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ABSTRACT

We report the complete DNA sequence of the short repeat
region in the genome of herpes simplex virus type 1, as 6633
base pairs of composition 79.5% G+C. This contains immediate
early gene 3, encoding the IE175 protein, an important
transcriptional activator of later virus genes. The IE1l75
coding region was identified as a 3894 base sequence of 81.5%
G+C DNA. The base composition of this gene is thus the most
extreme yet determined, and the IEl175 predicted amino acid
composition is correspondingly biased, most notably with an
alanine content of 20.9%. Functionally important regions of the
IE175 polypeptide were tentatively identified by comparison with
the sequence of the homologous protein from varicella-zoster
virus and from locations of ts mutations, and were correlated
with properties of the amino acid sequence. Aspects of the
evolution of such an extreme composition DNA sequence were
discussed.

INTRODUCTION

The DNA of herpes simplex virus type 1 (HSV-1l) is a linear
double stranded molecule of some 155,000 base pairs, regarded as
comprising two covalently joined segments, termed the long and
short regions (1,2). Each of these consists of an unique
sequence flanked by inverted repeat sequences, as shown in Figure
1. This paper is concerned with the DNA sequence of the short
repeat element (Rg) of HSV-1l, which is 6.6 kb in size.

Only one gene lies completely within Rg. This is immediate
early (IE) gene 3, which encodes the transcriptional activator
protein IE175 (also called ICP 4) (3). 1IEl75 is expressed
immediately after infection by HSV-1l, and is a large
phosphoprotein, which accumulates in the nucleus of the infected
cell (4-7). Experiments with mutants of HSV-1l carrying ts IE175
genes have shown that the presence of active IE175 is necessary
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for the virus transcriptional programme to proceed beyond the IE
phase, that IE175 acts at the transcriptional regulatory level
and is required throughout the infectious cycle, and that the
protein might also be involved in switching off transcription of
the IE genes (8-10). More recently, it has been found that
IE175, when expressed by a recombinant plasmid transfected into
culture cells, can also activate non herpesvirus genes, including
adenovirus genes and the rabbit ﬁ-globin gene (11,12). Thus, it
is possible that IE175 may act through some rather general,
cellular transcription regulatory system, and interest in the
protein and in how it acts is accordingly broadened.

The mechanism of action of IEl75 is at present unclear. It
is not resolved whether it acts directly (that is, by interacting
with a sequence on the target DNA near the site of transcription
initiation) or indirectly (for instance, by interacting with a
cellular protein which ultimately influences trancriptional
activity) (13-15). Recently, our view of transcriptional
activation by HSV-1l IE proteins has been complicated by two types
of result. First, it has been shown that another IE protein,
IE110 (or ICP 0), can also activate transcription of delayed
early genes (16,17). Secondly, studies with cells which
constitutively express IEl175 have demonstrated that IE175 does
not efficiently activate all delayed early genes when these are
carried in the viral genome (18). The specificity of IEl75
action implied by the latter work is apparently at odds with the
rather general effects on activation of non herpesvirus genes.

HSV-1 DNA has an overall base composition of 67% G+C (1l).
For the Rg region, however, the G+C content is near 80%, both
overall and in the IE175 coding sequence. This is by far the
highest G+C content for any large sequence yet analysed, so far
as we are aware. We think that the IE175 gene base composition
lies near the attainable limit for protein coding DNA. As such,
it constitutes a paradigm for the organization of genetic
material subjected to this form of evolutionary development.

In this paper we present the complete DNA sequence of the
Rg region of HSV-1l, strain 17, and deduce the encoded amino acid
sequence of IE175. The data are examined from two viewpoints.
First, we attempt to evaluate functional importance of regions
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within the predicted amino sequence of IE175 and, second, we
propose possible evolutionary mechanisms which could have been
involved in generating the extreme base composition. Apart from
the IE175 gene transcribed region, Rg contains a number of
previously identified functional entities, which are not further
dealt with in this paper.

MATERIALS AND METHODS

(a) Recombinant plasmids. The following recombinant plasmids
carrying HSV-1l strain 17 restriction fragments were used for
sequence analysis: BamHI n and BamHI k cloned in the BamHI site
of pAT153, obtained from F.J. Rixon and A.J. Davison
respectively, and Xhol ¢ cloned in the XhoI_site of pMK16,
obtained from N.D. Stow.

(b) DNA sequence analysis. Early experiments used chemical
degradation sequencing (19). However, most of the analysis was
performed by the Ml13/chain terminator method (20). Sets of M13
clones were generated by isolating an appropriate, large,
plasmid-carried DNA restriction fragment of HSV-1 DNA, shearing
by sonication and cloning into the Smal site of M13mp8 (21,22).
In addition, some M13 clones carrying restriction fragments were
used for specific target regions. Sets of radioactive fragments

for sequence analysis were prepared using [®32P]-dATP as label.
Products were fractionated by electrophoresis in 6%
polyacrylamide, buffer gradient gels as described by Biggin et
al. (23), except that gels contained additional urea, to 9 M.
Gels were covalently bonded to one glass plate (24), and were
fixed and dried before autoradiography.

Because of the extreme base composition of HSV-1l Rg, the
incidence and the severity of sequencing artefacts were notably
high. 6% polyacrylamide gels containing 7 M urea and 50%
formamide were used with limited success to resolve artefacts.
Sequencing reactions with dAITP substituted for 4AGTP, and with
polymerase reactions carried out at 37°9C, were also used. The
most successful method for resolving artefacts was use of a 6%
polyacrylamide gel containing 9 M urea, 90 mM Tris-borate pH 8.3,
2 mM EDTA, with a jacket through which water at 80-85°C was
pumped. This device was employed extensively.
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(c) Computing. Computing was performed with a DEC PDP 11/44
under RSX11M, as previously described (25,26).

