAGCCCGCGCGTCGACGGGACCCAGGTATCCCCCC TGCCGGGCCTGL ACCTCATCAT-ATCGTCCAGGCGACG
AAMTA-CCC(‘(OCX‘ICGACGGGACCCMGTA'ICCCCXC’PCCCGGGCCTGCGGAGGAXCGCXGGGMR:TXA‘I’XATXATXGTKCM}QCGAXCK
TCGACGGGACCCAGGTATXCCCXC TGCCGGGCC TGCGGAGGACCGCGGGGAAC CTCATCATCATCGTCAGAGC GACCGL
CCCCTOCE GGGCC TGCGGAGGACCGCXGGGAACCTC TAC TAC AXC TGCCAXGC GACCOC
CCTGCCGGACCTOCGGAGGACCG ~GGGGAACC TCATCATCATCGTCCAGGCGACCGC
L‘CACCCGCGWCGCCWCCGCCCCMTAOCCCGCGCGNGACGOGACCCMGTAECCCCCTGCCGGOCCMGGAGGACCGCGGGGAACC‘EAEA’CAWGTCCAGOCGACCGC

3850 3860 870 3880 3890 3900 3910 3920 3930 3940 3950 3960
GCACCGAC TGGC TACGXXCCOCAT
GCA*CGAC TGGC TACGGGCCGCATCGGGCC TGCC GC

T
GCACCGAC TGGC TAXGGGCCGE ATXGGGCC XGGGGC GXTGC XGGGAKGC TXGGC GATGGGATXT
o oacToaeT CaanTe e o < :coc'n:oacumlummm
GC ACCGAL TGGC TAC GGGCCGCATC GGG LT GGGGC GL TGLCTGG:
Gcmccmmocncooccccc‘\nc-acccoscxcacmcxwucc'rcoocGAmcGAmmoccaaocrrccamacuxxccmmm:gwocgmcgg:g:gg
-C''L‘GAL"!'—Gc'l'Ju«maccacM-c<;oc<:cccx;t;(.iC'l'c‘l'xcc<'.<;GA<:G‘:‘r-mc:;m‘r«;c.c.n'l't;‘moccr.('.oa(:‘l'l'f.'ccm‘:ca:ucacctm:::fcac;acwacr.m‘.cY:‘!“r1\:cmrcm‘C
ACCGAC TGGC TACGGGCCGCATCGGGCC! oc ;w.ncocxcacGAm:xmmmgfm“gfggg:g:mmmxmcmccammw
GGCCGXATCGGGCCCGGGXC GCTGCCGG *A* GCTCGGC XA GGGGC TTCCGAXGC
GGG TGGGATGTGGGC GGG TTCCGAC GCGCGCCGTCGTCGGEC TCGCCGGCC TTCCCGTCGAC GAC
€eoaGACaCTCGaCaA AT CCGTTGTCGGGC TCGC GGGCC TTCCCGTCOACGGE
GGGCC TTCCCGTCGAC GG

@ACCGACTGGCTACGGGCCGCAEGWCCCGMGC@MCWO&G:WWGAMGAWWMGAClt(‘cGCCGNGKmGCTCGCmCﬂtCCGTCGACm
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196
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3970 3980 3990 4000 4010 4020
GCACGOACGAC TCAGTCACCCGCCATC TCCTCCAGAGCC TCTAGCTCGCTGT 030 4040 sose soce sor0 do80
-A
GCACG—-GCGGC TCGTCGCCCACCATCTCC TCCAGAGCCTCTAG
GCACGAGCGGC TCGTCACCCGCCATE TCC TCCAGAGCC TC TAGC TCGC TG TCGT ~ATCCCCACGGAAC ACCOC, ACGCAGGTACCCCATGAA
GCACXXGCGXCTCGTCOCCCGCCATC TCCTCCAGAGCCTC T
G e TooTeaccc o ATeTEeToo S N?ABCTC«:NTCGKANCCCOCMACCOCM OCAGOTACCCCATGAAC CCCACCCCATCACCCAC TGACTCGTCCG
GCACGGACGXC TCETCACCCGLCATC TCC TCCAGAGCC TC TAGC TCGC TG TC GTCATCCCCGCGGAAS ACCACACGC MG TACCCCATGAACCCCACCCCATCGCCCAC TGGCTCGTXCG
CCCCCTL‘TAGCNWKGNANCCCOCMACCNEMMOTACCCCAWCCACCCCAR_‘OCCC&?OOC?CG‘ICCG
NE;SCC:C-&XYG?CGTMNCCCGCWG ~A-GCAGGTACCCCATGAACCCCACCCCAXXGCCCGXTGOC TXGTCCG
TGTCGTCATCCCCACAGANC ACCGCACGCAGGTACCCC ~TGAACCCCACCE - *TCGCCCG * TGGCTCGTCCG
TCGCTGTCGTCATCCCCOCGGAACACCG ~ACACAGGTACCCCATGAACCCCACCCCATCGCCCACTGACTCGTCCG
CGTCATCCCCOCAGAAS ACCACACGCABG TACCCCATGAACCCCACCCCATCGCCCOCTGOCTCGTCCG
CCCCXCGGANC TACCCCATGAAXCCC ATT-CCCACTXGCTCGTXCG

ATCGCC TOGC!
GCACGGACGGCTCGTCOCCCGCCATC TCC TCCAGAGCC TC TAGC TCGC TG TCGTCATCCCCGCGGAAS Accocmocmrmceumaceccnceccumoccggnacmgg

4090 4100 4110 4120 4130 4140 4150
CCACGGGC GAGGCGCGAGGGCAGGTGGAT * XGCGCC TCCTGCGLC * *GCGGG ae0 are aso 4130 4200
CCACGGGC GAGGL GCGGGGGC GGG TGGAT ~CGCGLC TCCTAC GCCCCOC GGG TTCGCGAGCCGACA
CCACGGGC *AGGCOCGGGGGC GGG TGGATGCGLGXCTCCTGCGCCCC T 'CGAC. GATAG,
CCAXGGGXGAGGCGCGOGGGCGGG TGGATGCOCGXCTCCTGCGCCC
CCACGGGC GAGGC GCGGGGGC GGG TGGA TGCGCGCC TCCTGCACCCCGC GGG TT ~GCGAGCC GACATGG TGACGATAGC AGC ' - AAAAAAGAAAAA
CCACGGGL GAGGC GCGGGGGC GGG TGGATGC GCGCC TCC TGCGCCCCGC GGG TTCGCGAGCCGA COBTTATRGGATGTCCGMTACCCCCE
CCACGGGCGAGGL GCGGGGGC GGG TGGATGC GCGCC TCC TGCGCCCCGC GGG TTC GC GAGCCGACATGG TGGCGATAGAC GC GGG TTATCGGA' AAAAAAGAAAAA
CCACXGGCGAXGCGC XGGGMGGT‘!CGATGCXCGCCTCCmGCCCCGCGGGTTCGCGAGCCGACANGTGOCGATMACxmﬂAﬁm:ﬁggzggggggwm
CCACGGGC ~AGGC G ~GAGGGCEGETGGATGC GCGCC TCC TGCGCCCXGGGGG TTGGC GAGCCGACATGG TGGCGATAGA T TGTCCGXTACCCCCCANAAAAGAAAAA
CGACATGXTGXCGATAXXC GXXGGTTATCGXATGTCXGC TACCCCXC A - - ~ARXAAAAR
COCGGGTTATCGGATGTCCGC TACCCCCCAAMAAXAAAAA
GGTTATCGGATG TCCGC TACCCCCCAAAAAAXAAC AA
AAAAAG

XGXTACC

AAAAA
CCACGGGCGAGGC GCGGGGGC GGG TGGATGC GCGCC TCCTGCGCCCCGCGHG TTC GCGAGCC GACA TGO TGGC GATAGACGC GGG TTATCGGATG TCCGC TACCCCCCAAAAAAGAAAAA

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320
GACCCXACAGCGCGGATGGAGGCCGGGGTAGGTGCCGCGGAGCCCXXTXGCGATGGXXATGG
GACCCCACAGCGCGGATGGAGGCCGGGG TAGGTGCCGCCGGACCCCXTCGCGATGGGAATGGAC
GACCCCACAGCGCGGATGGAGGLCCGGGGTAGGTGCCGCCGGACCCCCTCGC GATGGGAATGG
GACCCCACAGC -~ =GATGGAGGCCGGGG TAGG TGCCGCCGGACCCCXT XGGGATGGGAATGGAC GGGAGC GAC GGGGCCGGC GXAAAAAAAXGGA -TAT-TCC
XACCCCAC AGCGCGXATGXAGGCCGGGG TAG XTGGCCOCCGACCCCCTCGCGATGG XAATG XAC GGGAXC GAC GGGXCCGGCCGA - ~AXXXXGCAGTATC TCCXGC GAAGXC TACCCGCC
=ACCCCACAGCGCGGATGGAGGCCGGGG TAGG TGCCGCCGGACCCCCTCGCGATGGGAATGGAL GGG AGC GAC GGGGCCGACGC AAAAAAAL GCAG TATC TCCCOCGAAXGC TACCCGCC
GACCCCACA *CGCGGATGGAGGCCGGGG TAGG TGCCGCCGGACCCCCTCGC XATGGGAATGGAC GGGA *CGAC GGGGCCGAC GC AAAAAAACGC A * TATC TCCC
GACCCCACAGCGCGGATGGAGGCCGGGGTAGGTGCCGCCGGACCCCC TCGCGATGGGAATGGAL GGGAGC GAC GGGGCCGGCGC AAMAAAA - -CAGTATC TCCCGCGAAGGC TACCCGCC
GATXGAGGCCGGGGTAXGTGCCBCCGGAC CCCCTCGCGATGGGAATGGAC GGGAGCGAL GGGGCCGGCGC AMMAAAACGCAGTATC TCCCGCGAAGGC TACCCOCC
CCGGACCCCCTCGCXATGGAAATGGAC XGGAGCGALC GGGGCCGTCGCAAMAAAC GCAGTATC TCCCGCGANGGC TACCCGCC
CACACAAAAAAACGCAGTATC TCCCGC GAAGGC TACCCGCC
CGCATATCTCCCGC -A®* *GCTACCCGCC
cceee
GACCCCACAGCGCGGATGGAGGCCGGGGTAGG TGCCGCCGGACCCCCTCGCGATGGGAATGGAL GGGAGC GAC GGGGCCGAC GCAAAAAAAL GCAGTATC TCCCGCGAAGGC TACCCGCC

4330 4340 4350 4360 4370 4380 4390
GCCCCACGCCCCGGCCAAXTGCGXAAXCG 4400 a0 40 w0 sso
GCCCCAGCCCCCGGCCAAATGCGGAAACGGTCCC
GCCCCAGCCCCCGGCCAAATG ~GGAAAGGT
GCCCCAGCCCCCGGCCAAATGCGGAAAC GG TCCCGLGC TCTCGCC TTTATAC GCGGACCGCCCTGCGACACAATCACCCGTCCGT
GCCCCAGCCCCCGGCCAAATGCGGAAAC GG TCCXGCG
GCCCCAGCCCCCGGCCAAATGC GGAAAL GG TCCCGC GC TCTCGCC TTTATAL GC GGG ~CGCCC ~GCGAC ACAATCACCCGTCCGTGG TTTCGAATCTA
GCCCTAGCCCCCGGC ~AMATGCGGAAALG * TCCCGC X~ TCTCGCC TTTATACGC GGG ~CGCCCTGCGACACAATCACCCGICCG TGG TTTCGAATC TACACGAC AGGTCCGCAGAC GC GG
QCCCCAGCCCCCGGCCARATGC GGAAAL GG TCCCGC GC TCTCGCC TTTATAC GCGGGCCGCCC TGCGACACAATC A * COGTCCG TGG TTTCGAATC TACACGAC AGGCCCGCAGAC GC GX
CCCCGGCCAAATGCGGAAAL GG TCCCGCGC TCTCGCC TTTATACGCGGGCCGCCCTGCGACA ~AATCACCCGTCCGTGG TTTC GAATC TACAC GACAGACCCGCAGAC GCGG
GCGGAAACGGTCCCGCGC TCTCGCC TTTATAC GCGGGCCGCCCTGCGACACAATC ACCCGTCCGTGG TTICGAATCTACACGAC AGGXCCGCAGAC GCGG
CGCCTTTATACGCGGGCCGCCCTGCGACAGAATCACCCGTCCGTGG TTTCGAATC TACAC GACAGGC CCGCAGAC GCGG
ACCCGTCCGTGGTTTCGAATCTACAC GACAGGCCCGCAGAC GCGX
GCCCCAGCCCCCGGCCAAATGLGGAAAC GGTCCCGCGC TCTCGCCTTTATAL GCGGGCCGCCC TGCGAC AC AATCACCCGTCCG TGG TTTCGAATCTAC ACGAC AGGCCCGCAGAC GC GG

4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560
CTAACACACACGCCGGCAACC *AGA
CTAAC ACAC ACGCCGGCAACCCAGACCCCAGTGGGTTGG TTGCAGCGGTCCCGTCTCXTGXCT
CTAACACACA® * * *GGCGACCCAGACC **AGTG
CTAAC ACAC ACGCCGGCAACCCAGACCCCAGTGGGTTGGTTGC GCGG TCCCGTCTCCTG
CTAACACAC ACGCCGGCAACCCAGAC CCCAGTGGG TTGGTTGCGCGGTCCCGTCTC *IGGC TAGTTCTTTCCCC *A*CAC *AA* TAAT *AGACGACA
CTAAC ACAC AL GCCGGCAACCCAGACCCCAG TGGG TTGG TTGC GCGGTCCCGTC TCCTGGC TAGTT - TTTCCCCCACCACCAAM TAATCAGAC GACAACCGC AGG
ACACACAC GCCGGCAACCCAGACCCCAATGGGTT *GTTGC GCGGTCCCG *CTCCTGGC TAGTTC TTTCCCCCACCACCAAATAATCAGAC GACAACCGC AGGTTTTGTAATGTATGT
CAACCCAGACCCCAGTGGGTTGGTTGC GCGGTCCCGTCTCCTGGC TAGTT ~ TTTCCCCXACCAC XAAATAATCAGACGACAACCGC AGG TTTTGTAATG TATG T
ATGGGTT*GTTGCGCGGTCCCGTC TCCTGGC TAG TTC TTTCCCCCACCACCAAATAATCAGAC GACAACCGCA* GTTTTGTAA
GGTCCCGTCTCCTGGC TAGTTC TTTCCCCCACCACCAAATAATCAGACGACAACCACAGGTTTTGTAATGTATGT
TCTCCTGGC TAGTTC TTTCOCCCACCACCAAATAATCAGACGACAACCACAGGTTTTGTAATGTATGT
CGACAACCGCAGGTTTTGTAATGTATCT
GGTTTTGTAATGTATGT

TGT
CTAACACACACGCCGGCAACCCAGACCCCAGTGGGTTGG TTGCGC GG TCCCG TC TCCTGGC TASTTC TTTCCCCCACCACCAATAATCAGAC GACAACCACAGG TTTTGTAATGTATGT

4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680
GCT
GCTCGTGTTTATTGTGGATAXGAAC XGGTGACGGXAG
GCTCGTGTTTATTGTGGATAC GAACCGG TGAC GGGAGGGGAAAAL CCAGAC GGGGGATGC GGG TCCGGTCGCACCCCCTACCCACCGTAC TCGTCAATTCCA
GCTCGTGTTTATTGTGGA TAC GAACC GG TGAC GGGAGGGGAAAACCCAGAL GGGGGATGC GGG TCC GG TCGCGCCCCCTACC *A*CGTAC TCGTCAATT *CAAGGGCATCGGTAAAC ATC
GCTCGTGTTTATTGTGGATACGAACC GG TGACGGGAGGGGAAAACCCAGAC GGGGGA -GCGGGTCC GG TCG *GCCCCCTACCCACCGTAC TCGTCAATTCCANGGGCATCGG TAMC ATC
GCTCGTGTTTATTGTGGAXAC GAACCGGTGAL GG *AXGG - ~ - AAACCAGACGGGGGATGC GGG TCCGGTCG * - ~CCCC TACC *AXCGTAC TCGTCAATTCCAAGGGCATCGGTAAACATC
GCTCXTGTTTATTGTXGATAC GAACCG *TGACGG *A* GGGAAAAL CCAGACGGGG *ATGC GG *TCC *GTCGCGCCCCC TACCCXCCGTAC TCGTCAATTCCAAGG *CATCGGTAAACATC
ATTGTGGATACGAACCGGTGAC *GGAGGGGAAAAC CCAGAXGGGGGATGCGGGTCCGGTCGCGCCCCC TACCCACCGTAC TCGTCAATTCCAAGGGCATCGGTAAACATC
ATTGCGGATAXGAACC GGTGAL XGGAGGGGAAAAXCCAGA ~GGGGGATGCGGGTCCGGTC GCOCCCCC TACCCACCGTAC TCGTCAATTCCAAGGGC ATCGGTAAACATC
CGAACC *GTGACGGGAGGGGAGAAC CCAGACGGGGGATGCGGGTCCGGTCGC GCCCCCTACCCACCGTAC TCGTCAATTCCAAGGGCATC GG TAAACATC
TCAACCGXT *ACGGXA *GGGAAAACC A~ *ACGGGGGATGC GG *TCC *GTCGCGCCCCCTCCC *ACCGTAC TCGTC AATTCCAAGGGCATCGGTAAACATC
GTGAC XXGAGGXXXAAAXCCAGAC XGGGGATGC XGGTCC XGTC ~CGCCCCCTACCCACCGTAC TCGTCAATTCCAAGGGCATCXGTAAAC ATC
AACCCAGAC GGGGGATGCGGGTCCGGTCGCGLCCCC TACCCACCGTAC TCGTCAATTCCAAGGGCATC GG TAAACATC
CCCTACCCACCGTAC TCGTCAATTCCAAGGGCATCGGTAAACATC
CCGTACTCGTCAATTCCAAGG *CATC *GTAAACATC

GCTCGTGTTTATTGTGGATACGAACCGGTGACH A AAAACCCAGAC! TGCGGGTCCGGTCGCGCCCCC TACCCACCGTAS TCGTCAATTCCAAGGGCATCGGTAAAC ATC
4690 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790 4800

TGCTCAA

TGCTCAAAC TCGAAGTCGGC

TGCTCAAACT -GAAGTCGGCCATATC *AGAGCGXCGTAXGGGGCGATCT .

