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We have determined the complete nucleotide sequence of the thymidine kinase
gene of herpes simplex virus (HSV) type 2 strain 333. The sequence of the
thymidine kinase gene exhibits an open translational reading frame of 1,128
nucleotides encoding a protein of 376 amino acids. The DNA sequence was
compared with that of the HSV type 1 thymidine kinase gene from strain MP
(S. L. McKnight, Nucleic Acids Res. 8:5949-5964, 1980) and from strain CL 101
(M. J. Wagner, J. A. Sharp, and W. C. Summers, Proc. Natl. Acad. Sci. U.S.A.
78:1441-1445, 1981) to assess the extent of intra- and intertypic variation for one
viral gene. The nucleotides encoding the structural gene varied 1.7% between the
two HSV type 1 strains and 19% between HSV type 1 and HSV type 2, which
translated to differences in the amino acid sequence of the two proteins of 1.9 and
27%, respectively. The DNA encoding the 5' regulatory sequences appeared to be
more conserved than the DNA coding for the structural gene, and the DNA at the
3' end of the gene was the least homologous.

A great deal of interest has centered on the
thymidine kinase (TK) gene encoded by herpes
simplex virus (HSV) for several reasons. First,
the gene is readily amenable to biochemical and
genetic analyses because of the powerful selec-
tion procedures for and against the gene (15) and
because TK is not an essential viral gene. Sec-
ond, it is a model of gene regulation, in that in
virally infected cells, TK transcription is regulat-
ed both positively and negatively by other viral
products (11, 13, 26). However, when the gene is
introduced into other cells it can be expressed in
the absence of other viral products (16, 40)
although the regulatory sequences recognized
by superinfection remain closely associated with
the TK gene (13, 41). Third, the ease with which
the TK gene can be transferred to cells has
facilitated the study of integration and retention
of viral sequences into chromosomal DNA (14,
25) and has provided a versatile method for
introducing other foreign genes into eucaryotic
cells (12, 17). And finally, because the viral TK
has a much broader range of phosphorylation
substrates than does the cellular enzyme, it has
become a target for antiviral therapy (5).
Both genetic (9) and biochemical transfer ex-

periments (20, 28, 29, 40) have located the TK
gene of HSV types 1 and 2 (HSV-1 and HSV-2,
respectively) at a colinear position on the HSV
genome around map position 0.30. The exact
nature of the sequences coding for the HSV-1
TK gene has been determined for two strains,
MP (21) and CL 101 (39). These results indicate

that (i) the mRNA specifying TK is slightly more
than 1,300 nucleotides, and the gene apparently
contains no intervening sequences; (ii) there is
an untranslated stretch of 107 nucleotides at the
5' end of the RNA, and, beginning with the ATG
closest to the start of the message, there is an
open reading frame of 1,128 nucleotides; and (iii)
signals which have been implicated in the con-
trol of transcription of several eucaryotic genes
were found at appropriate locations at the 5' and
3' ends of the TK gene.
To study the HSV-2 TK gene more fully, we

have determined the nucleotide sequence of this
region of the genome from a plasmid clone
containing a BglII-HindIII fragment of HSV-2
strain 333 DNA inserted into pBR322 (7). We
have previously shown that the cloned DNA is
able to biochemically transform Ltk- cells (20).
A restriction map of the plasmid is shown in Fig.
1, as is the strategy used to sequence the HSV-2
TK gene. Fragments of viral DNA were purified
from the recombinant plasmid, cleaved with
restriction enzymes, and cloned into appropriate
sites made in the replicative form of the single-
stranded phage vectors M13 mp8, mp9, and
mplO (24). Initially, a fragment extending from
the SacI (position 0.298) to the SalI site in
pBR322 was purified and was treated as follows:
(i) the fragment was cleaved with PstI and
cloned into the PstI site of M13 mp8 to yield four
phage, i.e., the two PstI fragments in both
orientations; (ii) the fragment was cleaved with
three combinations of enzymes PstI and EcoRI,
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FIG. 1. Strategy used to sequence the HSV-2 TK gene. The bottom line indicates the map coordinates of
restriction enzyme sites around the TK gene along the HSV-2 genome. Plasmid pDG504 contains a BglII-
HindIII fragment of HSV-2 DNA inserted into pBR322. The positions of cleavage by HpaII (T) and Sau3A (')
are shown above the fragment. The M13 clones are denoted by arrows which indicate which strand ofDNA was
contained within the clone. The length of the arrow indicates the amount of sequence that was obtained, not
necessarily the size of the fragment.