RESULTS
(a) The DNA sequence of Rg. Figure 1 shows the HSV-1 prototype

genome structure, with nomenclature of regions, and an expansion
of the internal copy of Rg, designated IRg. The sequence
analysis reported here used three plasmid cloned fragments of
HSV-1 strain 17 DNA, XhoIl ¢, BamHI k and BamHI n, whose locations
are indicated in Figure 1. We have previously described the
sequence of BamHI y (wholly contained in Rg) and of BamHI x (the
TRg counterpart of BamHI n); the upstream end of the IEl1l75 gene
is contained in these sequences (27). The downstream end of the
IE175 gene sequence has been determined by Davison and Wilkie
(28). Figure 2 lists our DNA sequence of the whole IRg region,
starting with the nucleotide adjacent to Ug and ending after the
a' sequence. The 5' terminus of IE175 mRNA is at residue 1176
and the 3' terminus is at residue 5435; the mRNA is unspliced

TR U, IR_ IRS Ug TR

[ | B g
a

& — ] -

IE175 IE68

- K L y I n -

Figure 1. The genome of HSV-1l. The upper part of the figure
depicts the genome of HSV-1 (2). Unique sequences (Uj, and Ug)
are shown as solid lines and major repeat elements as boxes (TRp,
and IRj; TRg and IRS). The lower part of the figure expands the
6.6 kbp IRg region, with numbering as in the sequence listing
(Figure 2)., The location of IE175 mRNA is indicated (5' to 3':
right to left), with the predicted coding region as an open box.
Part of the nearby IE68 mRNA is also shown. The location of the
400 bp a' sequence is shown. The a' sequence is an opposite
orientation copy of the a sequences present as direct repeats at
the genome termini. Locations of BamHI fragments used in
sequence analysis are indicated on the bottom line. The XhoI ¢
fragment, also used, includes the whole expanded region.
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(3). RNA polymerase II transcription initiation and termination
signals are present at the terminal regions. The locations of
other entities in the sequence are also noted in Figure 2.

The 6633 base pair sequence of Rg has an overall base
composition of 79.5% G+C. Sequence determination for such DNA is
particularly demanding, since the G+C rich sequences are prone to
various sequencing gel artefacts. Another problem presents
itself, in interpretation: since nonsense codons are A+T rich,
the incidence in potential polypeptide coding sequences of
out-of-frame stop codons is very low, and so the correct reading
frame is not revealed by multiple blockage of other frames. 1In
fact, the whole 3894 residue protein coding region of the IEl75
gene contains just 11 out-of-frame nonsense codons in the
appropriate orientation. We employed the codon usage evaluation
program of Staden and McLachlan (36) to help authenticate the
correct reading frame, and concluded that translation of IEl75
commences with the first ATG in the transcribed region, at 1477,
and terminates with TAA at 5371. This reading frame is strongly
supported by codon usage comparison, using the US3 gene of HSV-1
as reference (25), except where it encodes amino acid residues
180 to 210 (data not shown). The latter region contains an
inverted repeat and encodes multiple Ser residues,
characteristics which evidently defeat the algorithm. The IE175
protein so defined contains 1298 amino acids and has a molecular
weight of 132,835. An antiserum against an oligopeptide
comprising residues 65 to 76 of this predicted amino acid
sequence can precipitate native IE175 (37).

(b) Base composition of Rg and amino acid composition of IE175.
The IE175 gene coding regIon presents the extraordinary base
composition of 81.5% G+C. This impinges on our thinking about
the gene in two ways. The first concerns the derivation of such
a genetic entity: what events in evolution might have produced
this result? This will be addressed briefly in the Discussion.
The other aspect of the phenomenon, more immediately relevant to
our evaluation of the nature of the IE175 protein, is the
relationship between the extreme DNA base composition and the
amino acid composition of encoded polypeptide.

study of the DNA sequence shows clearly that requirements
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CCCGACGAGCAGGAAGCGGTCCACGCAACGGTCGCCGCCGGTCGCCTCGACGAGGACGTTCCTCCTGCGGGAAGGCACGAACGCGGGTGAGCCCCCTCCTCCGCCCCCGCGTCCCCCCTC
\ Intron end Y A T TR

CTCCGCCCCCGCGTCCCCCCTCCTCCGCCCCCGCGTCCCCCCTCCTCCGCCCCCGCGTCCCCCCTCCTCCGCCCCCGCGTCCCCCCCTCCTCCGCCCACCCAAGGTGCTTACCCGTGCAA
\eeesveersee... Intron start

AAAAGGCGGACCGGTGGGTTTCTGTCGTCGGAGGCCCCCGGGGTGCGTCCCCTGTGTTTCGTGGGTGGGG T 'GGGTCTTTCCCCCCCGCGTCCGCGTGTCCCTTTCCGATGCGATCC

CGATCCCGAGCCGGGGCGTCGCGATGCCGACGCCGTCCGCTCCGACGGCCCTCTGCGACTCCCGCTCCCGGTCCGCGTGCTCCGCAGCCGCTCCCGTCGTTCGTGGCCGGCGCCGTCTGC
IE mRNA  5' <~ -0

GchcTccc'rcsccccccccCTTTATGchccCccAGAGAccc5ccccccoccoccccacccccccccccccoccaccccccAGTCGGGCACGGCOCCAGTGCTCGCACT'PCGCCCTAAT
---------- Origin of replication - -

