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ABSTRACT Herpesvirus saimiri (HVS) is the prototype
member of a distinctive subset of lymphotropic herpesviruses
(the V2 subgroup) with A+T-rich coding sequences. In this
paper, we show that cells productively infected with HVS
contain high concentrations of a virus-specified thymidylate
synthase (5,10-methylenetetrahydrofolate:dUMP C-methyl-
transferase, EC 2.1.1.45); we identify the active polypeptide
and present the sequence of the virus gene. The predicted
amino acid sequence of the 294-residue subunit of the virus
enzyme is 70% homologous with the sequence of the human
enzyme and about 50% homologous with prokaryotic
thymidylate synthases, illustrating the remarkable structural
constraints imposed by the thymidylate synthase function.
However, the presence of the enzyme is not a conserved
property of herpesviruses. We find no evidence for a virus-
encoded thymidylate synthase activity (or a homology to a
thymidylate synthase sequence) in G+C-rich representatives of
a, (e.g., herpes simplex viruses, 66-68% G+C), P (i.e., human
cytomegalovirus, 58-59% G+C), and y1 (i.e., Epstein-Barr
virus, 60% G+C) herpesvirus subgroups. The production of
excess thymidylate by a virus thymidylate synthase in cells
infected with an A+T-rich herpesvirus would provide one
plausible source of biased mutations by the virus-encoded
replicative enzymes, which we have previously suggested as the
likely general cause of differences in the mean nucleotide
compositions of herpesvirus genomes.

Herpesviruses all have double-stranded, linear, DNA
genomes of >100 kilobase pairs (kbp), but the mean nucle-
otide compositions ofgenomes from different members of the
group range from 36% to 75% G+C. Herpesviruses also differ
markedly in their biological properties, and a subclassifica-
tion into a, /3, and y herpesvirus subgroups on the basis of
gross differences in these properties seems useful and is
consistent with more objective measures ofrelatedness (1, 2).
Thus, the a herpesviruses are neurotropic viruses with either
G+C-rich [e.g., herpes simplex viruses (HSV), 66-68%
G+C; of the a, subgroup] or A+T-rich [e.g., varicella-zoster
virus (VZV), 46% G+C; of the a2 subgroup] coding se-
quences. The /3 herpesviruses are the salivary gland inclusion
viruses or cytomegaloviruses (55-60% G+C), and the y
herpesviruses include the G+C-rich lymphotropic viruses of
man and Old World monkeys [e.g., Epstein-Barr virus
(EBV), 60% G+C; of the Vy subgroup] and the lymphotropic
herpesviruses ofNew World monkeys and lower vertebrates,
which have A+T-rich coding sequences [e.g., Herpesvirus
saimiri (HVS), 36% G+C; of the y2 subgroup (3)]. Even
within a subgroup, the sequences ofhomologous proteins can
be widely divergent, and comparisons of the sequences of

HSV, VZV, and EBV, while revealing some conserved
functions, also provide examples of coding sequences in one
herpesvirus that have no recognizable counterpart in another
(2, 4, 5). However, no correlation has yet been established
between the presence or absence of a given gene and any
subgroup-specific molecular or biological properties.
The virion DNA of HVS consists of a 110- to 112-kbp

segment of unique sequences with a mean composition of
36% G+C, terminated by multiple tandem arrays of a
1.44-kbp, noncoding, repeat unit of 71% G+C (3). The virus
naturally persists as an inapparent infection involving T
lymphocytes of the squirrel monkey (Saimiri sciureus) but
produces malignant lymphoproliferative diseases in other
New World primates. Tumor tissues and cell lines derived
from diseased animals or from in vitro immortalization
experiments with HVS, bear T-cell markers and contain
multiple copies of the virus genome as circular episomes (3).
Transcripts arising from the rightmost 3.5 kbp of the Kpn I D
fragment of virion DNA (3, 6) have been detected in such cell
lines. In this paper we show that this region of the HVS
genome contains the coding sequences for a highly conserved
thymidylate (dTMP) synthase (5,10-methylenetetrahydrofo-
late:dUMP C-methyltransferase, EC 2.1.1.45) and that this
enzyme is expressed at a high level in cells infected with
HVS. We further show that a virus-specific dTMP synthase
is not produced in cells infected with representatives of
G+C-rich herpesvirus subgroups.