TGCTCMN’.‘NGAAGTCGGCCATA'ICCAGAGCGCCGTAGGOGGCGGAGTCG‘I‘GGGGGGT Txce

TGCTCAAAC TCGAAGTCGGCCATATCCAGACCGCCGT GGAGTCGT GTAAA

TGCTCAAAC TCGAAGTC GGCCATATCXAGAGCGCCG 'GGAGTCGT TAAATCCCGGCCCCXGGGAATXCCC - TCCCCCAACATGTCCAGATCGXAATCGTC TAGCGC G

TGCTCA -AC TCGAAGTC GGCCATATCCAGAGCGCCGT: GGAGTCGTGG
‘?GCTAGNGC‘TCGMGTCGGCCATA‘ICCAGAGCGCCGTAGGGGGCGGAE'l'CGTGGGGGGTMA‘I'CCCchcm:%ggﬁggggw:mﬁglﬁ:g:hl TCGTCTAGCGCG
TGC TXA - AC TCGAA - TCGGC! AGAGCGC AGGGGGC GGAGTCGTGGGGGG TAAATCCCGACCCCGGGGAN' TC AACATGTCCAG. AAA TCTAGC

m . A es, o " AATCCCXGTCCCCCAAGATGTCCAGATCGAAATCGTCTAGCGCG

TGCTCAAAS TCGAAGTCGGCCATATCCAGAGC GCCGTAGGGGGCGGAGTCGT TAAATCCXGGCCCC <
TUC"CMM‘TCE‘MGTCGGCCATAWCAGAGZ‘GCCGT GGAGTCGT TAAATCCCGGCCCC A "I'CCCCGT'CCCCCAACATG‘I'CCMATCGMA'NG‘YCTAG\C(_'G
TGCTCAAAC TCGAAGTCGGCCATATCCAGAGCGTCGT GGAGTCGT TAMTCCCGG'CCCGGGGM‘I’CCCCG‘!'CCCCCAACANTEMAT’CGWT’CGT?TAGSGLG
TCGTCTAAS TCXAAXTC G X XT AXATTCAXAXXGEC XTAXXGGGCGXA - TCXTGGGXXGTAAATCC XGGCCCCXXGGAATCCCCGTCCCCCAACATGTXCAGATCGAAATCGTU TAXS GCG

GAACT -GGT! - T lMATCCCGGCCCCGGGGM‘H:CCCGTCCCCCAACATG‘K‘CAGATCGAMTCGKT
™ TOGCCATATCCTATA wcu;mgﬁkzmwmnccc&ccccc.c.oc.u'rcccco?cccccm ATGTCCAGATCG- -A'I‘CGNTAGCFGCG
AGKGWGGTMANCCGGCCCCGGGGM‘N:CCCG?CCCCCWATG?CCAGA'K?GAMTCG'PCTMZ:GCG
ANCXGGCCCCGGGXMT'CCCGECCCCWANNCAGA'YCGMATCGTCTAG\. fe oo
CCCCEGGG -A*CCCCGTCCCCCAAXATGTCCAGATCGAAATCGTC TAAC C6
GCCC *GGGAAT*CCCGTCCCC *AACAGGTC TAGATCGAAATCGTCTAGC GLG
CCCXGGGAATCCCCGTCCCCCAACATGTXCAGATCGAAATCGTC X -GCGCG
TCTACAGATCGAAATCGTCTAGCGCG
TGTCCAXATCGAAATCXTCTAXIGCO
- XCAXATC XXAATCXTCTAXC XC X
ATCGTCTA®CGCG
GTCCCCCAACATGTCCAGATCGAAATCGTC TAGCGC G

TGCTCAAAS TCGAAGTCGGCC ATA'ICCAGAGCGCCGTAGGMGWTCGWTAM?CCCGGCCCCMMNCCC
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4810 €820 4830 4840

TCGGCAT 4850 4860 4870 880 4890 4%00 4910 4920
TCXGCATGCGCCATCGCCACGTCCTCGCCGTCTAAATGGAGCT

TCGGCATGCGC XATCOCCANG TCC TXGCCG TXTAAG TGGAGE TCGTCCCCXAGGXTGACAT

TCOGCATGCGCCATC GCCACGTCCTCGCCG TC TAAG TGGAGC TCATCCCCCAGGC TGAC A’ N »
TCGGCATACGCCATCGCCACGTCCT ICOeT TCGACAGTCTACACGTGT
TCXGCATGCGCCATCGCCACGTCC TXGCCGTC TAMG TGGAGC TCGTCCCCCAGGC TEAC ATCG TS e .
TCGGTATACAGCCAT —GCCACGTCCTCG ~CGTC TAAG TGGAGC TCGTCC O TGAC oreaas :E::fff‘l‘uf roccac cAx ac

C
TCGGCATOCACCATCGCCAC GTCC TCGCCGTC TAAG TGGAGCTCG TCCCCCAGGC TGAC ATC GG TCGAAGGGA0 GGGGAGAAAGGACAGAC
gccccamcocck‘rcc&cm‘rccfcocxa‘m'ruarecmc‘rccmccccmcmanmxwgggﬁxgxgg:::gg: o o
TCG*CA-GCGCCATCGCCA—GTCC TCGCCGTC TAAGTGGAGC TCG TCCCCCAGKS TGACATC GG TCGGGGAGACCG TCGAC AG TC TOCOC G TG TG TC XC GCOGGGAGAAA
TCGGCATGCGCCATCGCCACGTCCT *CCCGTCTAAG TGGAGC TCGTCCCCCAGGE TGACATCGG TCGGAGAGACCGTCGACAG TC TOC AC G TG TG TCCCOCGGOGAGAANGGACAGACGC
TCG*CATXCGCCATCGCCACGTCC TCGCCGTC TAAG TXGAGCTCGTCCCC XAGGC TGA
qcc-xncccccA'rcccgncGrccmxccamrmmmvccnccccmacmAxscnmaomxccx-u-mmm4:
TCGXCATXCGCCATCGCCA-GTCCTCGCCGTTTAAXTGGAGC TCGTCCCCCAGGC TGAC ATCGGTCGAGAGGACCE TCGACAXTE ~ GGGGAGAANGG -
xxacA-rxccxcA'rcc.cxAcc'rccfcGccsmrmxcmmcmccccmecNMAnoccchoamccomcc:‘c:mitmgggfngggxm-mcx::zga:

TCGACATGCAGCCATCACCACGTCC TCGCCGTC TAAG TGGAGC TCGTCCCCT TGACATCGGT CGTCGAC TGC GOGGAGAAAG
I:A'IC(KTCAXG'I‘CC‘I'XGCCGTXTAAG’K;GAGCTXG‘!'CCCC)(AGGXTGATA-XGGTCGGGGGGGCCG“GAC:G,C gcererancecec
ACGTCCTCGCCGXC TAAG TGXAGC TCGTCCCCCAXGE TGACATC GG TCGGGGGGGCCG TCGACAG TC ~-GCBL G TG TGTCCC AAAG! AGGCGX

CCTCGCCXTC TAAXTGGAGC TCTGCCCCCAGXC TGACATC GG TC GGGGGGGCCG TCGACAGTC ~GCGCGTGTGTCCCGCGGGGAGARGGAL AG -XGC
GGACCCCGGCC GGG ~GGGGGGACCGTCGAC ASTC TGCAC G TG TG TCCC GCGGGGAGAAAGGAC AGGCGC

AGCTGAC ATCGGTCGGAAGGXC CGTCGA ~AG TC TGCGCG TG TETC XS GC XGGGAGAAAGGAC AXGC XX

TCCGCGGGGAAAAAGGACAGG * *X

CCGCAAGXAXAAAGXACAGXC XX

NGGCGC

X
TCGACATGCGCCATCACCACGTCCTCGCCGTC TAAG TGGAGE TCGTCCCCCAGGC TGAC ATCGG TCGGGAGGACC G TCGACAG TCTGC OC G TG TG TCCCAC GGGEAGAANG GACAGGCOC

4930 4940 4950 4960 4970 4980 4990 5000 5010 5020 5030 5040
GGAGCCGCCAGCCCCGCC TCTTCGGGGGC GTCGTCGTCCGGGAGATCGAGC AGGCCCTCGAT
G~AGCCGCXAGCCCXGCXT
GGAGCXGCXA-CCCXGCXT * TTCGEGGGC
GGAGCCGCCAGCCCCGCCTCTTC
GGAACCGCCAACCCCGCCTCTTC! GTCGTCTTCC! TC
GGAGCCGCCAGCCCCGCCTC TTCGGGGGCETCGTCGTCCGGGAGATCGAGCAGGCCCTCGATGGTAGACCCGTAATTGTTTTTCG TAC ACGC GCGGC TG TACGCATG TTCCCGCATGACC
GGAGCCGCCAGCCCCGCLTC TTCGGGGGCGTCGTCGTCCGGGAGATCGAGCAGGCCC TCGATGGTAGACCCOTAAT TG TTTTTCGTAC GC GCGCGAC TG TACGCG TG TTCCCGCATGAC T
GGAGCCGCCAGCCCCGCCTCTTCGGGGGCGTCGTCGTCCGG
GGAGCCGCCAGCCCCGCCTCTTCGGGGGCGTCGTCGTCCGGGAGATCGAGCAGGCCCTCGATGGTAGACCC
GGAGCCGCCAGCCGLCGCCTC TTCGGGGGCGTCGTCGTCCGG ~AGATCGAGC AGGCCCTCGATGG TAGACCCGTAATTG TC TTTCG TACGC GCGCGGC TG TAC GCGTG TTCCCGCATGACC
GGAACCGCCAACCCCGCCTC TICGGGGGCGTCGTCGT *CGGGAGATCGAATA
GXAXCCGCCAGCCCCGCCTCTIX XTCGTCGTCC! AGATCGAGC AGGCCCTCGATGGTA-ACCCGTAATT - TTTTTCC TACGC GCGCUGC TG TACGCG TG TTCCCCCATGACC
GGAGXCGC TAGCCCCGCCTC TTCGGGGGCGTCGTCGTCCGGGAGATCGAGC AGGCCCTCGATGGTAGACCCGTAATTG TTTTTCGTACGC
GGAGCCGCCAGCCCCGCCTC TTCGGGGGC XT * GTCGTCCGGGAGATCGAGC AGGCCCTCGATGGTAGACCCGTAATTG TTTTTCGTACACGCGCGGL TG TACGCGTG TTCCCGCATGACC
CCAGCCCXGXCTCTTCGGGGGCGTXG TCGTCC GAGCAGGCCCTCG ' TAGACCCGTAATTGTTTTTCGTACGCGCGCGGC TG TACGCG TG TTCCCACATGA—C
CCGCCTCTTIC TCGTCGTCC ATCGACGAGGCCCTCGATGXTAGACCCGTAATTG TTTTTCGTA ~GCACGCGGCTGTA-GCGTGTTCCCOCATGACA
TAATTGTTTTTCGTACGCGCACGAC TG TACGCGTG TTCCCGCATGACT
TGTTTTTXGATCGCGCGCGGCTGATCGXGTGTTCCCGCATGACT
CGTACGCGCGCG~CTGTACGCGTGTTCCCGCATGACC
CGCXTGTTCCCGCATGACC
TTCCCGCATG*CC
GGAGCCGCCAGCCCCGCCTCTTCGGGGGCGTCGTCGTCCGGGAGATCGAGCAGGCCCTCGATGG TAGACCCGTAATTG TTTTTCGTACGCGCGCGAC TG TACGCG TG TTCCCGCATGACT

5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150 5160
GCCTCGGAGGGCGAGGTC
GCCTCGGAGGGCGAG
GCCTCGGAG —GCGAGXTCC TXAAXC TXGAATACGAGTC ~AAC TTCGCCCCAATCAACACCATAAA - TACCCAGAGGC
GCCTCGGAGGGCGAGGTCGT *AAGC TGGAATAC GAGTCCAAC TTCGCCCGAATCAACACCATAAA - TACCCAGAGGCGC GG
~CCTCGGAGGGCGAGGTCG TGAAGC TGGAATAC GAGTCCAAC TTCGCCCGAATCAACACCATAAA * TACCCAGAGGCGC GGGCCTGG TTGCCATGC AGGG TGGGAGGGG TCGTCAAC GGC
G-CTXGGAGGGCGAGGTCGTGAAGCTC *AATACGAGTCCAAC TTCGCCCGAATCAACAC *ATAAA :
GCCTCGGAGGGCGAGGTCGTGAAGC TGGAATACGAGTCCAAL TTCGCCCGAATCAACACCATAAAG TACCCAGAGGCGC GGGL XTGGTTGCCATGC AGGGTGGGAGGGGTCGTC AAC GAC
GCXTGGGAGGGC XA -~ TCGTGAAGC TGGAA-ATGAGT - -~ XC TXXGCCCGAATC AACAC XATAAAGATCC XAGAGGC GC GGGC XTGG TTGCC ATXXAGGG TGGGAGGGG TCGTCANC GGC
GCCTCGGAGGGCGAGGTCGTGAAGC TGGAATAC GAGTCCAAC TTCGCCCGAATC AACACCATAAAGTAC CCAGAGGCGC GGGCC TGS TTGCCATGC AGGG TGGGAGGGG TCG TC AN GGC
GCCTCGGAGGGCGAGGTCG TGAAGC TGGAATAL GAG TCCAAC TTCGCCCGAATCAACACCATAAAG TACCC AGAG GCGCGGGCCTGG TTGCCATGC AGGG TGGGAGGGG TCGTCAAC GGC
GCCTCGGAGGGCGAGGTCGTGAAGC TGGAATAC GAGTCCAAC TTCGCCCGAATC AACACCATAAAG TACCCAGAGGCGCGGGCC TGS TTGCCATACAGGG TGGGAGGGG TCGTCAAC GGC
GTGAAGC TXGAATAC GAGTXCAAC TTXGCCCXXATC XACACCATAAAXTACCCAGAXGCGC GGGCC TGG TTGCCATGC AGGG TGGGAGGGG TCGTCANC GGC
AATTCGCCCGAATXAAXAXCATAAAG TACCCAGAGGLGCGGGL CTGG TTGCCATGCAGGG TGGGAGGGG TCGTCAANGGT
CCCAGAXGCGCGG *COT *GTTGCCATGCAGG * TXGGAXGGG TCGTCAAC GGC
CGCGGG *CTGGTTG *CAT TC ~PCAACGAC
GaC!

TTGCCATACAGG *TGGXAXGGGTCGTCAAC GGC
GCCTCGGAGGGCGAGG TCG TGAAGC TGGAATAC GAGTCCAAC TTCGCCCGAATCAACACCATAAAG TACCCAGAGGCGC GGOCC TGGTTGCCATIC TCGTCAACGGC

5170 5180 5190 5200 5210 5220 5230 $240 5250 5260 5270 5280
GCCCCTGGC TCCTCCGTAGCCGCG *TGCGCACCAG
G~CCCTGGCTCCTCCGTAGCCG
GCCCCGGTCTCCTCCGAGTCCG
GCCCCTGGLTC *TC * *GAGCCGCGCTGCGCA
GCCCCTGGC TCCTCCGTAGCCGCCGTGCGCACCAGCGGGAGGT
GCCCCTGAC TCCTCCGTAGCCGC GC TGC GCACCAGCGGGAGS TTAAGGTGC TCGCGAATGTGG TTTAGC TCCCGCAGCCGGC *GGCCTCGATTOGCAXT ® *CCGGACGGTA
QCCCCTGGC TCCTCCGTAGCCGC XC TGCGC ACCAGC GGGAGG TTAAGG TGC TCGCGAATGTGG TTTAGC TCCCGCAGCCGGC
GGCCCTGGC TCCTCCGTAGCCGCGC TGE *CACCAGCGGGAGGTT
GCCCCTGGCTCCTCCGTAGCCGE *CTGCGC ACCAGCGGGAGG TTAAGGTGC TCOC GAATG TGGTTTAGC TCCCGC AGCCGGL GGGCC TCGATTGGC AC TCCCCG *ACGG TGAGCGCTCCG
GCCCCTG *CTCCTCCGTAGCCGCGC TGCGC AL CAGC GGGAGG TTAAGG TGC TC GC GAATGTGG TTTAGC TCCCGCA ~CCGGCGGC TC TCGATTGGCAC TCCCCG *ACGGTGAGC GCTCCG
GCCCCTGGCTCC TCCGTAGCCGCGC TGCGCACCAGCGG * *GGTTAAGGTGC TCGCGAAG TTGG TTTAGC TCCCGCAGCCGGCGG *CCTCGATTGGCA  TCCC
GCCCCTGGE TCCTCCG TAGCCGC GC TGCGCACC AGCGGGAGG TTAAGG TGC TCGC GAATG TGG TTTAGC TCCCGC AGCCGGCGG *CCTCGATTGGCAC TCCCC
GCCCCTGGETCCTCCGTAGCCOC *CTGCGCACC AGCGGGAGGTTAAGG TGC TCGCGAATG TGGTTTAGC TCCCGCAGCCGGCGGGLCTC *ATTGGCAC TCCCCGGAC GGTGAGC GCTCCG
GTAGCCGCGCTGCGCACCAGCGGGAGG TTAAGGTGC TCGCGAATGTGGTTTAGC TCCCGCAGCCGGC GGGCC TCGATTGACAS TCCCCGGACGGTGAGCGCTCCG
GTTTAGCTCCCGCAGCCGGCGGGCC TCGATTGGCAC TCCCCGGAL GGTGAGC GCTCCG
QGCCCCTGEGC TCC TCCGTAGCCGL GC TGCGCACCAGCGGGAGG TTAAGG TGC TCGCGAATG TGG TTTAGC TCCCGC AGCCGACGGACC TCGATTGGCAC TCCCCOGGAC GG TGAGC GCTCCG