A G lll"N‘f‘“llf’“f‘TTCGCGTTCTCACTTCTT'I‘TACCCGGCGGCCCCGCCCCCTTGGGGCGGTCCCGCCCGCCGGCCMTGGGGGGGCGGCAAGGCOGGCGG

CCCTTGGGCCGCCCGCCGTCCCGT CCGGCGTCCGGCGGGCGGGACK 'CCGGGGACGGCCAACGGGCGCGCGGGGCTCGTATCTCATTACCGCCGAACCGGGAAGTCGGG

GCCCGGGCCCCGCCCCCTGCCCGTTCCTCGTTAGCATGCGGAACGGAAGCGGAAACCGCCGGATCGGGCGGTAATGAGATGCCATGCGGGGCGGGGCGCGGACCCACCCGCCCTCGCGCC

CCGCCCATGGCAGATGGCGCGGATGGGCGGGGCCGGGGGTTCGACCAACGGGCCGCGGCCACGGGCCCCCGGCGTGCCGGCGTCGGGGCGGGGTCGTGCATAATGGAATTCCGTTCGGGG
IE175 mRNA 5' O-----

TGGGCCCGCC ’CGGCGGCCTCCGCTGCTCCTCCTTCCCGCCGGCCCCTGGGAC! "f’f‘f‘N‘"“‘f‘-l""f‘f'f’l"CGTCCACACGGAGCGCGGCTGCCGACAC
GGATCCACGACCCGACGCGGGACCGCCAGAGACAGACCGTCAGACGCTCGCCGCGCCGGGACGCCGATACGCGGACGAAGCGC 'GGCCGTCCCTGTCCTTTTTCCCACC
CAAGCATCGACCGGTCCGCGCTAGTTCCGCGTCGACGGCH 'GTCGGGGTCC 'TCGCCCCCTCCCCCCATCH 'CGT CTACCGTGCTACGTCCGCCGTC

(IE175 N-terminus) M A S ENKOQRUZPGSU®PG?PTDGU®PU®PZPTUPSPDURDE
GCAGCCGTATCCCCGGAGGATCGCCCCGCATCGGCGATGGCGTCGGAGAACAAGCAGCGCCCCGGCTCCCCGGGCCCCACCGACGGGCCGCCGCCCACCCCGAGCCCAGACCGCGACGAG

R GA L GWGAETETETGG GDTUDU®PDHDZPDHPHKDULUDUDARIZ RDT G RA AP AABAG
C CCTC GCGGAGAC 'GGGGACGACCCCGACCACGACCCCGACCACCCCCACGACCTCGACGACGCCCGGCGGGAC 'CCCCGCGGCGGGC

TDAGEDAGDAVSPRQLALLASHVEBAVRTIPTPDPAASPP
ACCGACGCCGGCGAGGACGCCGGGGACGCCGTCTCGCCGCGACAGCTGGCTC "CGTCCGGACGATCCCGACGCCCGACCCCGCGGCCTCGCCGCCC

R T P A F R A DDDTD
CGGACCCCCGCC'!‘l"l‘CGAGCCGACGACGATGACGGGGACGAGTACGACGACGCAGCCGACOCCOCCGGCGACCOGGCCCCGGCCCGGGGCCOCGAACGGGAGGCCCCGCTACGCGGCOCG

P TDRUL S P RPPAQPPRIRRRIBHBGT RUWRTPS A S §$ DS G S S S
TATCCGGACCCCACGGACCGCCTGTCGCCGCGCCCGCCGGCCCAGCCGCCGCOGAGACGTCGTCACOGCCGGTGGCGGCCATCGGCGTCATCGACCTCGTCGGACTCCGGGTCCTCGTCC
S 8 S A S S S S 8§ s s DEDEUDTUDUDGNTDA AR ALDUHARTEA AR RAVYVGRGTZP S S A
TCGTCGTCCGCATCCTCTTCGTCCTCGTCGTCCGACGAGGACGAGGACGACGACGGCAACGACGCGGCCGACCACGCACGCGAGGCGCGGGCCGTCGGGCGGGGTCCGTCGAGCGCGGCG
P A A P GRTU®P®PPZPGPPUPILSEA AAPI KU PRAAMAMRBRTPAASA AGT RTITETRTR
CCGGCAGCCCCCGGGCGGACGCCGCCCCCGCCCGGGCCACCCCCCCTCTCCGAGGCCGCGCCCAAGCCCCGGGCGGCGGCGAGGACCCCCGCGGCCTCCGCGGGCCGCATCGAGCGCCGT
R A R A AV AGRDA ATG A G Q P R R S G
CGGGCCCGCGCGGCGGTGGCCGGCCGCGACGCCACOGGCCGC'I"I‘CACGGCCGGGCAGCCCCGGCGGGTCGAGCTGGACGCCGACGCGACCTCCGGCGCCTTCTACGCGCGCTATCOCGAC

GYVSGBPHPGAGPPPPGRVLYGGLGDSRPGLHGAPEABBA

GGGTACGTCAGC CGTGGCCCGGCGCCGGGCCCCCGCCCCCGGGGCGGGTGCTGTACGGCGGCCTGGGCGACAGCCGCCCGGGCCTC 'GCCCGAGGC

Q Q L I TR L L Y TP DA AEAM
CGACGCCGGTTCGAGGCCTCGGGCQCCCCGOCGGCCGTGTGGGCOCCCGAGCTGOGCGACGCCGCGCAGCAGTACGCCCTGA‘NZACGCGGCTGCTG‘I‘ACACCCCGGACGCGGAGGCCATG

G W L QNP RV V P G D V A D Q ACF R I S A s F I
GGGTOOCNCAGAACCCGCGCGTOGTCCCCGGGGACGTGGCGCTGGACCAGGCCTGCT‘N:CGGATCTCOGGCGCCGCGCGCMCAGCAGCNCHCATCACCGGCAGCGTGGCGCGGGCC