PstI and BamHI, and EcoRI and BamHI, and
the resulting fragments were cloned into M13
mp8 and M13 mp9 that had been cleaved with
the same combination of enzymes. Three small-
er fragments of viral DNA were purified from
the TK plasmid, including one extending from
the BamHI site (position 0.311) to the SacI site
(0.298); a second fragment extending from the
PstI site (0.313) to the KpnI site (0.308); and a
third fragment extending from the BamHI site
(0.311) to the KpnI site (0.308). The first frag-
ment was treated as follows: (i) it was cleaved
with Sau3A and cloned into BamHI-cleaved
M13 mp8; (ii) it was cleaved with HpaII and
cloned into Accl-cleaved M13 mp8; or (iii) it was
cleaved with PstI and Sau3A and inserted into
M13 mp8 which had been cleaved with PstI and
BamHI. The two smaller fragments of viral
DNA were cleaved with HpaII and cloned into
AccI-cleaved M13 mplO. This library of recom-
binant phage (Fig. 1) assured that sequence data
could be obtained from both strands of the entire
HSV-2 TK gene, usually from more than one
template.
The mature single-stranded phage were puri-

fied from the culture media, and the DNA which
was obtained by deproteinization (33) was used
as a template for sequence analysis by the dide-
oxynucleoside triphosphate chain termination
method (32). A 17-residue fragment (a gift from
R. Gelinas, Fred Hutchinson Cancer Research
Center, Seattle, Wash.) adjacent to the cloning
site was used to prime the DNA synthesis reac-
tion which was extended by Klenow polymerase
(New England Nuclear Corp.) in the presence of
["2P]dCTP and [12P]TTP, unlabeled dATP and

dGTP, one dideoxynucleotide in each of four
reactions, 6.6 mM NaCl, 6.6 mM Tris-hydro-
chloride (pH 7.5), 6.6 mM MgCl, and 6.6 mM
dithiothreitol for 15 min at room temperature.
The products of elongation were displayed on
thin (0.35-mm) 6 or 8% urea polyacrylamide gels
(31). To resolve compressed bases, we separat-
ed the products on 15% formamide polyacryl-
amide gels. The nucleotide sequence data from
each template was entered into a VAX/VMS
computer, and the sequence was compiled and
analyzed using previously established programs
(8, 35, 36).
The nucleotide sequence of the noncoding

strand of the HSV-2 TK gene is shown in Fig. 2.
Beginning at the PvuII site, 1,600 nucleotides
which overlap the previously reported sequence
of the HSV-1 TK gene (21, 39) are presented.
We have not located the exact start of the HSV-
2 TK mRNA, but have compared the DNA
sequence of the region with that of HSV-1.
Sequences located at the 5' end of the TK gene,
i.e., between the PvuII site and the ATG initia-
tion codon (nucleotides 310 to 313), are very
similar between HSV-1 and -2. The numbers of
nucleotides are identical, and the sequences are
89% homologous. Comparison of the DNA se-
quences of a number of eucaryotic and viral
genes have implicated two classes of conserved
sequences as important in transcriptional con-
trol (1, 3). Presumably, the sequences
CATATTA and GGCGAATTC which are identi-
cal in both HSV-1 and HSV-2 and are located
the correct distance outside the transcribed re-
gion have a regulatory function. McKnight et al.
have studied the transcriptional control signals
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CAGCTGCTTC ATGCCCGTGG
* * *