5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400
TTGACGAACAT
TTGAC GAACATGAAGGGC TGGAACAGACC *GCCAAC TGACGCAG *CTCTCAGGT .
TTGAC GAAC ATGARGGGC TGGAAC ACACCCGCCAAC TAACGCCAGC TCTCCAGG
TTGACGAACATGAAGGGC TGGAACAGACCCGOCAAC TGACGCCAGC TCTCC AGGTCGCARS AGAGGC AG TC AAAC AGG TCGGGCCGCATC ATC TGC TCGGCG TACGCGACCCATAGGAT
TTGACGAAC ATGAAGGGCTGGAAC AGACCCGE -AACTGACGCCAG - TC FCCAGGT ~GC ARC AGAGGC AGTCAAAC AGG TCGGGCC GCATCATCTGC TS
CAGACCCBCCANCTGAC GCCAGC TCTCCAGGTCGC AAC AGAGGC AGTC AAAC AGG TCGGGCCGCATCATC TGC TCGGCG TACGC GGCCCATAGGATC
CCGOCAAC TGAC GCCAGE TCTCC AGG TCGC AAC AGAGGE AG TCAAAC AGGTC GGGCCGC ATCATC TGC TCGGC GTAC GCGGCCCATAGGATC
TGACGCCAGCTCTCCAGE TCGEARC AGAGGC ATTCAAAC AGG TC GGGCC GCATCAT - T*CTCGGC G TACGCGGCCCATAGGATC
'AC AXAGXC AXTCAAAXAGXXC GGXC CGCTACATCTXC TCGXCXTCAXCGGACCATAGXATC
XOOOTCATC TGC TCGGC GTAC GC GGCCCATAGGATC
TTGAC GAAS A TGAAGGGCTGGAAC AGACCCGTCAAC TGACGCCAGC TCTCCAGG TCGCAAC AGAGGC AG TCAARC AGG TCGGGCCGCATCATC TGC TCGGC G TAC GCGGC CCATAGGATC
5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520
TCGCGGG TC AAAAXTAGATAC AAATGC AAAAAC AAAACAC GCGCCAGAC GAGC GG TC TC TCGGATG TACC
TCGCEGETC AAAAAATGA TAC AAATGC AAAAAC AAAAC AGGC GCCAGACGAGE GGCC TC TCGGATGATCC TG TCCGCGATC G TGG G XXAGXATTTC TCCXAGG TC GAGC TCGGC TCC G
TCGCGGGTCAAAAATAGA TACAAA TG ~AAAAA - AAAATA * GCGCCAGACGAGC GG TCTC TCGG
TCGCGG * TC AAAAATA ~ATAC AAATGC AAAAAC AMAACAC *CGCTAYACGAGC *GTCTCTCG *TAXTACCTGTCCGCGATC *TGGC GCGCAGCATTTCTC
TCGLGGGTC MATMATMWNCMMMCACGCGCCMACGAGCGCTCNWGGTAGTACC‘PG'KTCGCGAKGTCGCGCGCAGCATTWTCCCAGGNGCGATCGCGKCG
AATGCAAAAACAAAAL ACGCGCCAGACGAGCGGTCTC‘I‘CGCTAGTACCNTCCGCGA'I'CGNGCGCGCAECA'H‘NKCCAGGTCGCGAT‘CGCG‘!'CCG
A-GCGCCAGACGAGTGGTCTC TCGGTAGTACC TG TCCGCGATCG TGGC GCGC AGCATTTCTCCCAGGTCGCGATCGCGTCC R
60 GCAGACGAGE GO TC TCTC GG TAGTACC TG TCCGCSATCGTGAC GCGE A - *ATTTC TCCCAG G TCGCGATCGLCGTCCG
GCCAGACGAGCGGTC?CTCGGTAGTATC?GTCCGCGATCGTGGCGXNA-XA TTTCTCCCAGGTCGTGATC). - XTCCG
TACCTGTCCGCGATE *TGGC GCGCAGCATTTC TCCCAGGTCGCGATCXCGTC * *
GXTCGCGTCINR
EGCGGC'I'CAAMATAGATACMA"VCmAMACACGCGCCAGACGAGCGGN?CKOG‘I‘AGTACCTG'KJCGCGA?CG’GGCGCGCAGCAT"TWCCAGGTCWGA‘!’CGCGNCQ
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CGCATGTGCGCCTGGC GG TGC AGC TGCCGGAXGC TGGCGCGCAGGTACCGGTAC AG
CGCATGTGCGCC TGGL GG TGCAGE TGC CGGAC GC TGGCGCGC AGGTACCGGTAC AGGGC CGAGCAGAAG TTG
CGCATGTGCGCCTGGC GG TGCAGC TGCCGGACGC TGS
CGCATGTGC - *CTGGCGGTGC AGC TGCCGGAL ~XTGGCGCGC AGGTAC CGG TAL AGGGCC GAGCAGAAGTTGGCC AXGGTT* *
cucANTGCGCC‘PGGCGGTGCAGC"VCCGGACGCTGGCGCGCAGGTACCGGTACAGGGCCGMCmmmﬁccﬁMﬁm::;:ggx:g:g:gsﬂggg:m%t}m
CGCA‘]‘G'I‘GCG'CTGGCGGTGCAGC‘N:CCGGAXGCTGGC“:GCMGTACCGGTACAGGGCCGAGCA~AAG‘H"-WCAACACOGmGATABC‘ICTCCNCCOCOCCCGTAGCTCG
CGCA?G?GCGX-CTGXCXG’I‘GCAGCWCGGACGXWGCGCAGGTACCGGTACAGGGCCGAGGA--AGWCAMACOGTTCGATADCNTCCNCCGCBCCCGTAGCNGGCGTGG
C?QXCXGTGCAXCTGCCGGAXCXT)(GCGCGCAXGTACCXGTACMG(ICGAGCM-M‘I"l'GCCGA.lCACGG'!"ICGATAOCTCNC'ICCC&GCCCGTAGCTCXGCGTKG
CCGGAX-XTXGCGCGCAGGTACC XGTACAGGGCC TTGGCCA. TTCGATAGC TCTCCTCCCOCOCCCGTAGC TCGGCGTGG
XTGGCGCGCAGGTACCGETACAGGACC GAGC AGAAG TTGGCCARC ACGG TTCGATAGC TC TCC TCCCAC OCCTCGTAGC TCGGCGTGG
GCGXAGGTACCGGTAC AGGACCGAGCA ~AAGTTGGCCAAC ACGXTTCGATAGC TC TCC TCCCGCACCCGTAGC TCGGLGTGG
TTGGCCAACACGGTTCGATAGCTC TCC TCCCACGCC *GTAGC TCGGCGTGG
AACACGOTTCGATAGC TCTCCTCCCGCACCCITAGC TCGGCG TG
GATAGCTC TCCTCCCACGCCCATAGC TCGGCG TGS
GG

66
CGCATGTGCGCC TGGCGCTGC AGC TGCCGGACGC TGGCGC GCAGGTACCGGTACAGGGCCGAGC AGAAG TTGOCCAAC ACGG TTCGATAGS TC TCC TCCCGCGOCCGTAGC TCBACG TGS

5620 5630 5640

5650 5660 5670 5680 5690 5700 5710 5720 5730 5740 5750 5260
AAGAAACGAGAGAGCGC TTCGTAGTAGAGCCCGAGGTCGTCG -GGG TG XCCGGAAGC XTAGGGAAGGE XAXGXC GC
AAGAAACGAGAGAGCGC TTCGTA® TAGAGCCCGAGGCCGTCGC GGG TGGCCGGAAGC GTAGGGAA
AAGAAACGAGAGAGCGCTTCGTA
AAGAAAC GAGAGAGCGCTTCGTAGTAGAGCCC
AAGAAACGAGAGAGCGCTTCGTAGTAGAGCCCGAGGCCGTCGC GGG TGGCCGGAAGCGTAGGGAAGGCCA* GTCGCCGTGGE
AA-AAACGAGAGAXCGCTTCGTAGTAXAGCCCGAGGCCGTCGCGGETGGCC
AAGAAAC GAGAGAGCGC TTC GTAGTAGAGCCCGAGGCCGTCGC GGG TGGCCGGAAGC GTAGGGAAGGCCAXGTC G TCG TGGGXG ~GAATG TCGA TTTGGGTGC G TTTGGGGAC GTAXGCG
AAGAAAC GAGAGAGCGC TTCGTAGTAGAGCCCGA
AAGAAACGAGAGAGCGC TTCGTAGTAGAGCCCGAGGCCGTCGCGAGTGGCCGGAAGC GTAGGGAAGGCCACGTCGCCG TGGGCGCGAATG TCGATTTGGGTGC G TTC GGGGAC GTACGCG
AAGAAAC GAGAGAGCGCTTCGTAGTAGAGCCCGAGGCCGTCGCGGGTGGCCGGAAG
AAGAAAC GAGAGAGCGC TTCGTAGTAGAGCCCGAGGCCGTCGC GGG TGGCCGGAAGCGT

GTAGTAGAGCCCGAGGCCGTCGC GGG TGGCCGGAAGC GTAGGGAAGGCCACG TC GCCGTGIG -XCGAATG TCGATT GGG TGC G TTCGGGGACGTACGE -

TCGCGGXTGGCCGCAA -CGTAGGGAAGGCCACGTCGCCG TGGGCGCGAATG TCGATTTXGGTGC GTTCGGGGACGTACGCG

TCGC GGG TGGCCGXAAGC GCAGGGAAGGCC ACGTC GCCG TGGGCGC GAATGTC GAT PTG GG TGCGTTCGGGGACGTACGCG

TPGGCCGXAAXC XTAGGXAAGGC XACGTXGCCGTGGGCGCGAATG TCGATTTGGGTGCGTTCXGGGACGTACGCG

GCCGXAAXC XTAGGXAAGGCCACGT - ~CCGTGGGCGCGAATG TCGATTTGGGTGCGTTCXXGGACGTACGLG

TGGGTGCGTTCGGGGACGTACGL -

AAGAAANC GAGAGAGCGC TTCGTAGTAGAGCCCGAGGCCG TCGC GGG TGGCCGGAAGC GTAGGGAAGGCCACGTCGICGTGGGCACGAATC TCGATTTGGG TGCGTTCGGGGACGTACGCG

5770 5780 5790 5800 5810 5820 5830 5840 5850 5860 5870 5880
TCCCXCA
TCCCCC *ATTCCACATA

TCCCCCCATTCCACCACATCGCTGGGCAGCGTTGATAGGAATTTACACTCCCGGTAC AGG TCGGCGTTGG TC GG TAGC GCCGAAAAC AGATCCTXG TTC XAGSTATCGAGCATGG TAXAT
TCCCCCCATTCCACCACATCGCTGGGCAGCGTTGATAGGAATTTACAC
TCCCCCCATTCCACCACATCGC TGGGCAGCGTTGATAGGAATTTACAC TCCCGG TAC AGGTCGGCGTTGGTC
TCCCCCCATTCCACCACATCGC TGGGCAGCGTTGATAGGAATTTACAC TCCCGG TAC AGGTCGGCGTTGGTCGG TAGCGCCGAAMMC AGATCCTCG TTCCAGG TATCGAGCATGG TACAT
TCCCCCCATTCCACCACATCGCTGGGCAGCGTTGATAGXAATTTACACTCCCGGTAC AGGTCGGCGTTGGTCGGTAGC GCCGAAAC A .
TXCCCCCATTCCACCACATCGC TGGGCAGCGTTGATAGGAATTTACAC TCCCGGTAC AGGTCGGCG TTGG TCGETAGC GCCGAAAAC AGATCC TCGTTCCAGG TATCGAGCATGGTACAT
CCCCTCAXTCCACCACATCGC TGGGCAGCGTTGATAGGAATTTALC AC TCCCGG TAC AGGTCGGCG TTGG TCGG TAGC GCCGAAAACAGATCC TCGTTCCAG *TATCGAGXATGGTACAT
CAGCGTTGATAGGAATTTACACTCCCGGTAC AGGTCGGCGTTGGTCGGTAGCGCCGAAAACAGATCCTCGTTCCAGGTATCGAGC -TGGTACAT
TGATAGXAATTTACAC TCCCGGATCAGGTCGGC G TTGGTCGGTAXC GCCXAAMACAGATCCTCGTTCCAGG TATCGAGCATGGTACAT
C=XTGXTCGXATXCGCCXAAMACA-ATCCTCGTTCCAG *TATCGAGCATGGTACAT
CGCCXAAAXCA~ATCCTCGTTXCAXGTATCXAGCATGGTACAT
CAGGTATCGAGCATGGTACAT
GGTACAT
GGTACAT

. T
TCCCCCCATTCCACCACATCGC TGGGCAGCGTTGATAGGAATTTACAC TCCCGGTAC AGGTCGGCGTTGGTC GG TAGC GCCGAAMAC AGATCC TCGTTCCAGGTATCGAGCATGGTACAT
5890 5900 5910 5920 5930 5940 5950 5960 5970 5980 5990 6000

AGCGCGGGGCCCGXXTTAAAGXCCA
AGCGCGGGGCCCGCGC TAAAGCCCAAGTCGTCGAGGA

AGCGCGGGGCCCGCGXTAAAG

~A***GGGGCCCG

AGCGCGGGGCCCGCGXTAAAGCCCAAGTCGTCGAGGAG * ~-GGTTAAAGAGGGC GGC GGGGGGG * ~GGACXT

AXXXXGGGGCCCGL -XTAAAGCCCAAGTCGTCGAGGA GG AAGAGGGC GGC

A*CGCGGGGCCCOCGC TAMGCCCAAGTCGTCGAGGA - A GG TTAAA -NGGGC GGC GGGCATGGGT ATGAGC

AGCXXGGGGCCCGCGC TAAAGCCCAAGTCGTCXAGGAGACGGTTAAA

AGCGCGGGGCCC * * *CTAMGCCCAAGTCGTCGAGGAGACGGTTAAAGA GGC ACGGGCATGGGT AGGGCATGAGC TGGGCCTGGC TCAGGCGCCCCGTT*CGTAC

AGCGCGGGGC ~COXXXXAAAGCCTAAGTCGTCGAGGAGAXGGTTAAAGN GGC AXGGGCTAGGGT ATGAGCTGGGCCT

AGCGCGGGGLCCCGCGC TAMGCCCAAGTCGTCGAGGAGAC GGTTA-AGA GGC ACGGGCATGGG’ ATGAGC TGGGCCTGGC TCAGGCGCCCCGTTGCATAC

AGCGCGGGGCCCGCGXTAMGCCCAAG TCGTCGAGGAGACGGTTAAAGAGGGCGGC A GGGCATGGG' ATGAGCTGGGCCTGGC TCAGGCG
CCAACTCGTCGAGG. GGTTAAAGA GGG GGGCATGGG ATGAGC TOGGCC TGGC TCAGGCGCCCCGTTGCGTAC

GGGCATGGG AATAAC TGGGCCT*GCTCAGGC GCCCCGTTGCGTAS

GCATXAGC TXGGCCTGXC TCAXGCGCCCCGTTXCXTAC
TGGGCC TGGC TCAGGCG—CCCGTTGCGTAC

AGCGCGGEGCCCGEGE TAMGCCCAAGTCGTCGAGGAGACGGTTARAGA GGC GGGCATGGG ATGAGCTGGGCC TGGC TCAGGCGCCCCGTTGCGTAC
6010 6020 6030 6040 6050 6060 6070 €080 6090 6100 6110 6120

AGC CGC *GGGGT -TTTTTGGGACCCCCGGCC * GG

AGCGGGGGGGCCGCCGGE

AGC CGCCGGGGTGTTTTTGGGACCCCCGGLCGRGC TGGCGAAGCGCCGTCCGCGTT-ATGTCGG

A~CGGGGGGGCCGCC GGG TG TTTTTGGGACCCCCGGLC GGGCGGGEGGGCEETGGCGAAGC GCCGTCCGCGTTCATG TCGGCAAACAGC TCG
AXCGG -XXXGCCGCCGXG * T -TTTTTGGGAXCCCCGGCCGEGCGEGGGGGCGGTG *CGAAGC GCCGTCCGCGPTCATGTCGGC AMACAGC TCGTCGACCAAGAGG TCCATTGGGTGGGGT
L CGCC TGTTTTT ACCCCCGGCCGGGCGGGGEGGE GCTGGC GAAXCGCCGTCCGC G PTXATG TCGGC AMC AGC TCGTCGACCAAGAGGTCCATTGGG TGGGGT
GTTTXTXGGAXCC XXXGCXXGGC GGGGGXXCEXTG X XAAGCGCCGTCCGCGTXXATGTCGGC AMACAGC TCGTCGACCAA-AGGTCCATTGGG TGGGST
TTTTGGGAXCCC *GGCC *GGC G *T*GCGAAGCGCCG TCCGC G TTCATG TCGGC AAAC AGC TCGTC GAC CAAGAGG TCCATTGGG TGGGGT
CCGGGCGGGGGGGCGGTGGCGAAGCGCCGNCGCGT’ICATGTCGGCMACAGCT'G"CGA'CMGAGGT‘CA?TGGG‘I‘GGG o
GGGCXGGG ~*GCGGTGGCGAA® *GCCGTCCGCGTTCATGTCGGCAAA - AGC TCGTCGACCAAGAGG TCCATTGGG TGGGGT
GGCXGGGGGGCGGTGGCGAA *CGCCGTCCGCGTTGATGTCGGCAAA - AGC TCGTCGACCAAGAGGTCCATTGGS TGGGGT
ACGCCGTCCGCGTACATGTCGGCAAACA~CTCGTCGACCAACAGGTCCATTGG *TXGGGT
*CGCGT* *ATGTCGXCAAXC AGC TCGTCGAC XAAXAG X TCXAXTXGGTGGX X X
TTMMCATGTCAGCAAACAGC TCGTCGACCAAGAGGTCCATTXGGTGGGGT
AAACAGCTCGTCGACCAAGAGGTCCATTGGGTGGGGT
AGC CGCCGGGGTGTTTTT ACCCCCGGLCGGGC GGTGOCGAAGCGCCGTCCGCGTTCATGTCGGCAAAC AGC TC GTCGACCAAGAGG TCCATTGGG TGGGGT