MATERIALS AND METHODS

DNA Sequencing, Sequence Assembly, and Analysis. The
DNA sequence was determined independently both by di-
rected DNA-sequencing of HindIII subclones of the Kpn I D
fragment of HVS DNA (7) by the method of Maxam and
Gilbert (8) and, as part of the determination of the complete
sequence of the Kpn I D and E fragments (7) of HVS DNA,
by the application ofthe Sanger (9) dideoxy chain-terminating
sequencing method to random subfragments cloned into M13
mP18 using the methods developed and described in detail by
Barrell and his colleagues (10). The sequence was assembled
with the Staden (11) DB programs and analyzed with the
Molecular Genetics and Sequencing (MGS) suite ofprograms
developed and supported by B. Greer and P. Gillette (Com-
puting Laboratory, National Institute for Medical Research).

Cells and Viruses. Conditions for the growth of uninfected
Owl monkey kidney OMK-210 cells and for infections with
HVS strain 11 and with HSV type 1 (HSV-1) have been
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described in detail elsewhere (12). For the experiment illus-
trated in Fig. 2A, cells were infected with 20 plaque-forming
units per cell of HVS and harvested 40 hr later and with 10
plaque-forming units per cell of HSV-1 strain KOS and
harvested 12 hr later. For the experiment illustrated in Fig.
2B, cultures were labeled with 10 gCi (1 Ci = 37 GBq) of
[35S]methionine per ml (>800 Ci/mmol; Amersham Inter-
national, Bucks, U.K.) from 10 to 30 hr and were harvested
at 30 hr.

Preparation of Cell Extracts and Active-Site Labeling of
dTMP Synthase. Extracts of infected or uninfected cells were
prepared by sonically disrupting washed (phosphate-buffered
saline) cell suspensions (2 x 107 cells per ml) in a buffer
containing 50 mM Tris HCl (pH 7.5), 80 mM KCl, 10 mM
2-mercaptoethanol, 1 mM EDTA, and 0.1% Triton X-100 and
then taking the fraction that remained soluble after sedimen-
tation for 30 min at 30,000 rpm in a Beckman SW 41 rotor.
[32P]FdUMP (>5000 Ci/mmol) was synthesized from 5'-
fluoro-2-deoxyuridine (Sigma) and [y-32P]ATP (>5000 Ci/
mmol, Amersham International) using a partially purified
preparation of thymidine kinase from HSV-1-infected cells
and purified by preparative paper chromatography on
Whatman 3 MM paper with 1-butanol/acetic acid/water,
2:1:1 (vol/vol), as the developing solvent. Reaction mixtures
(0.1 ml) for the formation of the binary complexes (see text)
contained the soluble extract from 104 to 106 cells (Fig. 2) with
1-2 ,uCi of [32P]FdUMP in a solution containing 50 mM
Tris HCl (pH 7.4), 10 mM KF, and 20 mM 2-mercaptoeth-
anol. Reaction mixtures for the formation of the ternary
complexes (see text) also contained 0.23 mM 5,10-
methylenetetrahydrofolate formed by the addition of excess
(1.25 mM) formaldehyde to a 0.23 mM solution of
tetrahydrofolic acid (dl-5,6,7,8-tetrahydropteroyl-L-glutamic
acid; Sigma). Mixtures were incubated at 25°C in the dark for
1 hr and then either were denatured and analyzed by
NaDodSO4 gel electrophoresis or used as antigens in immu-
noprecipitation reactions.

In Vitro Translations, Immunoprecipitation, and Gel Elec-
trophoresis. In vitro translations used 0.04 ml of a commercial
nuclease-treated rabbit reticulocyte cell lysate (Anglian
Biotechnology, Colchester, U.K.) programed with 2-4 ,g of
poly(A)+ RNA prepared from uninfected or HVS-infected
OMK cells by guanidinium isothiocyanate extraction and
cesium chloride sedimentation (13), followed by oligo(dT)-
cellulose chromatography (14). The preparation and proper-
ties of the antiserum against viral 28- to 30-kDa polypeptides,
which we have called "anti-(28-30K)," and the monoclonal
antibodies and their use in immunoprecipitation have been
reported previously, as have the identification and properties
of HVS-specified polypeptides (12, 15, 16). All samples were
made to 2% NaDodSO4, 5% 2-mercaptoethanol, 0.05 M Tris
(pH 7.0), and 5% glycerol and were heated to 80°C for 10 min
prior to electrophoretic separation on 15% polyacrylamide
gels crosslinked with N,N'-diallyltartardiamide. Gels were
fixed, stained, dried, and exposed to x-ray film for the periods
indicated (Fig. 2).