GTCTTTAGCT CCAGGATGAC
* * *

AGTCTGGGCG GCGCGGCCCG
*

ACCCTGCAGC GACCCGCTCA
** * *

TCTCGGGCGA ACGCCTTGTA
* * * **
TCAGGCTGCT CGTGCGAGCG
* * * ** * *
TCCGAAGCCC GCGGGGATCC

GGAAGACCAC CACCTCCGCG

GCCGATGACT TACTGGCAGG
* ** *

CTGGACCGCG GCGAGATATC
* * * *
CGCCTTATGC GGCGACGGAC

**
GCCCCCGGCC CTCACCCTTG

* *
TACCTCATGG GAAGCATGAC

* * * ** * *
GCACGAACCT GGTCCTGGGT
* *
GGGCGAGCGG CTTGACCTGG

* *
CGGTACCTGC AGCGCGGCGG
* **** ** * * **
CGCGCCCCGA CCCCGAGGAC

CGTCCGA CTGC*
CGTTCCCGAG CTGCTGGCCC
* *
GACCGCCTCC

* **
TGTTGCGCCT

CCTGGCGCGC

* *
TTCCGATGCA
* *
CACCGCCGGG

ACGTTTGCCC

* * * *
TCCGCTGTTC GCGTTTGCTG GCCGTGTCCC

* * * * * *
GCACACACCT CCCAACGTTT TGTCATEGC

r ~~~~*
AGGTCCACTT CATATTS GGTGACGCGC
* * * * * *
TCAGCGTCAG CAGCGTTCCA CAAATCCTGG

* ** * * *
GAAGCGGG IWjGCTTCTCA CGCCGGCCAA
* * * * * * ** ** *

GGCCTACCGA CGGCCGCGCG GCGTCCCGTC

* ** ~~*
GGAGCTGCCC ACGCTGCTGC GGGTTTATAT
* * _ _**

CAGCTGATGG AGGCCCTGGG GCCGCGCGAC

TGCTGGGGGC CTCCGAGACC CTGACGAACA
* *

GGCCGGGGAG GCGGCGGTGG TAATGACCAG
* *

GCCGTTTTGG CTCCTCATAT CGGGGGGGAG
* * * * * *

TTTTCGACCG GCACCCTATC GCCTCCCTGC
*

CCCCCAGGCC GTGTTGGCGT TCGTGGCCCT
* * ** **

GTCCTTCCGG AGGCCGAACA CGCCGACCGC
* * * * * *

CCATGCTGTC CGCCATTCGC CGTGTCTACG
** * * * * **

GAGGTGGCGG GAGGACTGGG GCCGGCTGAC
** ** * ** * * *
GGCGCGGGGT CTCTGCCCCG CATCGAGGAC

* * ** * *
CCAACGGGGA CTTGTACCAC ATTTTTGCCT
** * * * *
TCTATTTGTC CTGGATTACG ATCAGTCGCC

* ** * * * * *
ATGATCCCAA CCCGCGTCAC AACCGCCGGG

* *
* *** *_

GCGAGGTGGG GGGAGT AG TTCAAACACG
+1
A ** *

CCCGGCGATG ACGGqAATAAAA~GAACAcG4ATAAAAGCAT TGTTGTCGTG
** ***A*C**A*C*****

GGGTTCGGGG CCAGGGCTGG, CACCGTATCA GCACCCCACC GAAAAACGGA

**
CGGAAGAAAT CGATTTGCAT

GAATT¢GAAC ACGCAGATGC
*

GTGGCCTCGA ACAGCGAGCG

,IV

140

210

** 280
TGGCGTTGAA CTCCCGCACC

* * ~ *350
CAGCACGCGC CTGCGTTCGG

** * * * ** 420
CTAGCCATCG CCAGGGGGCC

* * * 490
AGACGGACCC CACGGGGTGG
* * 560
AATATCGTCT ACGTCCCCGA

* * * ~*630
TCTACAACAC GCAGCACCGT

* 700
CGCCCAGATA ACAATGAGCA

* * ** * * 770
GCTGTGGGCC CGCAAGCCCC

* 840
TGTGCTACCC GGCCGCGCGG

* * ** 910
CATGCCCCCG ACCGCGCCCG
* * 980

CTGGCCAGAC GCCAACGCCC
** * * * 1050
ATCTACTCGC CAACACGGTG

*** * * * 1120
GGGGGTCGCC GCGGCGACCC

* * * * 1190
ACGCTGTTTG CCCTGTTCCG

* 1260
GGGTCTTGGA CGTCTTGGCC

* * * * 1330
CGTCGGGTGT CGAGACGCCC

** ** * ** 1400
TCCATCGCCG AGATACGCGA

+4**** **1470
GAAGCCCGAA CGGAAGGCCT
**** 1540

TGGTGTGTCC ATAAGCGCGG
** * * 1610
GCGGGCCGAT C

FIG. 2. Nucleotide sequence of the HSV-2 TK gene. The noncoding strand of the nucleotide sequence is
shown. Features of interest are boxed. Symbols above a nucleotide indicate: *, the nucleotide differed from
the one that was present in either of the two sequences of the HSV-1 TK gene; -, the nucleotide was deleted in