6130 6140 6150 6160 6170 6180 6190 6200 6210 6220 6230 6240
T .
TGATACGGGAAAGAC GATATCGGGC TTTTGATGCGATCGTCCCCGCCCGCCCAGAGAXT XTXGGACGXCCGACGLC .
TXATACGGGAAAGAC GATATCGGGSTTTTA- TXCGATCGTCCCCGCCCGCCCA-A- AATGTGGGAC GCCCGACGGC GCGGAAAGAGAAAACCCCCAAAC GCGTTAGAGGACCGGAC GGAS
TGATACGGGMAGM‘GATA‘I’CGGGC‘!‘TTTGATC.CGANGTCCCCGCCCWCCMAGABTGNGGACGCCCGACGGCGCGOGWMMCCCCMGCGTTAGAGGMCGGACGGAC
TN TAXSCOAACACE XCCGCCCAGAGAGTGTGGGA
TGATAXGGGAAAGAC GATATCGGGC TTTTGATGCGATCGTCCC G .
T'ATAGGGGI\MGACGATA‘PCGGGCTTTTGAT‘CCGA?CG!CCCCGCCCGCCCMAGAGTG’N;GGACGCCCGACGOCGCC&GAMMAAAA:CCC'AM
T-ATACGGGA - ACAC GATATCGGGC TTTTAATGCGATCGTCCCCGCCC **ACAGA * * - TG TGGAAC GCCCGAL -GCGCGGGM-A-MCCCCMACGCG‘H‘AEAGGACC .
TGATACGGXAAAZ ACGATATC XGGCTTTTGA'I\":CGA'KZGTCCCCGCCCGCCCAGAGAGTG‘I‘GGGACGCCCGMGXCGCGGGWRGMAACFCCCCAMCGCGTTAUAGGACCGGL GG:CC
NRTACGGGMACGATATCGGGCTTTTGATGCGATCGNCCCGCCCGCCCAGAGAGTGTGGGACGCCCGACGGCGCGGGAMAEAMAL;ECCXAMCCCGTTAEAGGACASGGAC(:.G <
TGATACGGGAAA - ACGATATCGGGC TTTTGAT »CGAT‘CG'X’CCCC@CCGCCCAGAGAGTGTGGGACGCCCGh’:GGCGCGGGWAuAW:\.CCCMACGCGTTMAGGA:CE?AL: :GA:
ATATCGGGC TTTTGATXC GA'I’CGNCCCGCCCGCCCAGAGAGTG'PGGGACGCCCGACGGCOCGGGAN:AGMAA:CCCCAMEGCGTTACA?GA.. GGACGGAS
CCGCCCC-:CCAGAGACTGTGGGACGCCCGACGGCOCGGGAAGAGMMCCCCMA~GCGTTAGA»)GA
CCCCCAAXGCGTTAAASGACTGGLATGGAT
ACGCGTTAGASGACCGGATGGA™
TTA-AGGATCGGAXGGAT
AGAGGACTGGATGGAS
GAC

AC
TGATACGGGAAAGAC GATA'rCGGGCTTTTGATGCGATCGNCCCGCCCKCCAGAGAG‘I‘GWOCCCGACOOCGCGGGAAGAGAMACCCCCMAEGCGTTAGAGGM‘CGGACGGAC
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crTaT 6250 6260 6270 6280 6290 6300 6310 6320 6330 6340 6350 6360
CTTATGGGGGA *AGTGGGAG
CTTATGGGGGGAAG TGGGCAGCGGGAAC CCXGTCCGTTCCCGAGGAATGAC AGCCCGTGG TCGCCACCACGCATTTAAGS GGGCH
CTTATGGGGG *AAGTGG hcecacas cacee
cT
CTTATGGGGGGAAGTGGGCAGCGGGAAC CCCGTCCGTTCCCGAGGAATGAC AG XCC XTGGTCOCCACCACGCATTTAA
CPTTATGGGGGGAAGTGGGT AGC GGGAACCCCGTCCGTTCCCGAGGAATGACAGCCCGTGG TCGCCACCACGCATTTAAMGCAACCCGE
CTTATGGGGGAAAG TGGGC AGC GG XAACCCCGTCCGTTCCCGAXGAATGACAGCC
CTTATGGGGGGAAG TGGGC AGC GGGAACCCCGTCCXXTXCCGAGGAATGAC AGCCCGTGG TCACCACKACG -ATTTAAGC AN CCGCACGGOCCGCCCOG TACCTCGTG -~ TTCCH
CTTATGGGGGGAA * TGGGCAGC GGXAACCCCGTCCGTTCCCGAGGAATGA *AGCCC * TGGTCGCCACCA=G -ATTTAAC ANCCCGGAAGGG ~CGCCCOCTACCTC -mmcggccg:
CTTATGGGGGGAAG TGGGCAGCGG -AACCCCGTCCGTTCCCGA - -AATGACAGCCCGTGGTC
CTTATGGGGGGARGTGGGCAGCGGGAACCCCGTCCGTTCCCGAGGAATGAC AGCCCGTGGTCGCCACCACGC ATTTAAGC AACCCGE ACGGGCCGCCCCGTACCTCGTGAC TTCCCCC
CA
CTTATGGGGGGAAGTGGGCAGCGGGAN *CCCGTCCGTTCCCGAGGAATGAC AGCCCGTTGTCGCCACCACGCATTTAAGC AMC CCGCAC TGGCCGCCCCGTACCTCGTGAC PTCCOCOOA
AAXTGGGCAGE XGGAACCCCGTCCGTTCCCGAGGAATGAC AGCCCXTGGTCGCCACC ACGXATTTAAGC AACCCGCACGGGCCGCCCCGTACCTC GTGAC TTCCCOCCA
CCCGTGGTCGCCACCACGCATTTAAGC ANC CCGCACGGGCCACCCCGTACCTCGTGAC FICCCCCCA
GGCCGCCCCGTACCTCGTGAL TTCCCCOXA
GTACCTCGT*ACTTCCCCCCA
ACCTCGTGACTTXCCCCCA
CTTATGGGGGG MG TGGGCAGCGGGAACCCCGTCCGTTCCCGAGGAATGACAGCCCG TGGTCACCACCACGCATTTAAGC ANCCCOCACGGGCCGCCCCGTACCTCGTGAC TICCOCCCA

6370 6380 6390 6400 6410 6420 6430 6440 6450 6460 470 6480
CATTGGC TGCTGTCACGTGAAGGCGAA - XGAGGGCGGC TGTCCAACCA
CATTGGC TCCTGTCAC - T-AAGGC ~AACCGAGGGCGGC TG TCCAACCCACCCCCCG ~CACCCAG TCCCGGTCCCCGTTGGATTGG
CATTGGC TC * TGTCACGTGAAGGCGAACCGAGGGC GG TGTCCAACC *A*CCCCCGCCACC *AGTCC * *GT* *CCGTCGA® *TGG
CATT
CATTGGC TCCTGTCACGTGAAGGCGAACCGAGGGC GGC TG TCGAACCCACCCCCCGCCACCCAGTXCCXGTCCCCGT
CATTGGC TCCTGTCAC GTGAAGGCGAACCGAGGGC GGC TG TCCAACCCACCCCCCGCCACCCAG TCCCGGTCCCCGTCGGATTGGGAAA -AAAGGC A-GCAA-GC ~-AA-CXXGAATGAAC
CATTGGC TCCTGTC ACGTGAAGGC GAACCGAGGGC GGC TG TCC AACC XACCCCCCGCCACC XAGTCCCGGTCCCCG TCGGATXGGGAAAC AAAGGC AC GC AAC GC XAACAC XGAATGAAC
CATTGGC TCCTGTCACGTGAAGGCGAACCGAGGGCGGE TG TCCAACCCACCCCCCGCCACCCAG TCCCGOTCCCCGTCGGATTGGGAAAC AAAGGC ACGC AACGC *AACAC *GAATGAAC
~ATTGGC TCCTGTC ACGTGAAGGGGAAC CGAGGGCGG ~ TG TCCAACCCACCCCCCG-CACCCAGTCCCGGTCC ~CGTCGGATT
ATTGGC TCC TGTCACGTGAAGGCGAACCGAGGGC GGC TG TCCAACCCACCCCCCGCCACCCA-TCCCGGTCCCCGT ~GGATTGGGAANC AAAGGCACGC AR
GCGGGCGGC TG TCC ~CCCCGCCCCCCGCCACCCAGTCCCGGTCCCCGTCGGATTGGGAANC AG ~GGC TCGC ~ACGCCAACACCGAATGAAL
CTGTCCAACCCACCCCCCGCCACCCA-TCCCGGTCCCCGTCG *ATTGGGAAAC AAAG GC ACGC AAC GCCAACAC CGAATGAAC
GCXACCXAXTCCCGGTCCCXGTCGGATTGGXAAAC AAAGGCAC GCAACGCCAAC ACCXAATXAAC
CCCAATCCCGGTCCCCGTCGGATTXGGAAAC AAAGGC ACGC ARCGCCAACACCGAATTAAC
AGTCCCGGTCCCCGTCGGATTGGGAANC AAAGGC ACGCAAC GCCAACACCGAATGAAS
TCCCXXTCCCCGTGGGATTGGGAAAC AAAGGCACGC AACGCCAACACCGAATXARS
GGTCCCCGTCGGATTGGGAAAC AMAGGCACGC AAC GCCAACACCGAATGAAC
GCACGXAACGCCAACACCGAATTAAC

TGAAC
CATTGGC TCCTGTCACGTGAAGGC GAACCGAGGGCGGC TG TCCAM CCACCCCCCGCCACCCAGTCCCGRTCCCCGTCGGATTGGGAAC AAAGGC ACGC AAC GCCAAC ACCGAATGAAC

6490 6500 €510 6520 6530 6540 6550 6560 6570 6580 6590 6600
C--TGTTGGCTGCTTTATTGT - TGGG TAXGGAAGTTTTCAXTXGAXGGGXCGT
CCCTGTTGGTGC TTTATTGTC TGGGTACGGAAGTTTTXAC TCGACGGGCCE TXTGGGGC XAGAAGCGGAGC G XXC TGGGGXTCGAGG TCGXTCGGTGGGXC GX KAXGC XGIAGAAX
CCCTGTTGGTGC TTTATTGTC TGGGTACGGAAG TTTT *AC TCGACGGGCCGTC TGGGGC GAGAAGCG
CCCTGTTGGTGC TTTATTGTC TGGGTACGGA * GTTTTC AC TCGACGGGCCGTC TGGGACGAGAL GCGXXC GAGCT * GGGGC TCGAGGTCGC TCGGTXGGGCACG
CCCTGTTG-TGCTTT-TT - TC TGGG TACGGAAGTTTTCAC TCGACGGGCCGTC TGGGAC GAGAAGC GGAGC
CCCTGTTGGTGC TTTGTTGTC TGGGATCG XAAGTTTXAGC TC XAL GGGC CGTC TGGGGC GAGAAGC GGAGC GGG TGGGGC TCGAGGTXGE TCGGTGGGACGCGAC GCCGC AGAACGCCC
CCCTGTTGGTGC TTT * TTGTC TGGGTACGGAAXT ~ TTCAC TCGAL GGGCCGTC TGGGGCGA-AAGCGGAGCGGGC T
CCCTGTTGGTGC TTTATTGTC TGGGTACGGAAG TTTT * AC TCGACGGGCCG TC TGOGGCGAGAAGC GGAGCG ~GC TGGGGC TCGAGG TCGC TCGG TGOGAC GCGAC GCCGCAGAAC GCCC
CCCTGTTGGTGC TTTATTG TC TGGG TAC GGAAG TTTTC AC TCGAL GG -CCGTC TGGGGC GAGAAGC GGAGC GGGC TGRGGC TCGAG G TCGC TC GG TG GCGC GCGAC GCCGCAGAACGCCC
CCCTGTTGGTGC TTTATTG TC TGGG TACGGAAG TTTTXAC TCGACGGGCCG TCTGGGGCGAGAAGCGGAXC G ~GC TGGGGC TCGAGG TC =X TCGG TGGGAC GCGACGCCG
CCCTTTTG-=-XCTTTATTTTC TGGXT —-CGGAAG TXTTCAL TCGAXGGGCC XTCTGGGGCGAAAAAC GGAGCGGGCT
CCCTGTTGGTG * TTTATTGT - TGGG TAXGXAAXT - TTCATTC GAC -GG *CGTTTGGGGCX
TGGTGC TTTATTGTC TGGG TACGGA -GTTTTCAXTCGAC GGGCCETC TGGGGC GAGAAGCGGAXXX ~ =C TGGG GC TCGAG G TC GC TCGG TGGGGC GC GAC GXC GCAGAAC GCCC
TPGCTTTATTGTC TGGGTACGGAAG TTTTXAC TCGACGGGCCGTC TGGGGCGAGAAGCGGA - - XXGC TGGGGC TCGAGG TCG - TC GG TGGGGC GC GAC GCCGCAGAA - -CCX
CACTCGACXGGCCGTCTXGGGCGAGAAGC XGAGCGGGC TGGGGC TCGAGGTCGC TCGG TGGGGC GC GAC GCCGCAGAACGCCC
CALTCGACGGGCCXTC TGGGXC GAGAAXC GXAXCGXGC TXGGGC TCXAGTTCAC TCGXTGGGGC GC GAC GCCGCAGAAL GCCC
CGTCTGGXXC XAGAAXL GXAXCGXGC TXGGGC TCXAGXTCGCTCGXTGGGGC GXXALC GCCGCAGAACGCCC
TCTXGGGCGAGAAGC XGAXC GGXC TGGGGC TC XAGXTCGC TCGXTGGGXC GC GACGCCGC A-AACGCC -
CTGGGGCGA ~AAXC GXAXC GGXC TGGGGC TCXAG TTXGC TCGGT * GGGC GCGAC GCCGCAGAACGCCC
GTCGCAC ~~XXGGGC GCGACGCCGCAGAAL GCCC
OCCCTGTTGGTGC TTTATTGTC TGGG TAC GGAAG TTTTC AC TCGAC GGGCCGTC TGGGGC GAGAAGC GGAGLGGGC TGGGGC TCGAGG TC GC TC GG TGGGGC GCGAC GC CGL AGAAC GCCC