A G R F G W G L A HAAA AR AUV A Q G F L L T
GTGCCCCACCTGGGCTACGCCATOGCGGCCGGCCGC'l“l‘CGGCTGGGGCC'!‘GGCOCACGCGGCGGCCGCCGTGGCCANAGCCGCCGATACGACCGCGCGCAGAAGGGCTTCCTGCTGACC

A R ENAALTGAAGSUPGAGA ADUDTETG GV AA AV AR ARAA
AGCCTGCGCCGCGCCTACGCGCCCCTG‘!"""-"FM""Flf‘ll“f?f‘ﬁ“ﬁl"l‘flf‘m‘f-ﬂ"—f‘f‘f‘m‘ 'CCCGGCGCCGGCGC, TCGCCGCCGTCGCCGCCGCCGCA

P G E R A A A G A G R L S A AP A S PAGGTDTUDUPUDA AATRH
CCGGGCGAGCGCGCGGTGCCCGCCGGGTACGGCGCCGCOGGGATCCTCGCCGCCCTGGGGCGGCTGTCCGCCGCGCCCGCC’I‘CCCCCGCGGGGGGCGACGACCCCGACGCCOCCCGCCAC

A DADDODA AGRRAQAGT RVAVETCLA AAMCTR RGTITLTEA ATLA ATEG D G D L A
GCCGACGCCGACGACGACGCCGGGCGCCGCGCCCAGGCCGGCCGCGTGGCCGTCGAGTGCCTGGCCGCCTGCCGCGGGATC ..'mm-m-nrrrrmmgACGGCGAccmscc

A VP GLAGA ARTPASU®PZPRTPETGTPAGT?PASU PZPPUPUHA ADA ATPHR RTILTIERAWTLR
GCCGTCCCGGGGCTGG 'CCGGCCCGCCAGCCCCCCGCGGCC 'CCGCGGGCCCCGCTTCCCCGCCGCCGCCGCACGCCGACGCGCCCCGCCTGCGCGCG! TGCGC

E LRFUVRDA ALV VILMRILRGDILIRVYVAGGSGSEA AAVAAVRAVSTILVAGA
GAGCTGCGGTTCGTGCGCGACGC! ATGCGCCTGCGCGGGGACCTGCGCGTGGCCGGCGGCAGCGAGGCC!H 'GTGGCCGCCGTGCGCGCCH CGGGGCC

P R R L P S S A A A A F N Q S L A A A A S AP
CTGGGCCCCOCGC'l‘GCCGCGGGACCCGCGCCTGCCGAGCNCGCGGCCGCCGCCGCCGCGGACCTGCTGMGACAACCAGAGCCTGCGCCCCCTGCTGGCGGCGGCGGCCAGCGCACCG

D AARDALA AAARAMAMALSA AAPR REGRTEKT ERIEKTSTPGTPA ARTPPGG GG GG GT PTURT PTFPIKT
GACGCCGCCGACGCGCTGGCGGCCGCCGCCGCCTCCGCCG 'GC GCAAGCGCA. 'CCGGCCCGGCCCGGCCGCCCGGAGGCGGCGGCCCGCGACCCCCGAAGACG

K K S G A D A G S D ARAPTLTZPAPAPTPSTZPZPGTPETZPA AP AQOQTPA AATPTR RA
MGAAGAGCGGCGCGGACGCCCCCGGCNGGM,%u.u,m.u_'\_ut. TCCCCGCGC! 'GCCCCCCTCCACGCCCCCH 'CGAGCCCGCCH "CAGCCCGCGGCGCCCCGGGCC

A A A Q S R P A E G P D P L GG W RURIOQUP P P S HT A A P A
GCCGCGGCGCAGGCCCQCCCGCGCCCCG‘I‘GGCCGTG‘I‘CGCGCCGGCCCGCCGAGGGCCCCGACCCCCTGGGCGGCTGGCGGCGGCAGCCCCCGGGGCCCAGCCACACGGCGOCGCCCGCG

A A AL E A D H P L F P V P D P R AL A S I
GCCGCCGCCCTGGAGGCCTACTGCTCCCCGCGCGCCGTGGCCGAGCTCACGGACCACCCGC'I‘GTTCCCCGTCCCCMCGACCGGCCCTCANTTNACCCGCGGGCCC’I’GGCCTCGA‘I‘C

A R CAGPAPA AAOQAACG GG G GTDTUDTDTDNTPUHTPUHG A G R L F G P L R A
Gccccscc.g-mrm-rr.nrr-rrrrrrrrcrrm-rrnr.r.rr‘ru-r'mrcnr GACGACGACGATAACCCCCACCCCCACGGGGCCGCCGGGGGCCGCCTCTTTGGCCCCCTGCGCGCC

A W M R Q Y S P L P E A G G G A S
TCGGGCCCGCTGCGCCGCATGGCGGCCTGGATGCGCCAGATCCCCGACCCCGAGGACGTGCGCGTGGTGGTGCTGTACTCGCCGCTGCCGGGCGAGGACCTGGCCGGCGGCOGGGCCTCG

A E R G A A L ANURILTGCGZ®PDT
GGGGGGCCGCCGGAGTGGTCCGCCGAGCGCGGCGGGCTGTCCTGCCTGCTGGCGGCCCTGGCCAACCGGCTGTGCGGGCCGGACACGGCCGCCTGGGCGGGCMTTGGM.CGGCGCCCCC