RESULTS
DNA Sequence and Predicted Amino Acid Sequence of the

HVS dTMP Synthase Gene. Analyses of the DNA sequence
of the Kpn I D fragment of HVS DNA revealed that the
rightmost 3.5 kbp contained a single, large, "leftward"-
directed, open reading frame of 294 amino acids (Fig. la). A
global search for sequences homologous to this virus reading-
frame in the National Biomedical Research Foundation
amino acid sequence data bank (Georgetown University,
Washington, DC; 1984 edition) located highly significant
homologies to sequences of the dTMP synthases of
Lactobacillus casei and Escherichia coli. The significance of

these homologies was reinforced after the publication of the
sequence of the human dTMP synthase gene (18). Thus, the
predicted polypeptide product of the HVS reading frame was
found to be some 70% homologous to the sequence of the
human dTMP synthase gene and to exhibit the high degree of
homology to prokaryotic enzymes previously noted (18)
between the human and prokaryotic sequences (Fig. lb). We
know of no proven precedents for this activity encoded by a
herpesvirus or any other eukaryotic virus. Therefore, we
undertook to identify and characterize the virus gene product
and to determine if a dTMP synthase were encoded by
representatives of other subgroups of herpesviruses.

Direct Demonstration of a Functional dTMP Synthase in
Cells Infected with HVS. Extensive studies of the structure
and function of the dTMP synthase of L. casei have revealed
a number of properties of the reaction intermediates that
appear to be common to all such enzymes and that provide
an unusually direct, sensitive, and highly specific means of
detecting and identifying these proteins. Most usefully,
FdUMP acts as a "dead-end" inhibitor and forms a binary
complex with the enzyme so that =1 mol ofFdUMP is bound
per enzyme dimer to the active site cysteine (arrow in Fig. lb;
Cys-198 of the L. casei and Cys-146 of the E. coli sequences)
and, in the presence of 5,10-methylenetetrahydrofolate, this
is converted to a covalent ternary complex with about 2 mol
of FdUMP per mol of enzyme dimer (24, 25). These com-
plexes are stable to boiling in NaDodSO4, and FdUMP has
previously been shown to label and permit the identification
of the single cellular dTMP synthase polypeptide in crude
extracts of uninfected mouse and human cells separated by
NaDodSO4 gel electrophoresis (26). Fig. 2 summarizes re-
sults exploiting this assay to identify and characterize the
HVS-specific dTMP synthase polypeptide.

Evidence That Representatives of G+C-Rich Herpesvirus
Subgroups Do Not Encode dTMP Synthase. With the high-
specific-activity substrate used in these experiments, we can
readily detect the labeled HVS-specific polypeptide in ex-
tracts of 104 infected cells; under these same conditions we
detect no labeled virus-specific polypeptide in extracts from
up to 106 OMK (or rabbit kidney) cells infected with HSV-1
(e.g., Fig. 2a, compare lanes 4, 5, and 6), 106 Vero cells
infected with pseudorabies virus (strain Dekking), or 106
MRC-5 cells infected with human cytomegalovirus (strain
AD169, not shown). The electrophoretic mobilities of the
dTMP synthase polypeptides of uninfected OMK and rabbit
cells differ in a characteristic and reproducible way (e.g., Fig.
2c, lanes 10, 11, and 14), and the failure to observe any
virus-specific band after infections of either cell type with
HSV is therefore unlikely to be attributable to the coinci-
dental comigration of virus-induced and host polypeptides.
No significant homology to any of the known dTMP synthase
amino acid sequences (Fig. lb) was found in the 83 major
reading frames predicted from the complete sequence of the
human y herpesvirus EBV (4). Given the remarkable con-
servation of the sequence of this enzyme, the absence of a
homology constitutes good evidence for the absence of a
functional dTMP synthase from the genome of the B95-8
strain ofEBV. In contrast, the sequence of the VZV genome
(46% G+C; a2 subgroup) contains a highly conserved
homologue to the HVS dTMP synthase sequence (A. J.
Davison, personal communication), and enzyme-substrate
complexes with a virus-specific dTMP synthase polypeptide
are readily detected in extracts of cells infected with VZV (A.
Davison and R.W.H., unpublished results).