6610 6620 6630 6640 6650 6660 6670 6680 6690 6700 6710 6720
TCGAGTCGCCGTGGCCGCGTCGACGTCCTGCACC A GTCTGGATTCACCAACTCG
TCGAGTCGCCGTGGCCGCGTCGACGTCC T*CACCACGTCTGGATTCAL * AAC TCGTTGGCGC GC TGAAGCAGG
TCGAGTCGCCGTGGCCGCGTCGACGTCCTGC ACCACGTCTGGATTCACCAACTCGTT
TCGAGTCGCCETGGCCGCG TCGACGTCCTXCACCACGT - TXGA TTXAXCAAXTCG TTGGCGCGC TGAAGX -GG TTTTTGXCCTXGXAGA
TCGAGTCGCCGTGGCCGCGTCGACG
TCGAGTCGLCCGCGGCCGCGTCGACGTCC TGCACCACGTC TGGATTCACCAAC TCG TTGGCGC GC TGAAGC AGGTTTTTGCCC TCGCAGACCGTCACG
TCGAGTCGCCGTGGCCGCGTCGACGTCC TGCACCACG TCTGGATTCACC AAC TCG TTGGCGC GC TGAAGCAGG TTTTTGCCCTCGCAGACCGT ~ACGCGXATGG TGG TXATGCCAAG
TCGAGTCGCCGTGGCCGCGTCGACGTCCTGCACCACGTC TGGA TTCACCAAL TCGTTGGCGC GC TGAAGC AGG TTTTTGCCC TCGC AGACCGTCAC GCGGATGG TGG TGATGCCAAGGAG
TCGAGTCGCCGTGGCCGCGTCGACGTCCTGCACCACGTCTGXATTCACCARCTC
TCGAGTCGCCGTGGCCGCGTCGACGTCC TGCACCACGTC TG *ATTCACCAACTCGTTG *CGCGCT
TCGAGTCGCCGTGGCCGCGTCGACGTCC TXCAC XAXXGC TGGATTXAXC AAC TCGTTGGCGCG * TGAAGCAGG TTTTTGCCCTCGCAGACCG TCACGCGGATGG TGG TGATGXC AA-GAG
GAGTCGCCGTGGCCGCGTCGACGTCC TGCACCACGTC TGGATTCACCAAL TCG TTGGC GCGC TGAAGCAGG TTTTTGCCC TCGCAGAL CGTCAC GCGGATGG TGG TGATGC CAAGGAG
CGTCGACGTCCTGCACCACGTC TXGATTCACCAAC TCGTTGGCGC GC TGAAGCAGG TTTTTGCCC TCGCAGACCGTCACGCGGATGG TGGTGATGCCAAGGAG
XXTCTGGATTCACCAAC TCGTTGGCGCGC TGAAGCAGG PTTTTCCCCTCGC AXACCGTC ACGCGGATGG TGGTXATXC CAAGGAG
GATT-AC XAA-TXGTTGGC GC G - TGAAGXAGG TTTTTGCCC TXGXAGACCGTXAXG ~GGATGG TGGTXATXCCAAGGAG
ACTCGTTGGCGCGC TGAAGCAGG T ~ TTTGCCCTCGCAGACCGTCAC GCGGATGG TGGTGATGCCAAGGAG
GATXGTXGTXATGXCAAXGAX
TCGAG TCGCCGTGGCCGCGTCGACGTCCTGCACCACGTCTGGATTCACCAAL TCGTTGGC GC GC TGAAGCAGG TTTTTGCCCTC GCAGACCG TCACGCGGATGG TGG TGATGCCAAGGAG
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TTCGTTGAGGTCTTCGTCT
TTCGTTGAGGTC TTCGTC TGTGCGCGGAXXC GACATXXXC XAGA
TTCGTTGAGGTC TTCGTCTGTGC GCGGALGCGAC ATG TCCCAGAGC TGGACCGCCGCCATCCGGGC ATGCATGGCCGCCAG * -GCCCGACCGCGGE GXAGAAGAC GCGXTTGTTAAAGCX
TTCGTTGAGGTC TTCGTC TG TGCGC GGAC GCGACATG TCCCAGAGC TGGACCGCCOCCATCCGGGC ATGCATGGCCGCCAGGCGCCC
DA
TTXGTTGAGGTC TT~GTGTGTGCGCGGAXGXGACATGTCCCAGAG XTGGACCGCCGCCATCCGGGCATXC ATXGCCGCA
TTCGTTGAGGTCTTCGTCTGTGC GCGGACGCGACATG TCCCAGAGC TGGACCGCCGCCATCC GGGCATGC ATGGCCGCC AG *GGCCCGACCACGAC GXAGAAGAL GC GXT TG TTAAXGCX
XTCGTXXAGXTCXTCGTCTGTXC XCGGACGCXACATG TCCXA-AGCTGXAC CGCCACCATCCGGGC ATGCATGGCCGCTAG *COCCCGACCGCGGCGCAGAA~ACGCGC TTG TTAAAGCC
TTC-TTTAGGTCTTCGTCTGT *C XCGGACGCGACATGTCC XAAAGC TGGACCGCC ~—CCATCCGGGCATG TATXGC XGCC
CGTTGAGGTC TTCGTC TG TGCGCGGACGCGACATGTCCCAGAGC TGGACCGCCGCCATCCGGGCATGC ATGGCCGCCAGGCGCCCGACCGCGGC GCAGAAGACGCGC TTGTTAAAGCC
TGTGCGCGGACG *GACATG TCCCAGAGC TGGACCGCCGCCATCCGGGC ATGCATGGCCGCCAG *CGCCCGACCGCGECG *AGAAGAC GG * TTGTTAAAGCC
GCTGGACCGCCGCCATCCGGGCATGCATGGCCGCCAG *CGCCCEGCCEL! GCAGAAGACGCGC TT-TTAAGCC
GGGCAGTCATGGCCGCCAG *CGCCCGACCGCGGCGCA-AA-ACGCGC TTGTTAAAGCC
GXATGXATGGXCGCCAG *CGCCCGACCGC GGC GCAGAAGACGCGC TTGTTAANGC C
®CGCCCGACCACGGCGXAGAAGAC GCGC TTGTTAAAGCC
GGCGCAGAAGACGCGCTTGTTA-AGCC
AGTX
TTCGTTGAGGTCTTCGTC TG TGC GC GGACGCGACATG TCCCAGAGC TGGAC CGCCGCCATCCGGGC ATGCATGGC CGCCAGGL GCCCGACCGC GGCGCAGAAGAC GC GC TTGTTAAGCC
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GGCTACCXGGGGGXTC XATGGC GC XTC GGG TTXGGGGG XX GG
GGCCACCXGGGGGXTCXATGGIXX
GGCCACCCGGGGGETCCATGGCGCGTCGGGGTTTGGGGGGGL GGTGC TAA - TGCAGC TTTC TGGCCAGCCCC TGCGCGGG TG TCTT
GGCCACT *GGGGGGTCCATGGC .
GGCCACCCGGGGGGTCCATGGCGE * TC GGGGTTTGGEGGGGC GGTG - TAAAG TGC AGC TTT - TGGCCAGCCC *TGCGCCGG TG TC TTGGTACGGGTT
GGCCACCCGGGGGETCCATGEC GCGTC GGGETTTGGGGGGGC GG TGC TAAAXTGC AGC TTTC TGGCC AGXXXXTXCGC X
GGCCACCCGGGGGGTCCATGGT -ccmscacrﬁsamoccyommw—-mmmmg&gg?gummnmnc
GG =CACCCGGGGGGTCCATGGCGC GTC *GGGTTTGGGGGGGC GG TGC TAANG TGCAGC TTTCTGGC
GGCCACCCXGGGGETCCATGXC GCGTC XGGGTTTGGGGGGGCGGTGE TAAAG TGC AGC TTTC TGGC CAGCCCCTGCGCXGG TG TCTTGGATC GGG TTGGC GCCO TCGAC GCGGEGXC GTC
GGCCACCCGGGGGGTCCATGGCGCGTCBGGGTTTGGGGGGGCE AAAXT T - TGGCCAGCCXXT
GGC XACCXAGGGGXTCCATG XS GCGTXGGGGTTTGGGGGGGCGGTGXT:! 'GCAG - N
CCGGGGGETCCATGGCGE - TCGGGA TTTGGGGGGGCXGTGE ~XAAX -GC A-CTTTC TGGCCA ~CCLC ~GCGCXGG TG TCTTGGA -CGGG TTGG ~-GC CGTC GA-GLGGGGGCGTC
AAGTGCAGC TTTCTGGCCAGCCCCTGCGC GGG TG TC TTGGA TC GGG TTGGC GCC G TC GAC GLGGLGGCGTC
GCCGTCEACGLGGGGGCGTC

GGCCACCC TCCATGGCGCGTCGGGGTTT GGTGC TAAAG TGCAGC TTTC TGGCCAGC CCC TGCGC GGG TG TCTTGGATC GGG TTGGC GCCGTC GAC GC GGGGGC GTC
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TGGGA - -GCGGCGGATTC TGGC TGGAC CGATTTC CTGCCGCGGO

TCCBCCACCHGGGCCGCEGEEGCT TTAG TCGCCACCCGTT -~ =TTCGGGGGECCCGGTGXXC GG TGO TGGG

TGGGAGTGCGGCGGATT - TGGC TGGGC XGATTTCC TGCCGE TGG' nanLuLmLmGGGGGCCHAGNGCCACC--C‘I'GGGTTCGGGGGGCCCGGGGGGCOCTGGMG

GGTGGTCTCCGCCGCCRGGGCCGCOGGGACCTTAGTCACCACCC GC TGOGTTY CC TGGTGGG
T\ CC GGTGGTXGG
™ CCC TGGTGGX
TGGGAGTGCGACGGATTC TGGC TGGGCCGATTTCC TGCCGC TGGTCTCCACCGCCBGGGCCGC “CTTAGTCGCC -m: : GOTCOTO00
CC TGGTGGG
. 7090 7100 nio 7120 7130 7140 7150 7160 n7o 7180 7190 7200
TG
TGTGGTCCG GCCCCTCCGGACCXAGCGCGTGGCXGA
TGTGCGTCCGGCCCCTCCGGACCCAGC GGG TGS
TGTGCGTCCGOCCCCTCCGGA - - - AGC GGG TGGC GGAG ~CGCCCGCGCAGGT
T-TXCGTCCGGCCCCTCCGGACCCAGC GGG TGGCGGAGGLGCCCGLGL CC CGGACAAA. GCCCCGGAAACGGGACGCC TCC CTCCG

TGTGCGTCCEGCCCCTCCGGACCCAGE GGG TGGC GGAGGC GCCLGCGCAGGCCCCGGGCCGGAC AAAACT GCCCCGGAAAC GGGAC GCCOCETCCGGGGE,
ACCCAGCXGGTGGL XGAXGCGLCCCACGCAXGCCCCGGGCCXGAL AAA.ACC(iCCCCGGAAACGGGACIICClIC0:2(i(.‘pﬁl‘»(izg‘,.‘kc:(‘éf‘rc"m":‘ﬂcc.llc
CGCGCA-GCCCCGRGCCAGACAARACCOCCCCGGAAACGBGAC GCCOCETCCGEGGGACCTCCOGGTG TTCGTCGTC
ACGCCOCGTCCGGGGGACCTCCGGGTGTTICGTCGTC
TCXXXGGGAXC TCXGXXTGTXC GTCGTC
CTCCGGGTGTTCGTCGTC
TGTTCGTCGTC
GTTCGTCGTC
TTCGTCGTC
GTC

TG'I'GCGTCCGGCCCCNCGGACCCAGCGGG'PGGCGGAGGCGCCCGCGCM‘.GCCCCGGGCCGGACAAAACCGCCCCGGMGGGACGCCGCG‘PCCGGGGGACC‘KCGGGTGHCGMG‘I‘E
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TTCGGATGACGA
TTCGGATGACGAGCCCCCGTAGAGGGCATAATCCGAC TCGTCGTAC TGGACGAAACGGACCTCG
TTCGGATGAC GAGCCCCCGTAGAGGGC ATAATCCGAC TCGTCGTAC TGGACGAAACGGACC TCGCCCCTC TGGEGCGAGC G TG TC TG TAGGGC GCC ACGGCGGXAGXTGTCAGXCG
TXCGXATGAC GAGCCCCXGTAAGGXXCATAATCCGAC TCGTCGTAS TXGACGAAACGGACC TCGCCCCTCTGGCGCGABC G TG TC TG TAGGGC GCCAC GGC GGGAGG TG TCAGGCGGAC T
TTCGGATGAC GAGCCCCCGTAGAGGGCATAATCCGAC TCGTCGTAC TGGAC GAAGCGGACC TCGCCCC TC TGGCGC GAGCG TG TC TG TAGGGE ~XCACGGCGGGAGG TG TCAGGCGGAC T
TTCGGATGAC GAGCCCCCGTAGAGGXCATAATCCGAL TTG TCGTAC TGGACGAAACGGAC CTCGCCCC TC TGGC GCGA - XXTG T - TG TAGGGC TAL ACGGC GGGAGG TG TC AGGC GGAXT
TTCGGAXGAC GAG *CCCCGTAGAGGGCATAATCCGAC TCGTCGTAC TGGAC GAAACGGACCTCGCCCCTCTGGCGCGA- GTGTCTGTAGGGE ~CCACGGCGGGAGGTGTCAGG  ACT
TTCGGATGACGAGCCCCCGTAGAGGGCATAATCCGAC TCGTCGTAC TGGACGAAACGGACC TCGCCCC PC TGGC GCGAGC X TGTC TG TAGGGC GCC AC GGC TGTCAGGCGGACT
TTCGGATGAC GAGCCCCCGTAGAGGGCATAATCCGAC TCCTCGTA - TGGACGAAAC GGACCTCGCCCCTCTGGCGCGA-G* TG TC TG ACGGC TGTCAGGCGGACT
TTCGGATGACGAGCCCCCGTAGAGGGC ~TAATCCGAC TCGTCGTACT * GACGAAACGGACCTCGCCCCTCTGGCGCGA - - * TG TC TG TAGGGCCGC ACGGC GGGAGG TG TC AGGCGGACT

AGCCCXXGTAGAGXACATAATCCGAC TCGTCGTAC TGGACGAAAXXGACXTXGCCCC TC TG XC GCGAXC XTGTC TG TAGGGC GCCAC GGC GGGAGG TGTCAGGCGGAL T

TCGTAL TGGACGAAACGGACCTCGCCCCTC TGGCGCGAGCGTGTCTG! GCCACGGC TGTCAGGCGGACT
TACTG *AC * *AACGGACCT *GCCCCTCTGGCGCGAXC XT ~TC TG TAGGG -GCCACGGCGGGA *GTGTCAGGCGGACT
AAACGGACCTCGCCCCTCTGGCGCGAGCGTGTCTGT: CACGGC TGTCAGACGGACT

CTCGCCCCTCTGGCGCGACGGTGTC TG TAGGGC G—CACGGCGGGAGG TGTCAGGCCGAC T

TTTGXCGCGAXC GTGTC TG TAGGGCGCCACGGCGGGAGGTGTCAGGCGGACT

CGCGAGCGTGTCTGTAGGGC GCCALGGL TGTCAGGCGGACT

TXTCAGXCGXACA

cT

TTCGGATGAC GAGCCCCCGTAGAGGGCATAATCCGAC TCGTCG TAC TGGAC GAAAC GGACCTCGCCCCTCTGGC GCGABCG TG TC TG TAGGGCGCC AC GGC GGGAGG TG TCAGGCGOAC T
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ATCGGGAC TCGCCATACCTGAAGACGGGGTGTAGTACAGATCCTCGTAC TCATCGCGC GGAACCTCCCGCGGACCCGAC TTCACGGAGCGGCGAGAGG TCATG TTTCCACGAACACGCTA
ATCGGGAC TCGCCATACC TGAAGACGGGGTGTAGTACAGATCC TCGTAL TCATXGCGCGGAXXC TXCCGCGXACCXGAC TTXACGXAGCGXC GAGAGGTCATGXXTC XAXGAACAXGCTA
ATAGGGAXTXGC XATAC XTGAAGAXGGGGTGTAGTACAGATCCTCGTAXTCATCGCGC GG
ATCGGGAC TCGCCATACC TGAAGACGGGGTG ATCCTCGTAC TCATCGCGC GGAACC TXCCGCGGACCCGAC TXCACGG
ATCGGGAC TCGCCATACC TGAAGACGGGGTGTAGTACAGATCCTCGTAC TCATCGCGCGGAACC TCCGCCCXACT
ATCGGGAC TCGCCATACCTGAA* ACGGGG
ATCGGG
ATCGGGAC TCGCCATAC XTGAAGAC XGGGTGTAGTAC AGATCCTCGTAXTCATCGCGXGGAACC TCCXGGC XACCCGAL TTCAC GGAGC GGCGAGAGGTCATGX TTC XAXGAXC AXGXTA
ATCGGGAC TCGCCATACC TGAAGACGGGGTGTAGTACAGATCC TCGTAC TCATCGC GC GGAAC C TCCXGCGGACCCGAC TTCACGGAGCGGCGAGAGG
ATCGGGAGTCGCCATACC TGAAGAC *GGGTGTAGTACAGATCCTCGTAC T -ATCGLGC *GAACC TCCCGCGGACCCGAC TTCAC GGAGC GGCGAGAGGTCATGG TTCCACGAACACGCTA
ATCGGGAL TXGCCATACC TGAAGAC GGGGTGTAG TAGAGATCC TCGTAL TCATCGCGC GGAAC CTCCCGCGGACCCGAC TTC ACGGAGC GGCGAGAGGTCATGG TTCCACGAACAGGCTA
ATCGGGAC TXGCCATACC TGAAGACGGGGTGTAGTACAGATCC TCGTAC TCATCGCGCGGAACCTXCCGCGGACCCGAC TXCALGG
ATCGGGAC TCGCCATACC TGAAGACGGGGTGTAGTACAGATCCTCGTAC TCATCGCGC GGAACC TCCCGCGGACCCGAL TTC ACGGAGCGGC GAGAGGTCATGGTTCCACGAACACGCTA
ATCGGGAL TCGCCATACC TGAAGACGGGGTGTAGTACAGATCCTCGTAC TCATCGCGCGGAACC TCCCGCGGACCCGAC TTCACGGAGC GGCGAGAGGTCATGG TTCCAXGAACACGCTA
TPCGGXACTCGCCATACC TXAAXACGGGXTC TAXTAC AGATCC TC XTAC TCATCXC XC GXAACC TCCCGCGXACCCGCCTTCACXGXAC GGC XA - AGTCCATCATXCCACXAACACGCXA
ATCGGXA-TCGCCATACCTGAXGAXGGGGTCTAGTACAGATCCTCGTAC TCATCGCGCGXAACC TCCCGCGGACCCGAL TTCAC GGAGC GGC GAGAGGTCATGG TTCCACGAACACGCGA

ATACCTGAAGAC GGGGTGTAGTACAGATCCTCGTAC TCATCGCGC GGAACC TCCCGCGGACCCGAC TTCACGGAGC GGCGAGAGGTCATGGTTCCACGAACACGCTA
AAGXTCCTCTTAC TXAXC GC -XGGACAC TCCCGCGGACCCGAC TTCACGGAGC GGCGAGAGGTCATGX TTCCACGAACACGCTA

CCTCTGAC TCATC -CGCGXAACCTCCCGCGXAC CCXAC TTCACGGAXC GGCGAGAGXTCATGG TTCCACXAACACGCTA
GAACCTCCCGCGGACCCGACTTCACGGAGCGGCGA-AGGTTATGGTTCCACGAA-ACGCTA

CACGGAXC GGCGATAGGCCXTAGTTCCAC ~AACACGCTA

CACGXAXC GXCXAXAGXTCATGGTTCCACGAACACGCTA

CGGCGAGAGGTCATGGTTCCACGAACACGCTA

GGTTCCACXAACACGCTA

TCCACGAACAXGCTA

ATCGGGAC TCGCCATACC TGAAGAC GGGGTGTAGTACAGATCC TCGTAC TCATCGCGC GGAACCTC CCGCGGACCCGAC TTCACGGAGCGGCGAGAGGTCATGGTTCCACGAACACGCTA

7450 7460 7470 7480 7490 7500 7510 7520 7530 7540 7550 7560
GGGTCGGATGCGCGGACAATTAGGC
GGXTCGGATXXGCGKACXATTAGXXC TG
GGGTCGGAT
GGGTCGGATGCGCGGAC AATTAGGCC TGGG TTCGGAC GGCGGGGE TGGTXCAGG TG TGXAGAGGTCGAGCGATA
GGGTCGGATGCGCGGACAATTAGGCC TGGXTTCGGAC GGCGGGGE
GGGTCGGATGXGC GGXC AATXAG XXC TGGXTTCGGACGX
xGGTCGGATGCGCGGACMT'X‘AGGCCNGGmGGACGGCGGGGGNGNCAGGTGNGAGAGGTCGAGCGATAGGGGCGGCCCWGMAGMMWGTCCGCAMACCCACMGGGA
GGGTCGXATGXGCGGAC AATTAGGCC TGGG TTCGGAXGGCGGGGXTG
GGGTCGGATGC GCGGAC AATTAGGC C TGGG TTCGGAL GGCGGGGGTGGTGCAGG TG TGGAGAGG TCGAGCGTACGGGGLGGCCC GAGAAGAGAGG *TCCG *AAAGCCXATGG
XGGTCGXATGXGC GGACAATTAGGCCTGGXTTCGGACGCGGGGXXTGXTGXAGXTXTGX
GGGTCGXATGCGC GGAC AATTAGGC C TGGGTTCGGACGGCGGGGGTGGTGC AGG TG TGCACAGG TCGAXCGATAXGGGCGXC CCGGGAGAGAAGAGA
GGGTCGGATGXGC GGA-AATTAGGCC TGGGTTCGGAXGGC GGGGGTGGTGGAGGTGTGGAGAGGT