120
240

360

600
720
840
960
lo80
1200
1320
1440
28
1560
68
1680
108

1800

148
1920

188
2040

228
2160

268
2280

308
2400

348
2520

388
2640

428
2760

468
2880

508
3000

548
3120

588
3240

628
3360

668
3480

708
3600

748
3720

788
3840

828
3960

868
4080

908
4200

948
4320

988
4440
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ALGAQGUVLLLSTRDTLAFPAGAVETFPTLGTLTLASA AGT DRI RTLTI V 1028
GAcsrs'rccsccc'rccccccnc TGCTGCTGCTGTCCACGCGGGACCTGGCCTTCGCCGRGGCCETGGAGTTTC TGGCGCTGCTCGCCAGOGCCGGCGACCGGCGGCTCATCGTG 4560
V NTVRACTDTWFP AV S R QH L P AV QCAV RWPAA 1068
G'rcAM:ACccmcscscc-mccmccccecccAccoscccccsmrccceccmcmsccnccmcmcmcmccccsccmocmecoccc-mcc.cmoccscccacc 4680
R DLRRTVLASGRUVTFGEPGVF FARVYVEA- MAHRARTLYT®PDA APTPTLR R 1108
CGGGACCTGCGCCGE TGGCCTCGEGCCGCGTGTTCGGCCCH TTCGCGCGC G GCACORGCaCC O TACCRCOACOEaCOaCaacTaCeeeRaTaccoe 4800
G G NV RYRVRTTRTPEFGPTDTTPVPMS P R AV LPALGDGR RAA AAS 148

GGCGOCAACG'I'GCGCTACCGCG‘I'GCOCACGCGCTTCGGCCCGGACMGCCGGNCCCATGNCCCGCGCGAGTACCGCCGGGCCGTGCNCCGGCGCNGACGGCCGGGCGGCGGCC‘!CG 4920
G T T D A MAP G APUDT FCETEEA AHBSUHAACARWMWGTLGAPTLRUPUVY VAL 1188

GGGACCACCGACGCCATGGCGCCCGGCGCGCCGGACTTCTGC CCACTCGCACGCC GCGCCGCTGCGGCCC TG 5040
G R EAV RAGPARWMWR RGT PRI RDUFPFCARALTLETPDUDUDA AZPUPILVILRGDTD 1228
GGGCGC 'CGGCCCGGCCCGGTGGCGCGGGCCGI TTTTGCGCCCGCGCCCTGCTGGAGCCCGACGACGACGCCCCCCCGCTGGTGCTGCGCGGCGACGAC 5160
D G P G.ALPUPAPUPGTIM RMWASA AT G RS SGTVULAAMAMGA AVEVILSGAEH-BAMG 1268
GACGGCCCGGGGGCCCTGCCGCCGGCGCCGCCCH TTCGCTGGGCC GGGCCGCAGCGGCACCGTGCTGGCGGCGGCGGGGGCC GGAGGCGGGC 5280
L ATZPUPRREVVDWETGA AWDETDUDGGAPEGDGV L - (IEl175 C-terminus) 1298
TTGGCCACGCCCCCGCGGT GGCGCGTTC ACGGGCCGGGACGGGGCGGGGCGCTTGT 5400
IE175 mRNA 3' ---—- T
GAGACCCGAAGACGCAATAAACGGCAACAACC TAAGTTT TGTTTAT GAGGGG 5520
..................... F A TR A Y AT TP
C 5640
......... A R T T A N A T TR 4 S A LT T T T T T T | N RV A TR TR
G 5760
........ AT R T S A T S N A T L A T T R
'GCGGGCGCCCH 'GGCAC 'CGAACCCCCCCGA 5880
....... AT R TR TP 4
'GGGACGCGCC TGGGGC TGGGGCC TGGGGC TGGGGCCGGGGAG 6000
............................ A R R R R R A T N Y A T T T T T TRy PR
GGCTGGGGC TGGGGC GCGGTGAC AC 6120
AGGAGTTGT 'GC TGTGTTGT 'GTGAC ’GCCGTGCTC TGGTTTCACCTGTGGCAGCCCG 6240
< P
GGCCCCCCGCGGGCGCGCGCGCGCGCARAAA GGGCGGCGGTCCGGGCGGCGTGCGCGCG CGCGGGAGC 6360
----- a' sequence A Y AT T T T TRy P
6480
...... F A A T T o S N AT T L N A TP A PP RIVAY
"CGAAAACGGGCCCCCCCCAAAACACACCCCCCGGGGGT 6600
...... AR o A T S Y A T T TPy, D
CGCGCGCGGCCCTTTAAAGCGGTGGCGGCGGGC 6633

Figure 2. DNA sequence of HSV-1l short region. The DNA
sequence of IRg is listed as the 5' to 3' strand only, starting
with the residue adjacent to Ug (27). Positions of the termini
of IE175 mRNA are indicated at residues 1176 and 5435 (3), and
the predicted IE175 amino acid sequence is shown. Other
functional entities in IRg include, upstream of the IE1l75 codlng
region: the 5' portion of the IE68 gene, with mRNA 5' terminus
at residue 479 on the opposite strand, and intron between 232
and 65 (27,29); an origin of DNA replication (30); promoters for
IE68 and IE175 genes (proposed TATA boxes underlined) and
upstream activator regions for these genes (not marked) (31-33).
Downstream of the IE175 gene lies the a' sequence, which
contains sequences involved in site specific inversion and in
packaging of nascent DNA (28,34,35). Four sets of tandemly
repeated sequences are underlined as: \....../.

of amino acid coding are not a primary cause of the extreme base
composition of the DNA. Thus, both coding and non coding DNA
regions have base compositions near 80% G+C. 1In protein coding
DNA, the codon set available at this base composition is
sufficiently biased that restrictions on the possible amino acid
composition of encoded protein must exist. Within the protein
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Table 1. Codon catalogue of the IE175 gene