the HSV-1 sequence; +n, some number (n) of nucleotides was present in the HSV-1 sequence that was not
present in the HSV-2 sequence. The positions of the insertions or deletions were made to maximize homology.
The arrow above nucleotide 201 indicates the start of the HSV-1 TK mRNA.

of the HSV-1 TK gene by constructing a series
of deletion mutants (22) and "linker scanning"
mutants (23) and assaying the transcriptional
competence of the mutants by microinjection
into frog oocytes. Their results identify three
separate segments of DNA located upstream
from the 5' terminus of the TK gene into which
the introduction of mutations alters transcrip-

tion. The first segment, located between 16 and
32 nucleotides upstream from the start of the
mRNA, contains the TATA homology and is
identical between HSV-1 and HSV-2. The
second element, located between 47 and 61
nucleotides upstream from the mRNA start,
contains the guanosine-rich sequence 5'-
GGGGCGGCGCGG-3'. These sequences are
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FIG. 3. Location of amino acid substitutions along the TK enzyme of HSV-2 compared with that of HSV-1.
Along the top molecule, the vertical bars indicate the positions of any amino acid differences. The vertical bars
along the bottom molecule indicate the positions of amino acids with different charges.

the same in HSV-2 except that the 5'-most
guanosine is replaced by thymidine. The third
element is located between 80 and 105 nucleo-
tides from the start site and contains a cytosine-
rich component, six base pairs of which pair
exactly with sequences in the guanosine-rich
segment CCCCGCC. In HSV-2, however, the
sequence reads CACCTCC, making an intra-
strand interaction between these two elements
unlikely. Within the third component, two other
nucleotide changes were present, a cytosine-
thymidine transition at -92 and a guanosine-
adenosine transition at -96. Our sequence of
this region did not contain the guanosine-adeno-
sine transition at -83 tentatively reported by
Reyes et al. (28) and replaced their X at -92
with a thymidine. By simply comparing those
sequences which are most conserved between
HSV-1 and HSV-2 as an indication of which
sequences may serve a regulatory function com-
mon to the two viruses, our data have located
two nucleotide stretches of 34 and 28 which are
perfectly identical. In Fig. 2 these regions fall
between nucleotides 110 to 144 and 161 to 189.
These regions encompass the so-called CAT and
TATA homologies and are located 57 to 91 and
12 to 40 nucleotides upstream from the start of
the mRNA (nucleotide 201 in Fig. 2).
The nucleotide sequence of the HSV-2 TK