GGGTCGGATGXGC GGAC AATTAGGCCTGGE TTCGGAC GGC GGGGXTGGTGCAG TCGTGGCA~AGTCGAGCGAT GGCCC AGAAGAGA TCCGCAAAACCCAC TGGGGA
XGGTCGXATGXGC GXACAATTAGGCC TXGGTTCGGACGGC GXGGG TGGTGCAGXTGT TCGAGCG GGCCC AGAAGAGA TCCGCAAAACCCAC TGGGGA
GGGTCGGATGCGCGGAC AATTAGGCC TGGG TTCGGAL GGL GGGGG TGGTGC AGG TG TGGAGAGGTCGAGCGAT GGCCC AGAAGAGA TCCGCAAAACCCA-TGGGGA
XGGTCGXATXCGCGXACAATTAGGCC TGGGTTCGXACGGCGGGGGTGXTGC AGXTGTGXAGAGG TC XAGCGATAGGGGCGGCCC AGAAGAGA TCCGCAAMAACCCAC TGGGGA
IGG'I‘CGXATXXGCGX.NCM’H'AGxCCTGxxﬂ’CGXACGXCGGGXGNX‘I‘GCAGX‘!‘GTGGAGAGX’I‘CGAGCGATMGGGCGGCCCGGGAGAGAAGMAGGXTCCGCA--ACCCACNGGGA
CGXACAATTAAGCCTGGGTTCGGACGGCGGGGGTGGTGC GAGTGTGXA ~AGG TCGAGCGATAGGGGCGGCCC AAGAGA: TCCGCARAACCCAL TGGGGA
CTTGGTCGACGCGGGTGTGAGGAAG GATA®GGGCGGCCCGGXAGAGGAGAGAGGG TCCGCARAAC CCAL TGGGGA

TGXAGATG AGGTCGAGCGA CC AGAGAAGAGAGGGTCCGXA- ~ACCXACTGGGXA

AGGTCGAGCGATAGGGGCGACC. AGAGAAGRAGAGGGTCCGCAAAXC CCACTGGGXA
AGGGTCCGCAAAACCCAC TGGGGA

GGTCCGCAAAXC C XAC TGGGXA

TGGGG!
GGGTCGGATGCGCGGAC AATTAGGCC TGGGTTCGGAL GGCGGGGGTGGTGCAGG TG TGGAGAGG TCGAGTGATAGGGGCGGCCC AGAGA TCCGCAAAACCCAC TGGGGA
7570 7580 7590 7600 7610 7620 7630 7640 7650 7660 7670 7680

TGCGTGAGTGGCCCTCTGT GGT AGAGTCTTATA
TGCGTGAGTGGCCCTGTGTGGGC GGTGGGGXAGAGTCT -
‘I'GCGTGAGTGOCCC‘PCTGTGGGCGGTGGGGGAGAG‘l'C‘H'ATAGGAAGTGCATATAACCACAACCCANGGTCTAMGMNCCCAGGGGCCAMWAGACL GCCCCAAACGGTCTCG
TGCGTGAGTGGCCCTCTGTGGGCGXTGGGGXAGAG
NCGTGAGTGGCCCTCTGTGGGCGGTGGGGGAEAGTCHATAGGAMTGCATATAACCACAACCCATGGGTCTWCMNCCCMGGGCCAAGAM
TGCGTGAGTGXCCCTCTGTGGGC GG TGGGGGAGAGTC TTATAG ~AAXTGCAT

STGGC o GGCGGTH -
gg;g:;:&xfs& TSTG\'&GG T . AGTC TTATAGGAAGTGCATATAAC CAC AACCCATGGGTC TAACCARTCCCCAGGGGC CAAGAANC AGAZ AC GCCCCCAXC GGTCTCG
TGCXT-XXTGXCCCTCTGTG -xCGXTGGGXxAGAx?C‘H‘ATAGXAAXTGCATATAXXXACAACCXATGXGTCTA!CXXATCCXXAGGGXXCM
TGCGTGAGTGGCCC TC TG TGO XC GG TGGGGXAGAG TC TXATXGGAAGTACAT

TGGC! TGGGCGGTGGGGGA-AATCT
ggxﬁ?wggxgrmmﬁm&x:-:xAvcrrnmaunocnumu-mcCAmmrmcuxcccmmc AAGAM_:AGASACGCCECAMCG?N‘IC G
'NBCG'I‘GAGTGGCCCTCT'GWGGTGGGGGAGAGWTTATAGGMTGCATATWC AC AACCCATGGGTC TAACCAATCCCCAGGGGCCAAGAAAL AGAC ACGCCTCAAAC ;ENG

GGCGGTGGGGXAGAG‘PCTTATAGCWTGCATATAACCA-WCC ATGGGTC TAACCAATCCCCAGGGGCC AAGAAACAGAEACGCCCCMAC TCG
ATAGGAAGTGCATATAACCACAACCCATGGGTATAAC CAATCCCCAGGGGCCAAGAAA -ATACACGCCCCAMC GGT -TCA

ATATAXC XAC XACCCATGGXTC TAACXAATCCCXAG GGGCCAAGAAAZ AGAC AXGC CXXXAAC GG TCTCG

AGAAACAGACACGCCCCAAACCGTCTCA

AACXGTCTXX

<6

NCGTGAGTGGCCCT‘CNNGGCGGTGGGGGAGM‘PC‘H‘ATAGGAMTGCATATAACCACAACCCATOGGTCTAACCM‘K‘CCCMGG‘ZCAMAAAC AGACACGCCCCAAALGGTCTCG
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GTTTCCGC XAGGAAGGGXAA
GTTTCCGCGAGGAAGGGGAAG TCCTGGGAS ACCC TCCACCCCCACCCC TCACCCC ACACAGGAC GGG TTCAGACG! TGGC.
GTTTCCGCGAGGAAGGGGAAG TXC TGS XAL ACC X TC XACCCC XACCCXTCAXCCCACAC AGGG TOCeCGaCAGCCATTAXCCTE AT
GTTTCCGCGAGGAAGGGGANG TCCTGGGACACCCTCCACCCCC ACCCC TCACCCCAL ACAGGGC GGG TTCAG
ATTTCXGC GAGGAAGGGGAAG TCC TGGGAL ACC XTXCACCCCXAXC CCTXACCC XAC ACAGGGC GG X TTXAGGC GTGCCXGGXAGCC AGTAGC
GTTTCXGCGAXGAAG GGGAANG TCCTGGGAL ACC XTCCACCCCCAL CCCTCACCCCAC ACAGGGC GGG TTCAGGC G TGCCCGGCAGGCAGTAGCCT
ATTTCCGCCAGGAAGGGGAAG TCC TCGGAC ACCCTC XACCCCXACCCCTCACCCCAC ACAGGGC GGG TTCAGGCGTG
GTTXL XGC XAG XXAGGXXXAXTC XTGGXAXAL CXTC XACCCC XACCCXTXACCC XAXAXAG X XCGXXTTCAXGC XTGCCCGXC AGCCAGTAXCC TC TGGCAGATC TGA - A - ACG TG TGCG
GTTTCCGCGAGGAAGGGGAAG TCC TGGGAC ACCCTCCACCCCCACCCCTCACCCCAL ACAGGSC GGG TTCAGGC G TGCCCGACAGCCAG TAGCCTC TGGC AGATC TGAC AGAC G TG TGCG
TGGGAC ACCCTCCACCCCCACTCC TCACCCCACACAGGACGGG TT *AGGC G TGCOCGACAGCCAGTAGCC TC TG - *AGATC TGACAGACGTGTOCG
CAGXCAGTAGCCTCT -XXAGATC TGACAGACGTGTGCG
AGXCAGTAAGCTCTGGXAGAT - TGACAGAXG TGTACG
AGATCTGACAGAXGTGTGCG

CTGTACG
GTTTCCGCGAGGAAGGGGAAG TCCTGGGACACCC TCCACCCCCACCCC TCACCCCACACAGGGC GGG TTCAGGC GTOCCCGGCAGCCAG TAGCC TC TGGC AGATC TGAC AGACG TG TGCG
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ATAATACACACGCCCATCGAGGCCATGCCTACATAAMAGGGCACCAGGGCCCCCGGGACAGACATTTGACCAXTGTTT GGG TC TCGCACCGCGCACCCCCGATCCCATCGCGCCCGLCC
ATAATACACACGCCCATCGAGGCCATGCCTACATAAAA
ATAATACACACGCCCATCGAGGCCATGC XTACATAAAAGGGC AL *AGGGCCCCCGGGGCAGACATTTGGCCAG TG TTTTGGG TC TCGCACCGCGCOCCCCCGATCCCATCGLGLCCGLCC
ATAAT*CACALG *CCATCGAGGCCATGCC TAC ATAAAAGGGC ACCAGGGCCCCCGGGGCAGACATTTGGCCAG TG TTTTGGG TCTCGC - XCACGCGCCCCXGA-CCCAT
ATCATA-A-AXXCCCATCGAGGCCATGCC TACATAAAXGGGCAC XAGGGCCCCXXGGGXAGACATTTGGCCAGTG TTTTGGGTCTXGA
ATAATA-A-ACGCCCATCGAGGCCATGS XTAC ATAAAAGGGCAC XAGGGCCCCCGGGGCAGACATTTGGCCAG TG TTTTGGG TC TCGCACC BCGCG TCCCCGATCCCATC GCGCCXGECX
ATAATACACACGCCCATCGAGG *CATGCCTACATAAAAGGGC ACCAGGGCCCCCGGGGCAGACATTTGOCCAXT ~TTTTGGG TC TC *CACCOCGCGXCCCCGATCCXATC

CGCCXATC XAGXCCATGCC TACATAAAXGGXCACCAGGGCCCCCGGGGCAGACATTTGGCCAXTATTTTGGG TC TCGCACCGCGCACCCCCGATCCCATCGCGCCCGCCC
CGCCXATC XAGGXCATGCC TACATAAAAGGXCACCAGGGCCCCCGGGXXACACATTTGGCCAXTG TTTTGGX TC TCXCACCGCGCGCCCCCGATCCCATCGL GCCCGLCE
GGXACCAGGGXCCCCGGGGXAGACATTTGXCCAG TATTTTGGXTC PTCGCACCGCGCGCCCCCGATCCXATCGCGCCCGLCT

CCCCGGGGCAGACATTTGGCCAXT - TTTTGGXTC TCGC TCCGCGCGCCCCCGATCCCATCGLGCCCGLCT

GGCA-ACATTTGGCCAXTGTTTT*GGTCTC *CACCGCGCGCCCCCGATCCCATXXC GCCCGCCC

CGATCCGATCGCGC ~CGCCC

ceecee
ATAATACACACGCCCATCGAGGCCATGCC TACATAAAAGGGC ACCAGGGCCCCCGGGGCAGACATTT CAGTGTTTTGGGTC TCGCACCGLCGCGCCCCCGATCCCATCGCACCCGLCC

7930 7940 7950 7960 7970 7980 7990 8000 8010 8020 8030 8040
TCCTCGCCGGXLGGE TCCCCGCGCGGGCGCCXGTCTCCCGCCGCTANG
T*CTCGCCGGGCGGC TCCCCGCGLGE
TCCTCGLCC GGGLGGC TCLCXGCG -GGGCCCGCGT ~ TCCXGCCGXTAAGG X XACGAG XAAGACA
TCCTCGLCGGGCGGC PCCCCELGC GGGCCCGCETCTCCCGCCGC TAAGGC GACGAGCAAGAC AAAC AACAGGCCCGCCCGAC AGACCC TTC TGGGGGGGCCCATCGTCCCTAAC AGXAA
TCCTCGCCGGGT GG TCCCCGCGCGGGLTTGCETC TCCCGCCGC TAAGGCGACGAGC ARG AC AAAC AAC AGXCCCGCCCGACAGACCCTTC TGGGGGGGCCCATCGTCCC TAACAGXANG
TCCTCGCC XGGC GGC TCLCCGC GCGGGCCCGCGTC TCCCGCCGC XAAGGC GACGAGC AAG ATAAAL AAC AGGCCCGCCCGACAGACCCTTC! CCATCGTCCCTAACAGGANG
TCCTCGCCGGGLGGC TCCCCGC GCGEGCCCGCETC TCCCGCCGC TANGGC GACGAGC AAG ACAAAC AAC AGGC CCGCCCGACAGACCC TTC TGGGGGGACCCATCGTCCC
TCCTCGCCGGGCGGC TCCCCGE *CGGGCCCGCGTC TCCCOCCGC TAAGGE *ACGAGCAAGACAAAC AAC AGGCCCGCCCGACAGACCCTTCTGGGG
TCCTCG *CXGGCGGC TCCCCGLCGCGEG —CCXC GTC TCCCGCCGC TARGGCGACGAGC AAGAC ARACAAL A* GCCCGCCCGACAGA

TCCTCGCC GGG GGC TCCCCELXCGGGE ~CCCXTC TCCCGCCGC TAAGGC GACGAGC AAG ACAAACAACAGGCCCGCCCGACAGACCCTTC 'CCATCGTCCCTAACAGGAA-
TCCCCGCGCGGGCCCGCGTC TCCCGCCGC TAAXGXGACGAGE AAGACAAAC AACAC GCCCGCCCGACAGACCCTTC 'CCATCGTCCCTAA-AGGARG
AACAGGCCCGECCGAC AGACCCTTC TGGGGGGGCCCATCGTCCCTAACAGGANG
AATXGTXCCTAACAGGAAG
ATCGTCCCTAACAGGAAG
TCC TCGCCGGGE GGC TCCCCGCGCGGGCCCGCGTCTCCCGCCGC TAAGGCGACGAGC AAGAC AAAC AAC AGGCCCGCCCGACAGACCCTTC CCATCGTCCCTANCAGGAAG
8050 8060 8070 8080 8090 8100 8110 8120 8130 8140 8150 8160
ATXAGTCA
ATGAGTCA
ATGAGTCAGTXXGGA
ATGAGTCAGTGGGGA
ATGAGTCAGTGGGGA
ATGAGTCAGTGGGGA
ATGAGTCAGTGGGGA

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 denaturation 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 Vmwé5 detailed Sl
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-1l DNA, which results to a great
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Figure 10: Examples of Sequence Autoradiographs 1I.

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 M13 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.






Figure 1ll: Examples of Sequence Autoradiographs 1I1I.

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 870C. 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, ¢, 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, Sall;

P, Pvull; K, KpnI; S, Smal; X, Xhol; Bg, BgllIlI.

(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 et al (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 Vmwé65 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 pMCl1
(Campbell et al, 1984). It consists of a Sall (position
4099) to Xhol (position 1490) fragment cloned into the
vector pUC9. An S1 mapping experiment was performed in order
to map the 5' terminus of the mRNA for Vmwé65. 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 Sall site
(position 1958), prepared from pMCl. A similar experiment

was performed to locate the 3' 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
;;;—;equence 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, 1s

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 Vmwé5 is marked as ----- X. The
precise 5' and 3' ends of the mRNA for Vmwé5 were located by
S1 mapping (see Figure 15). Sequences for potential TATA

boxes are underlined, as are probable polyadenylation sites.
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CTC 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

F C R L R Q
TTG 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
L D R T
GGA CGC GAT CGC GAC CTG GGA GAA ATG CTG CGC GCC ACG ATC GCG GAC AGG TAC TAC CGA GAG ACC GCT CGT CTG GCG
v F L H Y E L Y E Q
CGT 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
C L E S L Q F F
CCC 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
v P I E L H 1
GTC 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
L P L v P T T P
CTT 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
Q I R
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
P E M R K Y
CCC 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
L P L G
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
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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
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E F
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AGCACATACATTACARAACCTGCGGTTGTCGTCTGATTATTTGGTGGTGGGGGAAAGAAC TAGCCAGGAGACGGGACCGCGCAACCAACCCAC TGGGGTCTGGGTT

GCCGGCGTGTGTGTTAGCCGCGTC TGCGGGCC TGTCGTGTAGATTCGAAACCACGGACGGGTGATTGTGTCGCAGGGCGGCCCGCGTATARAGGCGAGAGCGCGGG
mRANAY
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ACCGTTTCCGCATTTGGCCGGGGGC TGGGGCGGCGGGTAGCCTTCGCGGGAGATACTGCGTTTTTTTGCGCCGGCCCCGTCGCTCCCGTCCATTCCCATCGCGAGG

BmFr3
s
GGGTCCGGCGGCACCTACCCCGGCCTCCATCCGCGCTGTGGGGTCTTTTTCTTTTTT TAGCGGACATCCGATAACCCGCGTCTATCGCCACC ATG TCG

P G R R R A s T R P R A s P v A D E P A G
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

v F L R v F D D s E L E A L E E

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
M P R P
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
s H R R R L

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
P Y L D R A

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
R P L L D

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

G 14 G R P v v
TAC CCG GAA GCC GTC GGG CCG GAG GAC GGC GGC GGG GCC CGT TCC CCG CCC ARG GTG GAG GTT CTG GAG GGA CGC GTG

P R D R v \
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
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CTG 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 Q w L s v v \4 G A R L 444
GGG 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 470
CAC 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 L N A 496
GCG 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 1 L A A G L v L Q R L L G 548
GCG 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 [ v T L A A F D G G F T A P E v G T Y 574
TTT 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 600
ACC 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 4 F P P A P v s G G S A 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

L G [ P P
GTG TCG GGG AGG CGC GCG ACC GGG CTG GGA GGC CCG CCA

BmF72°
Q R R T R G A S s L R L A R [ 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 1 F G G (o 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 6276
C T D R S v R L A A R Q 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 6354
s D P H Y E Y 1 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 1 L T Q Y w K Y L Q T v \' 4 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

P L P L 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 GCG 6588
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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 Sall
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) 6C-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) Oon 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: S1 mapping of the 5' and 3' termini of the mRNA
for Vmwb5

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- Sall fragment, labelled at the
Sall site, and an Mlul-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 Sall 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 HindlII-XcyI fragment. The HindIII 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 MCLachlan (1982).