TTT Phe 6 TCT Ser 1 TAT Tyr 2 TGT Cys 0
TTC Phe 16 TCC Ser 24 TAC Tyr 17 TGC Cys 15
TTA Leu 0 TCA Ser 1 TAA --- 1 TGA --- 0
TTG Leu 2 TCG Ser 29 TAG --- 0 TGG Trp 21
CTT Leu 0 CCT Pro 0 CAT His 0 CGT Arg 2
CTC Leu 13 CCC Pro 84 CAC His 17 CGC Arg 78
CTA Leu 1 CCA Pro 3 CAA Gln 0 CGA Arg 6
CTG Leu 84 CCG Pro 74 CAG Gln 19 CGG Arg 49
ATT Ile 1 ACT Thr 0 AAT Asn 1 AGT Ser 1
ATC Ile 10 ACC Thr 15 AAC Asn 10 AGC Ser 20
ATA Ile 0 ACA Thr 0 AAA Lys 0 AGA Arg 1
ATG Met 11 ACG Thr 20 AAG Lys 8 AGG Arg 3
GIT Val 1 GCT Ala 2 GAT Asp 3 GGT Gly 1
GTIC val 14 GCC Ala 161 GAC Asp 97 GGC Gly 83
GTA Val 1 GCA Ala 8 GAA Glu 4 GGA Gly 2
GTG Val 47 GCG Ala 100 GAG Glu 53 GGG Gly 56

coding region, the separate base compositions for each codon
position are: first position, 81.9% G+C; second, 66.2%; and
third, 96.3%. This pronounced triplet periodicity does not exist
in non coding DNA regions. This distribution is consistent with
retention of a near maximum variety of encoded amino acids at the
given, extreme base composition. The extreme biases of the third
codon positions are strikingly demonstrated by the codon usage
catalogue of Table 1. These characteristics of the sequence are
thoroughly in keeping with the hypothesis that the observed DNA
base composition is the result of an evolutionary force acting
directly on the DNA, rather than indirectly through amino acid
sequence requirements, and that perpetuation of changes produced
by this force is secondarily influenced by other, functional
constraints, such as the nature of codons specified. For our
present purpose of considering the IEl175 amino acid sequence, we
use this model as a framework.

The deduced amino acid composition of IE175 is listed in
Table 2. The amino acid sequence shows a near equality of acidic
and basic residues. The most common amino acid is Ala, at 20.9%
of the total, and the four most common species are Ala, Pro, Gly
and Arg, together combrising 54.9% of all amino acids. The least
common amino acids are Lys, Asn, Ile and Met. The most common
four species are those which possess codons containing only G and
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Table 2. Amino acid composition of IEl75

Residue Number % Residue Number %

Ala A 271 20.9 Leu L 100 7.7
Arg R 139 10.7 Lys K 8 0.6
Asn N 11 0.8 Met M 11 0.8
Asp D 100 7.7 Phe F 22 1.7
Cys C 15 1.2 Pro P 161 12.4
Gln Q 19 1.5 Ser S 76 5.9
Glu E 57 4.4 Thr T 35 2.7
Gly G 142 10.9 Trp W 21 1.6
His H 17 1.3 Tyr Y 19 1.5
Ile I 11 0.8 val v 63 4.9

C residues; the codon usage list (Table 1) shows that such codons
are employed almost to the exclusion of other codons for these
amino acids. The high levels of these four amino acids, and of
Ala in particular, are thus the major biases of amino acid
composition associated with the extreme DNA base composition.
Thus, we think that functioning of the protein tolerates 20.9%
Ala rather than requires this level. The particularly high level
of Ala, compared with Pro, Gly and Arg, may reflect the
relatively innocuous nature of this residue as a substitute for
other species. We correlate the low levels of Lys, Asn, Ile and
Met with the fact that these are four of the six species for
which all codons contain at least two A or T residues. We
suppose that the alternative strongly basic amino acid, Arg, is
generally used in preference to Lys. These arguments gain force
when IE175 is compared with its varicella-zoster virus (V2zV)
homologue, in the next section.

(c) Homology between IE175 and VZV 140 proteins. Known protein

sequences were searched for any with homology to IE175, but the
only homologue found was the VZV 140 protein, which is the VZV
equivalent of IE175 (38,41). HSV-1l and V2V are both members of
the Alphaherpesvirinae sub-family (42). Like IE175, VZV 140 can
transactivate foreign plasmid-borne genes (12). The two amino
sequences are shown aligned in Figure 3. Extent of homology
varies widely along the sequences. Based on this, we have
divided each sequence into five regions.

Region 1 comprises residues 1 to 314 of IEl75. The two
proteins are not homologous in this region, except for a
possible, limited N terminal homology and a region (186-204 of
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Figure 3. Relations between the HSV-1 IEl175 and VZV 140
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amino acid sequences. An alignment between the predicted amino

acid sequences of HSV-1 IE175 and V2V 140 (38) is shown. IEl75
sequence is on the upper line and VZVv 140 on the lower, and
identical aligned residues are indicated by asterisks.
Introduced padding characters are shown as dots. Residue
numbering for IE175 (Figure 2) is at the right, and boundaries
of proposed regions are shown. This alignment was produced by
first identifying major homologies with a matrix comparison
program (39), then aligning corresponding subsections with an
optimal alignment program (40). Alignment in largely non
homologous regions is to some extent arbitrary.