Identification of the HVS dTMP Synthase Polypeptide in
Vivo and in Vitro. We have shown that there are at least four
independent virus-specific polypeptides with molecular
masses in the range of 28-32 kDa (12, 15, 16) and that two of
these polypeptides have precursors that also migrate with
apparent masses in this range (i.e., 30-28 kDa and 31-29
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FIG. 1. (a) Nucleotide sequence and predicted amino acid sequence of the HVS dTMP synthase gene. The sequence shown-is of-the
"message-sense" strand of a leftward reading frame located between 100.5 and 99.6 kbp on the 111.0-kbp unique sequence component of the HVS
genome. The HindI site indicated at nucleotides 562-567 is that separating the 1284-bp and 921-bp HindIll subfiagments of Kpn I D fragment (7,
17). (b) Alignments ofthe predicted amino acid sequence ofthe HVS dTMP synthase (line A) with sequences ofhuman (18) (line B) and ofprokaryotic
[Lactobacillus casei, thyA (19) (line C); Escherichia coli, thyA (20) (line D); coliphage T4, thyA (21) (line E); and Bacillus subtifis phage 3T, thyP (22)
(line F)] dTMP synthase polypeptides. Residues that are identical in three or more sequences in the alignents shown are boxed and residues that
are identical in all six sequences are also underlined. Gaps introduced to give these alignments are indicated by dashes. The conserved cysteine that
forms a covalent bond with FdUMP in the binary complex (19, 20) and the region implicated as the binding site for folate and its analogues in the
ternary complex (23) are indicated by arrows. The numbering is with respect to the predicted amino acid sequence of the HVS polypeptide.
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FIG. 2. Identification of the HVS dTMP synthase (abbreviated here TS) polypeptide in extracts of infected cells (a and b) and in the products
of in vitro translation programed by poly(A)+ RNA from infected cells (c). The figure shows autoradiograms of polypeptides (designated by their
size or size range in kDa, abbreviated "K") separated by NaDodSO4/polyacrylamide gel electrophoresis from extracts of infected (HSV-Inf.)
and uninfected (Uninf.) OMK-210 cells labeled in vitro with [32P]FdUMP to give the covalent binary complexes or in the presence of
5,10-methylenetetrahydrofolate (5,10-MeTHF) to give the ternary complexes. h, hour(s); exp., exposure; p.i., postinfection; I.P., immuno-
precipitation. (a) Separations of binary and ternary complexes from HVS-infected cells readily detect novel virus-specific complexes (HVS-TS)
with sizes of 28-30 kDa in addition to the host enzyme complexes (OMK-TS). Virus-induced and cellular polypeptides are converted to slightly
faster migrating forms and are labeled at higher specific activity in the presence of 5,10-methylenetetrahydrofolate in addition to [32P]FdUMP
(lanes 2 and 3). No virus-specific band is detected in extracts from cells infected with HSV (lane 6). (b) The virus-specific TS is completely
precipitated by a monoprecipitin, polyclonal, rabbit antiserum to the HVS-specified 28-kDa and 30-kDa polypeptides ("anti-28-30K"; lanes 8a
and 8b). The HVS-TS is not precipitated by a hyperimmune, polyprecipitin antiserum to HVS-specified polypeptides, which reacts with many
virus-specified polypeptides, including others in the 28- to 32-kDa range ("anti-HVS"; lanes 7a and 7b), nor is it precipitated by a range of
monoclonal antibodies, including one directed against the 52-kDa immediate-early protein of HVS ("anti-IE"; lanes 9a and 9b). Prominent
virus-specified polypeptides represented in the immunoprecipitates from [35S]methionine-labeled extracts are annotated with their molecular
mass (150-28 kDa) as described previously (12). (c) Poly(A)+ RNA from infected cells specifically directs the synthesis of a polypeptide that
reacts with the active site-directed label (lanes 11 and 14), is precipitated by the "anti-(28-30K)" antiserum (lane 12), and comigrates with the
virus-specific complex formed with extracts of infected cells (compare lanes 10, 11, and 12).

kDa). A panel of monoclonal antibodies and a number of
polyclonal, monoprecipitin antisera have been useful in
resolving some of this complexity (12, 15, 16); therefore, we
tested our previously characterized antisera for their ability
to precipitate the dTMP synthase polypeptide of HVS. A
monoprecipitin rabbit antiserum against the 28- to 30-kDa
virus polypeptide specifically and completely precipitated
the virus dTMP synthase polypeptide (Fig. 2b, lanes 8a and
8b), whereas a polyprecipitin serum and monoclonal anti-
bodies that react with other virus polypeptides in this mass
range did not precipitate the virus dTMP synthase (e.g.,
anti-HVS; Fig. 2b, lanes 7a and 7b). The antiserum against
the viral 28- to 30-kDa polypeptide did not precipitate the
dTMP synthase activity from lysates of uninfected cells but
it did precipitate the host enzyme from infected cells (Fig. 2b;
lane 8b; see also Fig. 2c, lanes 12 and 13). We currently
assume that this is due to the formation of a proportion of
dimers of virus- and host-specified polypeptides. The active-
site-directed label also permits detection of the de novo