5.2.1 The Vmw65 Protein

From the above predicted ORF, Vmwé65 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 Vmwé5 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 tfoward the amino-terminal region. The high
leucine content may indicate that Vmwé65 has a well defined
secondary structure as this chemically inert amino acid is
relatively hydrophobic and has a propensity to form
pPleated sheet.

5.2.2 Homology to Other proteins

A clear homologue to Vmw65 has been detected in the
genome of VzZV (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



r Ot

S3NAIS3
JISV8GN

T

O m N M g v




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.



: : : o : ; : : : X ;
: : . e : ; : : ;

.k .h . . = . - - . . .k .

. L3 . . . . - . . .

‘ : : : : : . : :

. - . - . = . . . .

: : : : : i : : :

1 . . . . . . . .

[ . . . ] . . . B

" . . . . x . . . .

v . . . . . . . .

LI . . . . . . . .

: : : : : - :

. ¥ . . . . .

1. . . 1 . - .

. . - . . 3 . B . .

200 ........

140 . L :

200 ...,

320 L

iti: End of plot rir:



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-1l 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) - HOMOL - 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 Vmwé5 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: Vmwé65

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 al, 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 Vmwé65 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 Vvmwé65 (see Figures 12b and 13). The predicted 54K MW
ORF, designated as the gene for Vwmé65, 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 S1 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-activation 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
phosphorylate 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 Sall 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/GNNAUGG 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 (Haarr & Marsden,
1981; Marsden et al, 1983). The position of Vmwé65 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-1l 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



First

sequence: HSV-1 strain 17

Second sequence: HSV-1 strain F

1107

GTCGACGGCGCCAACCCGATCCAAGAC ACCC GCGCAGGGGC TGGCCAGAAAGC TGCAC TTTAGCACCGCCCCCCCAAACCCCGACGCGCCATGGACCCCCCGGGTGGCCGGET
A N

GTCGACG CGCCAACCCGATCCAAGACACCCGCGCAGGG CTGGCCAGAAAGC TGCACTTTAGCACCGCCCCCCCARACCCCGACGCGCCATGGACCCCCCGGGTGGCCGGET

TTAACAAGCGCGTC TTC TGCGCCGCGETCGGGCGCC TGGCGGCCATGC ATGCCCGGATGGCGGCGGTCCAGC TCTGGGACATGTCGCGTCCGCGCACAGACGAAGACC TCAAC

Iy
TTAACAAGCGCGTC TTC TGCGCCEC GG TCGGGCCGC TGGCGGCCATGCATGCCCGGATGGCGGCGGTCCAGC TCTGGGACATG TCGCGTCCGCGCACAGACGAAGACC TCAAC

GAACTCCTTGGCATCACCACCATCCGCGTGACGGTC TGCGAGGGCAAAAACC TGC TTC AGCGC GCCARCGAGTTGGTGAATCC AGACGTGGTGC AGGACGTCGACGCGGCCAC

GAAC TCCTTGGCATCACCACCATCCGCGTGAC GGTC TGCGAGGGCAAAAACC TGC TTCAGCGCGCCAACGAGTTGGTGAATCCAGACGTGGTGCAGGACGTCGACGCGGCCAC

GGCGACTCGAGGGC GTTC TGCGGC GTC GCGCCCCACCGAGE GACC TCGAGCCCCAGCCCGC TCCGCTTC TCGCCCCAGAC GGCCCGTCGAGTGAAAA CTTCCGTACCCAGAL

v
GGCGAC TCGAGGGCGTTC TGC GGCGTC GCGCCCCACCGAGCGACC TCGAGCCCCAGCCCGCTCCGC TTCTC GCCCCAGAC GGCCCGTCGAGTGAAAAAC TTCCGTACCCAGAC

AATAAAGCACCAACAGGGGTTCATTC GGTGTTGGCGTTGCGTGCCTTTGTTTCCCARTCCGACGGGGACCGGGAC TGGGTGGCGGGGGGTGGGTTGGACAGCCGCCCTCGGTT

]
AATAAAGCACCAACAGGGGTTCATTCGGTGTTGGCGTTGCGTGCCTTTGTTTCCCARTCCGACGGGGACCGTGAC TGGGTGGCGGGGGGTGGG TTGGACAGCCGCCCTCGGTT

CGCCT'R:ACGTGACAGGAGCCMTGTGGGGGGMG’I‘CACG‘AGGTACGGGGCGGCCEGTGCGGGTTGCTTMATGCGTGGTGGCGACCACGGGCTG'KCATTCC’I‘CGGGAACGGA
1
CGCCTTCACGTGACAGGAGCCAATGTGGGGGGAAGTCACGAGGTACGGGGCGGCC GTGCGGGTTGC TTAAATGC GGGGTGGCGACCACGGGC TGTCATTCCTCGGGAACGGA
CGGGGTTCCCGC TGCCCAC TTCCCCCCATAAGGTCCGTCCGGTCCTC TAACGCGTTTGGGGGTTTT CTCT'ICCCGCGCCGNGG;}\CG’K:CCACACTCTCTGGGCGGGCGGGG
v
CGGGGTTCCCGC TGCCCAC TTCCCCCCATAAGGTCCGTCCGGTCC TC TAACGCGTTTGGGGGTTTTTC TCTTCCCGCGCCGTCGG CGTCCCACAC TCTC TGGGCGGGCGGGG

N
ACGATCGCATCAAAAGCCCGATATCGTC TTTCCCGTATCAACCCCACCCAATGGACC TC TPTGGTCGACGAGC TGTTTGCCGACATGAACGCGGACGGCGC TTCGCCACCGCCC
i ]

ACGATCGCATCAAAAGCCCGATATCGTCTTTCCCGTATCAACCCCACCCAATGGACCTC TTGGTCGACGAGC TGTTTGCCGACATGGACGCGGACGGCGCTTCGCCACCACCC
D L L VDETLUFPFADMDADTGA AS PP P

CCCCGCCCGGCCGGGGGTCCCAAAAALC ACCCCGGCGGCCCCCCCGC TGTACGCAACGGGGCGCCTGAGCCAGGCCCAGC TCATGCCC TCCCCACCCATGCCCGTCCCCCCCGE
1 1

CCCCGCCCGGCCGGGGGTCCCAAAAAC ACCCCGGCGGCCCCTCCGC TGTACGCAAC GGGGCGCCTGAGCCAGGCCCAGC TCATGCCC TCCCCGCCCATGCCCGTCCCCCCCGL
P R P A GG P KN TP A AAUPUPULYA AT G RULS QAQL MP S P P M P V P P A

CGCCCTCTTTAACCGTC TCC TCGACGAL TTGGGC TTTAGC GCGGGCCCCGCGC TATGTACCATGC TCGATACC TGGAACGAGGATC TGTTTTCGGCGC TACCGACCAACGCCG
I

i
CGCCCTC TTTAACCGTC TCCTCGACGAC TTGGGC TTTAGCGCGGGCCCCGCGC TATGTACCATGC TCGATACC TGGAACGAGGATTTGTTTTC GGCGTTACCGACCAACGCCG
AL F NRULULUDUDULGT FSAGPALTZ CTMLDTWNEUDTLVF S ALUPTNA

T
ACCTGTACCGGGAGTGTAAATTCC TATCAACGC TGCCCAGCGATGTGGTGGAATGGGGGGACGCGTACGTCCCCGAACGCACCCAAATCGACATTCGCGCCCACGGCGACGTG
1

ACCTGTACCGGGAGTGTAAATTCC TATCAACGC TGCCCAGCGATGTGGTGGAATGGGGGGAC GCGTACGTCCCCGAACGCGCCCARATCGACATTCGCGCCCACGGCGACGTG
DL YRETC KT FUL S TULUP S DV V EWGDAYV P ERAGQI DTIRA AMHGTDWV

GCCTTCCC TACGC TTCCGGCCACCCGCGACGGCCTCGGGC TC TAC TACGAAGC GC TCTC TCGTTTC TTCC ACGCC GAGC TAC GGGC GC GGGAGGAGAGC TATCGAACCGTGTT
i

GCCTTCCCGACGC TTCCGGCCACCCGLCGACGGCCTCGGGC TCTAC TACGAAGCGC TC TC TCGTTTC TTCCACGCCGAGC TACGGGC GC GGGAGGAGAGC TATCGAACCGTGTT
AP P TLUPATU RUDGULGLYYEALS SR RTFTFUHAETLU RARIEIESTYHZ RTUVL

GGCCAAC TTC TGC TCGGCCCTGTACCGGTACCTGCGC GCCAGC GTCCGGCAGC TGCACCGCCAGGCGCACATGCGCGGACGCGATCGCGACCT AGAAATGC TGCGCGCCA

GGCCAACTTC TGC TCGGCCCTGTACCGGTACCTGCGCGCCAGCGTCCGGCAGC TGCACCGCCAGGC GCACATGCGCGGAC GCGATCGCGACC TGGGAGAAATGC TGCGCGCCA
AN F C S AL Y RYULRASVROQLHRAU OQAHMTERSGT RUDU RUDIULGTEMTLRA

CGATCGCGGACAGGTAC TACCGAGAGACCGC TCGTCTGGCGCGTGTTTTGTTTTTGCATTTGTATC TATTTTTGACCCGCGAGATCC TATGGGCCGCGTACGCCGAGCAGATG

i
CGATCGCGGACAGGTAC TACCGAGAGACCGC TCGTC TGGCGCGTGTTC TGTTTTTGCATTTGTATC TATTTTTGACCCGCGAGATCC TATGGGCCGCGTACGCCGAGCAGATG
T 1 ADRY Y RETA ARTLARVGVLTFLUHTLYTULTFTULTHZ RETITLWMWA AA AYATEU QM

ATGCGGCCCGACC TGTTTGAC TGCC TC TG TTGCGACC TGGAGAGC TGGCGTCAGTTGGC GGG TC TGTTCCAGCCC TTCATGTTC GTCAACGGAGCGC TCACCGTCCGGGGAGT

ATGC GGCCCGACC TGTTTGAC TGCCTC TG TTGCGACC TGGAGAGC TGGCGTCAGTTGGCGGGTC TGTTCCAGCCC TTCATGTTC GTCAACGGAGCGC TCACCGTCCGGGGAGT
M R P DL FDCULTCTCODTULTESMWIRUOLAGTLTFOQPTFMTFUVNGATLTUVRGV

G
GCCAATCGAGGCCCGCCGGC TGCGGGAGC TAAACCACATTCGCGAGCACC TTAACC TCCCGC TGGTGCGC AGCGC GGC TACGGAGGAGCCAGGGGCGCCGTTGACGACCCCTC
i

GCCAATCGAGGCCCGCCGGC TGCGGGAGC TARAACCACATTCGC GAGCACC TTAACC TCCCGC TGGTGC GCAGE GCGGC TACGGAGGAGCCACGGGCGCCGTTGACGACCCCTC
P I E A RRU LR RETLWNU HTIREUHLNTLTPILUVRSAATETETPIU RA ATPTLTTS®P

CCACCCTGCATGGCAACCAGGCCCGCGCC TCTGGGTAC TTTATGGTGTTGATTCGGGCGAAGTTGGAC TCGTATTCCAGC TTCACGACC TCGCCC TCCGAGGCGGTCATGCGG

CCACCCTGCATGGCAACCAGGCCCGCGCCTCTGGGTACTTTATGGTGTTGATNGGGCGMGTTGGACNGTATTCCAGCTTCACGACC‘KZGCCC‘l‘CCGAGGCGG'l‘CATGCGG
T LHGNOQOQARASGYTFMVLILIRAIKTLTDT STYTSSTFTTSTZPSTEA AVMR

GAAC ACGC GTACAGCCGCGCGCGTACGARAAACAAT TACGGGTC TACCATC GAGGGCC TGC TCGATC TCCC GGAC GACGACGCCCCC GAAGAGGC GGGGC TGGCGGC TCCGCG

GAACACGCGTACAGCCGCGCGCGTACGAAAAACAATTACGGGTC TACCATC GAGGGCC TGCTC GATC TCCC GGAC GAC GACGCCCCCGAAGAGGC GGGGC TGGCGGCTCCGCG
E HA Y S RARTIKNNYGSTTIEGTLTULTDTLTP?PUDTUDTDA ATPTETEA ATGTLA ARBAMPR

CCTGTCCTTTC TCCCCGCGGGACACACGCGCAGAC TGTCGACGGCCCCCCCGACC GATGTCAGCC TGGGGGAC GAGC TCCAC TTAGACGGCGAGGACGTGGCGATGGC GCATG

CCTGTCC TTTC TCCCCGCGGGAC ACACGCGCAGAC TGTC GACGGCCCCCCCGACCGATGTCAGCC TGGGGGAC GAGE TCC AC TTAGAC GGC GAGGAC GTGGCGATGGCGCATG
L 8 F LPAGHTRT®RLSTA APTPTODVUVSTULGUDTETLTUHTLTDTGTETDVAMA

CCGACGCGC TAGACGATTTCGATC TGGACATG TTGGGGGACGGGGAT TCCCCGGGGCCGGGATTTACCCCCCACGAC TCC GCCCCC TACGGCGC TC TGGATATGGCCGAC TTC
1

CCGACGCGC TAGACGATTTCGATC TGGACATGTTGGGGGACGGGGATTCCCCGGGTCCGGGAT TTACCCCCCACGAL TCC GECCCC TACGGC GCTC TGGATATGGCCGAC TTC
ADALDDTFDLUDMLGTDTGUDSTZPGPTGTFTT PHTDSTSA ATPTVYGA ATLTDMABATDF

GAGTTTGAGCAGATGTTTACCGATGCCC TTGGAATTGACGAGTACGGTGGGTAGGGGGCGCGACCGGACCCGCATCCCCCGTC TGGGTTTTCCCC TCCCGTC ACCGGTNGTA

GAGTTTGAGCAGATGTTTACCGATGCCCTTGGMTTGACGAGTACGGTGGGTAGGGGGCGCGACCGGACCCGCATCCCCCGTCTGGGTTT’ICCCCTCCCG'K‘CCCCGGTTCGTA
E F EQMTFTDALGTIDETYG G -

TCCACAATAAACACGAGCACATACATTACAAAA CCTGCGGTTGTCGTC TGATTATTTGGTGGTGGGGGAAAGAAC TAGCCAGGAGAC GGGACCGCGC AACCAACCC AC TGGG

v
TCCACAATAAACACGAGCACATACATTACAAARACCTGCGGTTGTCGTC TGATTATTTGG TGGTGGGGARAAGAAC TAGCC AGGAGAC GGGACCGCGC AACCAACCCAC TGGG

GTCTGGGTTGCCGGCGTGTGTGTTAGCCGCGTCTGCGG 3627

GTC TGGGTTGCCGGCGTGTG TG TTAGCC GCGTC TGCGG



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 N or v.
Mismatches are marked by !. The translation of Vmwé5 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 Vmwé65 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 Vmwé65
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
predominate 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 Sall 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 BgllII
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 310CC
and 38.5°C (data not shown). The same preparation of mutant
plasmid DNA was subsequently shown to be able to transfer
the tsl1l3 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
Vmwé65. 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 Vmwé65 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 Vvmw65
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 methylation (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'"'-3-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 O factor, which is essential for mRNA initiation.
There is no evidence for an enzymatic activity, of any kind,
associated with Vmwé65. '

(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, 1970; 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 o 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 Vvmwé65 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 vmwé65, 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 Vmwé65 (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. Vmwé65
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-Dalg et al, 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 Vmwé65, 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 AATARA, in a region



90

reported to contain the 3' ends of mRNA7 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 Sall 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 70K 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 20: 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 "ﬁg\oc(\%‘}).
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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.
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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 1,250bp upstream of a Pvull site in the left
hand end of EcoRI I (Figure 12a). It appears that the
equivalent Pvull site in this sequence is at position #233
(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.
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Figure 25: Optimal Alignment of the HSV-1 72'K and VZV 73K
ORF's

Parameters as recommended by 'Eri@%MB .
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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: Nupber of identified codons= 301
Approximate Molecular Weight= 32251.86

RES. NUM. L3 RES. NUM. 2 RES _ NUM.