IE175) consisting of a Ser rich tract followed by acidic
residues. In addition, VZV 140 region 1 is 153 residues longer
than IE175 region 1. BAnother indication of the non conserved
nature of region 1 is given by the limited sequence data
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available for the HSV-2 counterpart of HSV-1l IE175: the predicted
47 residue N terminal sequence is not homologous to IE1l75
sequence (43). Region 2 (residues 315-484 of IE175) is clearly
homologous in the two sequences. The proteins have near
identical lengths in this region (IEl175, 170 residues; VzVv 140,
169 residues). Region 3 of IEl175 contains amino acids 485-796,
and shows little detectable homology to VZV 140. 1In addition,
region 3 of IE175 is 214 residues longer than the VZV
counterpart. Region 4 is the largest of our divisions and
comprises residues 797-1224 of IE175. It contains a 23 residue
insertion in IEl175 relative to VZV 140 (residues 875-897 of
IE175) and several smaller additions/deletions. Otherwise it is
clearly homologous between the two proteins. Region 5 comprises
residues 1225 to 1298 (that is, the C terminus) of IE175. Apart
from some limited homology at the C terminus of IE175, this
region is non homologous. 1In addition, region 5 of VZV 140 is 88
residues longer than the IE175 region.

We have thus defined two quite distinct large scale classes
of sequence within each of these proteins. One class (regions 1,
3 and 5) shows little or only very sporadic homology, and in
addition exhibits substantial lehgth differences between the two
proteins. The other class (regions 2 and 4) shows very extensive
homology, with only limited addition/deletion changes. Following
section (b), above, we note that the VZV 140 gene has a lower G+C
content (64.1%), and that VZV 140 contains less Ala (10.9% as
against 20.9%) and more Lys (2.7% against 0.6%) than IE1l75.
Other amino acids show lesser changes.
(d) Evaluation of functional importance of regions in IEl75.
These homology relations between IE175 and VZV 140 are
summarised, with respect to the IE175 sequence, in the top part

of Figure 4. In considering the implications of this homology
distribution, it is important to note that the protein coding
regions of the two genes differ by 17.4 percentage points in
their G+C contents (such variation is a widespread phenomenon of
herpesvirus genomes - see Discussion). Thus, in diverging from a
common ancestor, the two genomes have been subjected to a very
extensive process of point mutation, as well as to large scale
addition/deletion changes. Conserved amino acid sequences have
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Figqure 4. Characteristics of the IE175 amino acid sequence.
Line (a) depicts the IE175 polypeptide, numbered as in Figure 2.
Solid lines indicate regions without clear homologues in VZV
140. Clearly homologous sections are shown as boxes, with the
most homologous sections filled (at least 16 residues identical
out of 20). Line (b) shows the mapped positions of four ts
mutants (44,45). Line (c) summarises "hydropathy" analyses
(46): hydropathy sums were made for successive 50-residue
windows, and regions with hydrophilic character greater than 4%
of possible range from the mean shown as solid lines. Line (d)
summarises an aspect of secondary structure prediction (47):
sums of predicted coil content were made with 50-residue
windows, and regions more than 10% of whole range above the mean
shown as solid lines. 1In line (e), sums of (Ala + Pro + Gly +
Arg) contents were made with 50-residue windows, and regions
with a higher content of these amino acids than 10% of whole
range above the mean were marked. Line (f) and the vertical
dotted lines indicate regions proposed on basis of homology with
VZV 140.

therefore survived comprehensive mutational "probing", and so
very probably represent regions of particular functional
importance for the IEl175 protein. Conversely, the poorly
conserved, variable length regions may be of lesser functional
significance.

In other comparisons between HSV-1l and VZV protein
‘sequences, we have observed several instances in which members of
an homologous pair differ substantially in length at a terminal
region, and these can be rationalised as representing in one
member an addition of an adjunct protein structure, possibly of
no great functional significance (41). The length differences of
regions 1 and 5 appear to fall in this category. However, the
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large size difference of 214 amino acids in region 3, in the
middle of the sequence, is much more compelling, and makes
attractive the speculative idea that the conserved regions, 2 and
4, represent separate physical (and possibly functional) domains,
with region 3 having, at least in part, a spacer function in
which precise chain length is not important.

Another type of external evidence relating to functionality
comes from the mapping of ts mutations. As shown in Figure 4,
the best mapped ts mutations (tsK, tsD and tsT; refs. 44,45) lie
in or close to the gene regions encoding the most conserved amino
acid sequences. Thus, these protein regions certainly contain
essential functional or structural elements. The wider bracket
assigned to tsC75 is of less diagnostic value.

We have examined three local attributes of amino acid
sequences within IE175, namely, degree of hydrophilicity or
hydrophobicity, predicted secondary structure, and content of
frequently occurring amino acids, and have correlated these data
with the homology results. The results of these analyses are
shown in Figure 4 as summary forms indicating localities of
particularly hydrophilic sequence, of particularly high predicted
random coil content, and particularly rich in Ala, Pro, Gly and
Arg. From the first two of these measures it is clear that
region 1 of IE175 is distinct from the rest of the protein,
containing very hydrophilic sequences, and with a high random
coil content as predicted by the program of Garnier et al. (47).

We presented above the rationale that the gross amino acid
composition of IE175 in part reflects evolution 6f the gene to an
extremity of DNA base composition, most noticeably in that the
four most frequent amino acids are those specified by codons
containing only G and C. We examined the distribution of these
residues, and found that localities of highest (Ala + Pro + Gly +
Arg) content lie predominantly in the large non conserved regions
1 and 3 (Figure 4). An alternative presentation of the same
phenomenon can be made by examination of local G+C content of the
DNA, and in particular G+C content summed for the second codon
position only: the highest local areas are within DNA specifying
regions 1 and 3 (data not shown). We view this as indicating
that these localities of the gene show particular plasticity in
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mutation to a high G+C content - that is, they may encode
polypeptide whose composition is not critical to IE175 function.
This is supported by the work of Schrbder et al. (48), who
described an HSV-1 mutant with an internal, in-frame deletion in
the IE175 gene. This removed codons 209 to 236, but the
resulting virus was still viable. The sequence removed is in a
part of region 1 with a high (Ala + Pro + Gly + Arg) content.