synthesis of the virus enzyme in a reticulocyte lysate pro-
gramed with poly(A)+ RNA from infected cells (Fig. 2c; lanes
11 and 12), although no synthesis of the OMK cell enzyme
was detected in experiments with RNA from infected or

uninfected cells (lanes 11 and 14). The antiserum against the
viral 28- to 30-kDa polypeptide precipitates the virus enzyme
and the endogenous reticulocyte enzyme in approximately
equimolar amounts from lysates programed with infected cell
RNA but does not precipitate the reticulocyte enzyme in the
absence ofthe virus enzyme (lanes 12 and 13), consistent with
the formation of mixed dimers in vitro as well as in vivo.

DISCUSSION
The presence of an active, highly conserved, gene for dTMP
synthase in representatives of A+T-rich herpesviruses and
the absence of this function from representatives of G+C-
rich herpesviruses has a number of implications. Firstly, the
sequence of the HVS enzyme is clearly more closely related
to the human sequence than it is to prokaryotic sequences.
However, the HVS enzyme displays the same high degree of
homology to the prokaryotic sequences as does the human
sequence, and the HVS and human sequences are at least as
similar to the bacteriophage sequences as the bacteriophage
sequences are to each other or to the sequences of the genes
from E. coli and L. casei. Despite this unusually high degree
of structural conservation, differential inhibition ofthe E. coli
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and coliphage T2 enzymes has been observed with some
folate analogues (27). Therefore, virus-encoded dTMP syn-
thase genes may represent a useful additional target for
selective chemotherapy of infections with A+T-rich
herpesviruses. In particular, the use of folate analogues to
inhibit dTMP synthase may increase the effectiveness of
those thymidine analogues that enter nucleotide pools after
phosphorylation by virus-encoded thymidine kinases.

Secondly, the present results provide a specific example of
a difference in the genetic repertoire of herpesviruses that
may correlate with some of the marked differences in the
mean nucleotide compositions oftheir genomes. Biochemical
and genetic evidence suggests that herpesvirus DNA repli-
cation is accomplished by a complex of virus-encoded
enzymes (28, 29). The general arguments for biased muta-
tions by this replicative complex as the source of the drift in
the composition of herpesvirus genomes have been stated
elsewhere (2). dTMP synthase appears to be part of a
replication complex in eukaryotic cells (30), and precursors
for DNA replication are probably channeled through this
complex (31). Ifthe virus-encoded dTMP synthase also forms
part of the virus replicative complex, its influence on the
supply of thymidylate for virus DNA synthesis may contrib-
ute to the nonselected bias in base substitutions that have
produced the A+T-rich coding sequences of some subgroups
of herpesviruses.

Finally, our interest in the functions encoded by this
portion of the Kpn I D fragment ofHVS DNA arose because
of the detection of transcripts complementary to this region
of the virus genome in a lymphoid tumor cell line (6) and in
preparations of RNA from cells infected in the presence of
cycloheximide (17). However, subsequent analyses have
mapped the major immediate-early transcription unit else-
where (within the Msp I H/HindIII G fragment, 25-29 kbp
from the "left" end of the coding sequences of HVS DNA)
and have shown that the major transcript crossing the dTMP
synthase reading frame is the product of an abundantly
transcribed late promoter in productively infected cells (E.
Smith and R.W.H., unpublished data). We have shown here
that the HVS dTMP synthase polypeptide is specifically
immunoprecipitated by the monoprecipitin antiserum against
the viral 28- to 30-kDa polypeptide, and we previously
reported that both the 30-kDa nuclear precursor and the
28-kDa cytoplasmic product which are precipitated by this
serum are late gene products (12). The significance of the
detection of transcripts from this region of the HVS genome
in lymphoblastoid cell lines is therefore uncertain. The
availability of the sequence of this region ofthe virus genome
should facilitate the construction of viruses with alterations
to the dTMP synthase-encoding sequences in order to eval-
uate the role of this function in infection and transformation.

R.W.H. thanks B. G. Barrell and K. Weston for an introduction to
their methods of "shotgun" cloning and DNA sequencing and Drs.
R. Staden, J. Green, B. Greer, and P. Gillett for the necessary
computer programs and support for the compilation and analysis of
DNA sequences.
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