gene has an open reading frame of 376 codons
extending from the ATG most proximal to the 5'
end of the TK mRNA to a TAG termination
signal 1,128 nucleotides downstream. The read-
ing frame is the same as that used by HSV-1, and
the number of amino acids specifying the two
enzymes is constant, except that the HSV-2
sequence contains an additional three nucleo-
tides, GAG (nucleotides 520 to 522), resulting in
the insertion of a glutamic acid residue after
amino acid 70. To compensate, the termination
codon in the HSV-2 mRNA precedes that of
HSV-1 by three nucleotides, having a sequence
of UAGUUC in HSV-2 and AACUGA in HSV-
1. The nucleic acid homology within the coding
region of the TK gene is less well conserved than
is the homology within the 5' flanking se-
quences. Approximately 20% of the nucleotides
do not match, and these are scattered through-
out the gene. Nearly half of the nucleotide
differences result in amino acid substitutions.
Figure 3 indicates the positions at which the 102

amino acid substitutions occur. The changes are
spread throughout the protein, with particular
clusters from amino acids 20 to 40 and 260 to
280. Although some of the substitutions are
conservative, e.g., valine to isoleucine, many of
the changes affect either the charge or the polari-
ty of the residues. Without further experiments,
it is impossible to predict which residues are
involved in the catalytic activities of the enzyme
or which residues confer properties which are
type specific, e.g., thermolability (37), sensitiv-
ity to bromovinyl-2-deoxyuridine (6), etc. In
comparison, there were many fewer intratypic
changes between the two strains of HSV-1.
Within the coding region, there were 19 nucleo-
tide changes (1.7%) which resulted in seven
different amino acids (1.9%), five of which were
conservative changes. In addition, at five of
those seven substitutions, the HSV-2 residue
was identical to the amino acid of one of the two
strains of HSV-1.
The degree of amino acid relatedness between

the two viral enzymes is not very different from
that seen for the enzyme dihydrofolate reduc-
tase among animal species. Amino acid se-
quence identities of 72 to 89% for this enzyme
from chicken, bovine, and porcine liver proteins
have been reported (38), in contrast to around
25% identity between animal and bacterial
forms or even between different species of bac-
teria (18). Despite the marked differences in
amino acid sequence, the crystal structures of
the various dihydrofolate reductases were very
similar (18, 38). A review of the DNA sequences
of representatives of different classes of
adenoviruses has shown that the relatedness of
viral proteins can vary greatly (30). For in-
stance, the tumor antigens encoded by early
region la are only about 40% identical, whereas
the IVa2 protein, which is involved in virion
assembly, exceeds 90% amino acid identity.
The sequence of HSV-2 DNA located at the 3'

end of the gene is the region with the least
similarity to HSV-1, although significant fea-
tures are identical. Both viruses contain two
polyadenylation signals, AATAAAA (27). Inter-
estingly, in both viral DNAs the first adenosine
of the signal is located 46 bases downstream of
the last nucleotide of the termination codon
although the intervening sequences are only 75%
homologous, including insertions and deletions
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TABLE 1. Comparison of intra- and intertypic differences in the TK gene

No of: No. of differences (%)
Region' Strain MP/strain 101 Strain MP/strain 333 Strain 101/strain 333

Nucleotides Amino acids Nucleotides Amino acids Nucleotides Amino acids Nucleotides Amino acids

5' 309 3 (1.0) 33 (11) 34 (11)
Coding 1,128 376 19 (1.7) 7 (1.9) 215 (19) 101 (27) 219 (19) 102 (27)
3t 164b 0 (0) 40 (24) 40 (24)

Total 1,601 22 (1.4) 288 (18) 393 (18)

a The regions 5' and 3' refer to the DNA that was sequenced on either side of the coding region of the gene, and
this does not imply that all of the sequences have any physiological relation to the TK gene.