2 RES. NUM.
Ala 43 14.3 Arg 39 13.0 Asn 6 2.0 Asp 16
Cys 2 0.7 Gln 9 3.0 Glu 16 5.3 Gly 20
His 3 1.0 Ile 2 0.7 Leu 15 5.0 Lys 7
Met 5 1.7 Phe 4 1.3 Pro 37 12.3 Ser 26
Thr 24 8.0 Trp 2 0.7 Tyr 6 2.0 val 19

Translation begun with base no. 634
Translation stopped at termination codon {base no.1537)

(b) BmF73: Number of identified codons= 693
Approximate Molecular Weight= 73812.33

RES. NUM, % RES. NUM. 2 RES. NUM. 2 RES. NUM.
Ala 112 16.2 Arg 80 11.5 Asn 5 0.7 Asp 44
Cys 7 1.0 Gln 17 2.5 Glu 33 4.8 Gly 64
His 13 1.9 Ile 6 0.9 Leu 73 10.5 Lys 6
Met 9 1.3 Phe 23 3.3 Pro 57 8.2 Ser 37
Thr 28 4.0 Trp © 0.9 Tyr 14 2.0 val 59

Translation begun with base no.3909
Translation stopped at termination codon (base no.5988)

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

RES. NUM. 3 RES. NUM. 2 RES. NUM. 2 RES. NUM.
Ala 82 12.4 Arg 67 10.1 Asn 17 2.6 Asp 39
Cys 10 1.5 Gln 18 2.7 Glu 33 5.0 Gly 50
His 19 2.9 Ile 15 2.3 Leu 63 9.5 Lys 8
Met 12 1.8 Phe 10 1.5 Pro 60 9.1 Ser 41
Thr 45 6.8 Trp 12 1.8 Tyr 23 3.5 val 37

Translation begun with base no.60?3
Translated to 3' end--No termination codon found.
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5.5.2 BmF73

This ORF lies immediately downstream of Vmw65. Hall et
al (1982) identified a 4.7 kbp mRNA spanning the entire 1;;t
half of BamHI F and terminating in the adjacent DNA (Frink
et 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 c;gﬁns
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 Pvull '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 al, 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 HindIII 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-1l 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 Up, 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 invertion
of U, occurs less frequently than that of Ug (only about 5%
of VZV genomes). By convention, the prototype orientation of
VZV is equivalent to the Igy, 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 BmF73/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 Eggggfactivate HSV-1 IE promoters (data not
shown). However, sequences downstream of the Pvull site at
position 7233 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 73K. 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 VzZV, 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.
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Table 6: Time course of pTKN2 superinfection by TK™ virus

TIME -1 0 +1 +2 +3 +5 +7 +9
(hr PI1)
-s1 1.3 1.4 1.8 1.3 1.7 1.7 2.6 2.1
+s1 1.3 1.5 1.5 1.6 2.5 4.6 4.0 3.9
*cpw/ ug protein (x1074)/ nr
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comparison of the entire VZV genome against that of EBV has
revealed remarkable genome rearrangements and shows that
detectable VZV/EBV 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
dis%?ntly related to either HSV-1l or VZV than the two
alph?erpesviruses 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 superinfection.

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 superinfection by HSV-1] TK~ virus. Petri plates of BHK
Cl13 monolayers were therefore transfected with the plasmid
PTKN2 and incubated overnight at 37°C. Plasmid pTKN2
contains the 1E3 promoter sequences to -331 (see Figure 27)
driving expression of the HSV-1 TK structural gene. The"
transfected plates were then superinfected 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 27: 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 Jjust
before the mRNA start has been converted to a unique Sall
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 XhoI/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
IE]l and 1E4. 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, pS1TK, 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; HéHpaI; XéXhoI; SaéSalI.

S, V and R indicate genomic Hpal fragments.
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Table 7: Time course of PTKN2 superinfection by HSV-1 t8K TK~ virus

TIME -1 0 +] +2 +3 +5 +7 +9
(hr PI)
tsk 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
~S1 4.9 - - - - 7.% - 6.8
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this activity soon peaked (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 tskK,
which contains a temperature sensitive lesion in the I1E3
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 superinfection 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 superinfected with either HSV-1 TK~
virus or HSV-1 TK~ tsK virus and incubated at 38.59C, the
NPT for tsK. A third set of plates was set up without
superinfection. 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 superinfected 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
INTRODUCTION). 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 tskK HSV-1l (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 tskK (38.5°C), and cell extracts
made and assayed for .K activity.

Table 8 shows the results of these experiments. It is
clear that an IE4-TK chaemeric plasmid (pS1TK), 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 XhoI 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 1E4/5. 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 Vvmwl75

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
EEEEE—activation. 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 Vvmwl75. A qualitative
comparison of the different levels of expression from the
three IE promoters shows that, without trans-activation, I1E2
was poorer than both IE3 and 1E4/5. 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 1E4/5
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 XholI 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 pS1TK. 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-1l, 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-1l tskK, and - = pBR322
control). The next 6'columns represent the results from
independent experiments, note that 11 seperate 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 Vvmwl75 (Everett,
1983; 1984).

5.6.5 The IE3 enhancer region can inhibit trans-activation
by vmwl?75

It has been suggested that enhancers are capable of
inhibiting trans-activation by viral IE products (Green et
al, 1983; Imperiale 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 .K 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 Vvmwl75 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
confrol). The next 4.columns represent the resulté 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 I1E3 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
El1A protein and the product of the pseudorabies virus IE
gene (Everett, 1983; 1984; Everett & Dunlop, 1984; Eisenberg
et al, 1985). It would appear that the same mechanism of
stimulation operates in the system described here. At léast
in the case of IE4/5, it seems likely that the stimulatory
effect of Vvmwl75 was dependent on the function of the
resident promoter element (Preston et al, 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 al, 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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it is 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 (VvmwllO) 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 héve 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 IEl promoter responds to Vmwl75
and how all IE promoters respond to VmwllO. The finding that
autoregulation of IE3 was dominant over stimulation by
Vvmwll0 (O'Hare & Hayward, 1985b) might be explained by
postulating that Vvmwl75 also turns off transcription from
the IE1l 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) autoregulation might occur due to an abortive
association of Vmwl75 with transcription factors, freezing a
potential stable complex in a non-functional state.

(c) the effect mfght 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 Vvmwl75. 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 B-globin transcription about 100-fold (Treisman et al,
1983) but only weakly activates the promoters for Drosophila
hsp70 (Pelham, 1982) and human a-globin (Treisman et al,
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 Ad2 E1lA product (a general trans-activator) represses
the enhancer functions of SV40, polyoma virus and the
Ad2-ElA 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 E1A 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
E1A 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 IEl 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 IEl 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
Vimwl75 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 Vvmw 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
Vvmwé5 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 operons (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 Vvmw65, 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 Vmwé65 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
Vvmwé65 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 Vmwé65 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 Vmwé65
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 monoﬂxﬁ*&, 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-1l) immediate early genes is
mediated by a protein species (Vmwé65) present in the tegument of
infecting virions. This paper describes DNA sequence analysis
and mRNA mapping of the Vmwé65 gene in HSV-1 strain 17. The Vmw65
coding region was identified as a 490 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-1l) 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
IE1(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 Vmwl75, 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 vmwl?75 (10, 11, 12).

The 5' flanking sequences which control expression of HSV-1
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IE 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-acting, 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-1l genome were
transfected into tissue culture cells, together with a plasmid
containing the HSV-1l 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 immunoprecipitation studies identified the
gene responsible as that for Vmwé65, 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 Vmw65. The gene maps to a 2,6kbp fragment located in
the long unique region of the genome, between map 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-1l strain 17, cloned into the BamHI
site of pAT153 (30) and named pGX158. The plasmid was propagated
in Escherichia coli DH1 (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
M13mp8 vector (36). Clones were transfected into E.coli JM101,
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-11M 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 MCLachlan (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).

7867



Nucleic Acids Research

.
.
UL . N Us
- A)
/’ \
, \
// \
/’ A
’r AY
\
/’ \
s
/, \\
,/’ \
4 \
’/’ \\
645 -7 » 0.695
0.645 Sall Xhol R
Xcyl Miul
—_—% *— S1 PROBES

———————t  mRNA V65

Fiqure 1l: Location of the BamHI F fragment in the HSV-1
genome

A diagrammatic representation of the HSV-1 prototype
genome. Up, 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 Sall 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 Vmwé65.

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

after infection with 20 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, 10ug of RNA was
hybridised with a 5' end-labelled Mlul or Sall fragment derived
from the plasmid pMCl (26), a 2.6kb sub-clone of pGX158 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 Vmwé65

The gene for Vmw65 lies between map coordinates 0.669 and
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Figure 2: Sl mapping of the 5' and 3' termini of the mRNA for
vmwb65

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.
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GAGCCCCAGCCCGCTCCGC TTCTCGCCCCAGACGGCCCGTCGAGTGAAAAC TTCCGTACCCAGACAATAAAGCACCAACAGGGGTTCATTCGGTG TTGGCGTTGCGTGCC TTTG 114

TTTCCCAATCCGACGGGGACCGGGACTGGGT TGGGTT AGCCGCCCTCGGTTCGCCTTCACGTGACAGGAGCCAATGT AGTCAL! TACGGGG 228

O----==mae >
CGGCCCOTGCGGETTGC TTAAATGCGTGGTGGC GACCACGGGC TG TCATTCC TCGGGAACGGAC GGGG TTCCCGC TGCCCACTTCCCCCCATAAGGTCCGTCCGGTCCTCTAAC 342

0
GCGTTTGGGGGTTTTCTC TTCCCGCGCCGTCGGGCGTCCCACACTCTC TGGGC! TCGCATCAAAAGCCCGATATCGTC TTTCCCGTATCAACCCCACCCA 453
M D L L v D E L F A D M N A D G A s P P P P R 14 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 CCC CCC CGC CCG GCC GGG GGT CCC 537
K N T P A A P P L Y A T G R L s Q A Q L M P S 4 P M P v 56
AAA AAC ACC CCG GCG GCC CCC CCG CTG TAC GCA ACG GGG CGC CTG AGC CAG GCC CAG CTC ATG CCC TCC CCA CCC ATG CCC GTC 621
P P A A 1 F N R L L D D L G F S A G P A L c T M L D T W 84
CCC CCC GCC GCC CTC TTT AAC CGT CTC CTC GAC GAC TTG GGC TTT AGC GCG GGC CCC GCG CTA TGT ACC ATG CTC GAT ACC TGG 705
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 112
AAC GAG GAT CTG TTT TCG GCG CTA CCG ACC AAC GCC GAC CTG TAC CGG GAG TGT AAA TTC CTA TCA ACG CTG CCC AGC GAT GTG 789
V E W 6 D A Y V P E R T @ I D I R A H G D V A F P T L P 140
GTG GAA TGG GGG GAC GCG TAC GTC CCC GAA CGC ACC CAA ATC GAC ATT CGC GCC CAC GGC GAC GTG GCC TTC CCT ACG CTT CCG 873
T R D G L G Y Y E s R F F H A E L R A R E E S§ Y 168
GCC ACC CGC GAC GGC CTC GGG CTC TAC TAC GAA GCG CTC TCT CGT TTC TTC CAC GCC GAG CTA CGG GCG CGG GAG GAG AGC TAT 957
R T V L A N F C S A L Y R Y L R A S V Q L H R Q A H M 196
CGA ACC GTG TTG GCC AAC TTC TGC TCG GCC CTG TAC CGG TAC CTG CGC GCC AGC GTC CGG CAG CTG CAC CGC CAG GCG CAC ATG 1041
R G R D R D L G E M L R A T A D R Y Y R E T A R L A R 224
CGC GGA CGC GAT CGC GAC CTG GGA GAA ATG CTG CGC GCC ACG ATC GCG GAC AGG TAC TAC CGA GAG ACC GCT CGT CTG GCG CGT 1125
vV L F L H L Y L F L T R E 1 L W A A A E Q M M R D L 252
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 CCC GAC CTG 1209
F D c L < C D L E s w R Q L A G L F Q 14 F M F v N G A L 280
TTT GAC TGC CTC TGT TGC GAC CTG GAG AGC TGG CGT CAG TTG GCG GGT CTG TTC CAG CCC TTC ATG TTC GTC AAC GGA GCG CTC 1293
T v R G v P 1 E LY R R L R E L N 1 R E H L N L P L v R 308
ACC GTC CGG GGA GTG CCA ATC GAG GCC CGC CGG CTG CGG GAG CTA AAC CAC ATT CGC GAG CAC CTT AAC CTC CCG CTG GTG CGC 1377
s A T E E P G A P L T T P P T L H G N Q A R A s G F 336
AGC GCG GCT ACG GAG GAG CCA GGG GCG CCG TTG ACG ACC CCT CCC ACC CTG CAT GGC AAC CAG GCC CGC GCC TCT GGG TAC TTT 1461
M v L I R A K D Y s s F T P s E A M R H A 364
ATG GTG TTG ATT CGG GCG AAG TTG GAC TCG TAT TCC AGC TTC ACG ACC TCG CCC TCC GAG GCG GTC ATG CGG GAA CAC GCG TAC 1545
s R A K N Y G S T 1 E G L L P ] D D A P E E 392
AGC CGC GCG CGT ACG AAA AAC AAT TAC GGG TCT ACC ATC GAG GGC CTG CTC GAT CTC CCG GAC GAC GAC GCC CCC GAA GAG GCG 1629
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 420
GGG CTG GZG GCT CCG CGC CTG TCC TTT CTC CCC GCG GGA CAC ACG CGC AGA CTG TCG ACG GCC CCC CCG ACC GAT GTC AGC CTG 17113
G D E L H L G E D V A M H A D A L D D F D L D M L G 448
GGG GAC GAG CTC CAC TTA GAC GGC GAG GAC GTG GCG ATG GCG CAT GCC GAC GCG CTA GAC GAT TTC GAT CTG GAC ATG TTG GGG 1797
D G D s P G P G F T P H D s A P Y G A L L} D P E 1 4 E 476
GAC GGG GAT TCC CCG GGG CCG GGA TTT ACC CCC CAC GAC TCC GCC CCC TAC GGC GCT CTG GAT ATG GCC GAC TTC GAG TTT 1881
Q M F T D A L G I D E Y G G - 491
CAG ATG TTT ACC GAT GCC CTT GGA ATT GAC GAG TAC GGT GGG TAG TCCCCCGTCTGGGTTTTCCCCTCCCGTCACCGGT 1980
-------- X
TCGTATCCACAATAAACACGAGCACATACATTACAAAACCTGCGGTTGTCGTCTGATTATTTGG AAGAAC TAGCC! T 2094
GGGGTCTGGGTTGCCGGCGTGTGTGTTAGCCGCGTCTGCGGGCCTGTCG! TICGAAACCAC TGAT CGCGTATAAN G 2208
CGGGACCGTTTCCGCATTTGGCCGGGGGC TGGGGCGGCGGGTAGCCTTCGCGGGAGATAC TGCGTTTTTTT < TCCCA’ T 2322
CCGGCGGCACCTACCCCGGCCTCCATCCGCGC TGTGGGGTCTTTTTICTTTTT TCCGATAACCCGCGTCTA TGTCGGC ACCCGC 2436
GGGACGCAGGAGGCGCGCATCCACCCGCCCCCGCGCCTCGCCCGTGGCGGACGAGEC T TACC TGT GA 2550
CGACAGCGAGC! TC! 2609
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0.685 on the prototype HSV-1l genome, in a region bounded by Sall
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 Sall 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 Sall 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 S1 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 Vmwé65

We present here 2609 base pairs of DNA sequence including
the gene for Vmw65. The initiation site of the transcript for
this gene is shown as Q0----- . 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
Vmwé6 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 MCLachlan (39).

The DNA sequence of Fig.3 also contains what we consider to
be the termini of the genes flanking the gene for Vmw65. 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 Vmwé65 (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 Vmw65. 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, Vmwé65 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).

7872

fo = T = 1

e

g



Nucleic Acids Research

Table 1: Predicted amino acid composition of Vmwé5

Residue No. 3 Residue No. % Residue No. %
Ala 58 11.8 Arg 40 8.2 Asn 12 2.4
Asp 41 8.4 Cys 6 1.2 Gln 10 2.0
Glu 29 5.9 Gly 32 6.5 His 13 2.7
Ile 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

10
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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
acids.
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HOMOLOGY MATRIX FLOT
X AXIS=HSV1BAMF .54k from base no. 1 to base no. 490
Y AXIS=VZVCCC. 45 from base no. t to base no. 410
Kkange=15 Scale= 0.98 Minimum value plotted= 28 Compressed 4 times

1 1 1 1 1 1 1 1 1 1 1 1

Figure 5: A dot matrix plot of homology between Vmwé5 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 Vmwé5.

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 Vmwé5 in the genome of
varicella-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 V2V
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437 DALDDFDLDMLGDGDSPGPGFTPHDSAPYGALDMADFEFEQMFTDALG IDEYGG
409

Figure 6: An optimal alignment of the amino acid sequences of
Vmw65 and VZV 45K
Obtained using the optimal alignment program of Taylor (42)
and using the default parameters recommended by the author. The
top line is the amino acid sequence of Vmwé65.

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 Vmwé65 reading frame assignment. We have been unable to
detect a homologue to Vmwé5 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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IE 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-activation 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 vivo, since experiments involving
hybrid-arrest translation, in vitro, 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 Sall 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 Vmw65 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. Vmwé65
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 Vmwé5 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 V2V 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

TTT

ATT

ATC

ATA

ATG

GTT

GTC

GTA

GTG

Usage Table of the Coding Sequences of Vmwé65

Phe
Phe
Leu

Leu

Leu
Leu
Leu

Leu

Ile
Ile
Ile

Met

vVal
val
val

Val

12

11

1

12

16

25

2.4%
2.2%

0.2%

0.6%

1.6%

TCT

TCC

TCA

TCG

CCT

ccce

CCA

CCG

ACT

ACC

ACA

ACG

GCT

GCC

GCA

GCG

Ser

Ser

Ser

Ser

Pro

Pro

Pro

Pro

Thr

Thr

Thr

Thr

Ala

Ala

Ala

Ala

21

13

26

26

0.4%
4.3%

0.8%

TAT
TAC
TAA

TAG

CAT
CAC
CAA

CAG

GAT
GAC
GAA

GAG

Tyr

Tyr

His
His
Gln

Gln

Asn
Asn
Lys

Lys

Asp
Asp
Glu

Glu

15

11

30

23

0.6%
3.1%

0.0%

Average Base Composition of the Coding Sequences of Vmwé5

NUMBER
PERCEN

T

782
53.1

T
271

18.4

C
511
34.7

1

A
243
6.5

448
30.4

TGT Cys
TGC Cys
TGA ---

TGG Trp

CGT Arg
CGC Arg
CGA Arg

CGG Arg

AGT Ser
AGC Ser
AGA Arg

AGG Arg

GGT Gly
GGC Gly
GGA Gly

GGG Gly

691
46.9

& O w w

19

11

10

13

0.6%
0.6%
0.0%

0.8%

1.2%
3.9%
0.4%

2.2%

0.0%
2.0%
0.2%

0.2%

0.6%

ALL
1473
100.0