DISCUSSION

Our DNA sequence analysis gave an IE175 polypeptide
molecular weight of 132,835, much lower than the previous gel
electrophoretic estimate of 175,000 (49), which we consider
resulted from the limitations of denaturing gel electrophoresis
as a sizing technique and from the atypical amino acid
composition of IE175. Nonetheless, IE175 is evidently a large
and complex protein, and may well contain more than one physical
domain. Our division into regions could indicate the basis of
such a domain structure. We used three aspects of the amino acid
sequence of IE175 to evaluate functional importance of regions of
the protein, and to correlate with the external data of homology
and mapping of mutations. We recognize that these tests
represent imperfect tools. In particular, the high predicted
coil content of region 1 may represent as much a failure of the
predictive algorithm as a real prediction ("coil"™ is defined by
Garnier et al. (47) as not ¢x-helix, not extended, and not turn

structures). Additionally, the three measures utilised are
presumably not completely independent. We emphasize that the
tests were used at low resolution over large stretches of
sequence, to derive general characteristics of regions, and we
consider that the conclusions reached are strongly supported by
the correlations between the various measures, internal and
external. None of these analyses indicate mechanisms for IE175's
action. However, they do represent a major increase in -
resolution of the anatomy of this protein, and will provide a
basis for molecular genetic analysis of function.

Partial denaturation mapping has shown that the highest G+C
region in the HSV-1l genome is the Rg element (50). Here we have
reported the sequence of Rg: 6633 base pairs of 79.5% G+C DNA.
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Table 3. Comparison of codon catalogue base compositions

Gene % (G+C) for each codon position
1st 2nd 3rd

HSV-1 IEl75 81.9 66.2 96.3

VzZV 140 68.1 57.2 67.0

T. thermophilus

isopropylmalate

dehydrogenase 72.8 48.6 89.4

Pseudorabies

virus glycoprotein 69.8 50.1 93.8

Within this lies the protein coding region of one gene only,
comprising 3894 base pairs of 81.5% G+C. Remarkably, this
sequence is transcribed by host cell RNA polymerase II and is
translated apparently by the unmodified host cell machinery in
the newly infected cell. Sequences of other genes of a
relatively high G+C content have been determined, although other
HSV genes so far analysed are generally around 65% G+C (see, for
instance, ref. 25). The two previously published, extreme
sequences are of the isopropylmalate dehydrogenase gene of the
bacterium Thermus thermophilus (51) and of a pseudorabies virus
glycoprotein gene (52). However, the coding regions of these are
70.3 and 71.2% G+C respectively, more than 10 percentage points
below the IE175 gene value. The codon set of the IEl175 gene
shows a third position G+C content of 96.3% (Table 3); that is, a
near saturation of the redundant third positions by G and C. On
the other hand, the second position value is 66.2%, and this is
consistent with maximal retention of a wide range of encoded
amino acid types. However, comparison with the codon position
compositions for the two genes mentioned above shows that most of
the difference between them and the IE175 codon set is in the
second position and to a lesser extent the first position (Table
3). We view this as indicating that evolution to the present
IE175 gene must have involved, to an unequalled extent, changes
in proportions of encoded amino acids.

One imagines that evolution of a gene in this manner must

create problems of functionality in the encoded protein and that
these problems, although evidently soluble, must affect the
relative fitnesses of progressively higher G+C versions of the
genotype. This emphasizes that powerful evolutionary forces must
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underlie such genome compositional effects. To put the biased
base composition of HSV-1l] Rg into context: this is only one
example of a characteristic herpesvirus phenomenon of large scale
base composition variation (53). This is seen at the whole
genome level (for instance, HSV-1 (67% G+C) versus VZV (46% G+C;
ref. 54)), and within one genome (for instance, Rg versus the
adjacent Ug region of HSV-1, which is 64.3% G+C; ref. 25).

We have no real idea of the nature of the evolutionary
forces which produce these effects. However, we outline here
proposed elements of their mechanisms of implementation. We
class them functionally as a mutation producer, a biasing
mechanism and a disseminator. The mutation producer could be
herpesvirus DNA polymerase (55,56). A biasing mechanism is
necessary to give directionality of base change to the effect.

In order to generate the full range of herpesvirus whole genome
base compositions (32 - 75% G+C; ref. 56), the biasing mechanism
must be capable of changing its directionality. Herpesvirus DNA
polymerase could supply the biasing mechanism, by favouring
introduction of appropriate mismatched residues (56). However,
we now propose a model in which bias is introduced by
recombination in DNA molecules within an infected cell, by a form
of biased gene conversion which allows (in the case of evolution
to high G+C) preferential survival of alleles containing G and C
residues instead of A and T at any given position, or,
equivalently, favours survival of some class of G+C rich
sequence. This mechanism is of the same class as proposed
mechanisms of multigene family evolution in eukaryotes
("molecular drive"; 57), which is of some aesthetic satisfaction.
Involvement of recombination (biased or not) is seen as a
mechanism for disseminating changes through an intracellular
herpesvirus genome population. This is not an essential element
of the scheme, for whole genome compositional variation, given a
sufficient mutation rate. However, we have to invoke
recombination (inter- or intra-genomic) between repeated regions
to explain differences in base composition between such repeats
and adjacent non repeated sequences, as in the case of HSV Rg.
Since the population size of repeat sequences, for the HSV genome
structure, is twice that of unique sequences, mutations in the
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repeat population should arise at twice the rate per sequence
site, and recombinational fixation can then accelerate the rate
of population base compositional change. Alternatively, if rate
of recombination is lower relative to mutation rate, so that only
a proportion of directionally favoured mutations becomes fixed in
the population, then intragenomic recombination provides for
repeats a class of mutation spread not available to unique
sequences.
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