b The number of nucleotides indicated was determined from the HSV-2 sequence. The HSV-1 3' region has
166 nucleotides, and the other two regions have the same number of nucleotides in both HSV-1 and HSV-2.

of nucleotides. Within this stretch is a recogni-
tion site (AGGCCT) for cleavage by Stul, which
explains the reduced transforming efficiency
seen by Reyes et al. (28) and corrects the
position to within the 3' regulatory sequences.
Within the 100 nucleotides after the polyadeny-
lation signals, the homology between HSV-1 and
HSV-2 was also around 75%, whereas there
were no differences in the entire 3' region be-
tween the two strains of HSV-1. A recent report
by Sharp et al. (34) has located the 5' end of a
late mRNA encoded by HSV-1 23 nucleotides
downstream from the first polyadenylation site
for the TK mRNA and places the regulatory
sequences for the message within the 3' untrans-
lated region of the TK mRNA. Interestingly, the
region, which appears to serve as a CAT homo-
log, has an entirely different sequence in HSV-2.
Precisely at the start of the HSV-1 sequence
GAGACAATAC there are four fewer nucleo-
tides, followed by the sequence CCCGAA. The
homology on either side of the CAT box is good,
with perfect matches 11 bases upstream and 7
bases downstream. The other putative regula-
tory sites appear to be better conserved. A
repeat of the sequence AATAAAA, which could
serve as the TATA homolog, is present in HSV-
2, as is the sequence at the start of the HSV-1
mRNA, CATAA. It will be important to deter-
mine whether this RNA is synthesized during an
HSV-2 infection and, if it is, to determine how it
is regulated and which sequences are important
in its regulation. A summary of the intra- and
intertypic nucleotide differences located
throughout the TK region is shown in Table 1.
The information derived from comparative

DNA sequence studies of related viruses is of
central importance in determining the true de-
gree of relatedness of the HSVs and in suggest-
ing a mechanism of evolution. The analysis of
this single gene only represents a first step, but
may indicate that the homology is more substan-
tial than was predicted by hybridization (10) or
heteroduplex methods. If the nucleotide changes

are randomly scattered along the genome so that
segments with perfect complementarity are lim-
ited to less than 25 nucleotides, it may be that
the sequences of HSV-1 and HSV-2 are 70 to
90% homologous.

Although dramatic chromosomal rearrange-
ments produced by transposable elements (2)
may be the major means of affecting adaptation
and speciation (19), there is no evidence for this
sort of change within this region of the HSV
genome. Clearly, a series of single base changes
are the basis of variation between the HSV-1
and HSV-2 TK gene. The observed variation is
very conservative. Transitions and transver-
sions occur at approximately equal frequency
and are much more common than insertions or
deletions. When the latter occur they are more
common within the noncoding region, in this
case within the 3' untranslated sequences. In the
one instance in which a deletion occurred within
the coding region, three nucleotides were de-
leted, which maintained the previous reading
frame. Whether this DNA sequence analysis
provides any generalities about the evolution of
the HSVs remains to be seen. Perhaps there are
constraints on the variability of the TK gene that
will not be found in other classes of viral pro-
teins, e.g., virion components, or in the noncod-
ing regions of the genome. Our studies on a
38,000-molecular-weight protein encoded
around position 0.58 on the HSV-2 genome have
revealed a similar pattern of variation compared
with the homologous HSV-1 protein (4) as seen
for the TK gene, except that significant differ-
ences occur within the 5' untranslated region
(unpublished data). We hope that DNA se-
quence analysis will eventually shed some light
upon the progenitors of this interesting class of
viruses.

We thank Richard Gelinas for his patient instructions on
M13 cloning, dideoxynucleotide sequencing, and computer
analysis. We also thank Devin Harrison for technical assist-
ance, Paul Su for artwork, and Ann Kritzberger for help with
the manuscript.
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