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The thymidine kinase gene encoded by herpesvirus of turkeys has been identified and characterized. A viral
mutant (ATR°) resistant to 1-P-D-arabinofuranosylthymine was isolated. This mutant was also resistant to 1-
(2-fluoro-2-deoxy-I1-D-arabinofuronosyl)-5-methyluracil and was unable to incorporate [1251]deoxycytidine into
DNA. The mutant phenotype was rescued by a cloned region of the turkey herpesvirus genome whose DNA
sequence was found to contain an open reading frame similar to that for known thymidine kinases from other
viruses. When expressed in Escherichia coli, this open reading frame complemented a thymidine kinase-
deficient strain and resulted in thymidine kinase activity in extracts assayed in vitro.

Herpesvirus of turkeys (HVT) is a nonpathogenic, natu-
rally occurring virus that is closely related to the oncogenic
Marek's disease virus. HVT vaccination is used widely to
control Marek's disease in domestic poultry. The two vi-
ruses share extensive homology across the length of their
155-kilobase (kb) genomes (8, 11, 31), and the basic structure
of their genome is similar to the genomes of herpes simplex
virus and varicella-zoster virus (2, 5).

Previous biochemical evidence suggests that HVT, like
many other large-DNA viruses studied to date, encodes its
own gene for thymidine kinase (TK). Extracts prepared from
HVT-infected cells have on the order of 10-fold-greater TK
activity than similar extracts made from uninfected cells (21,
32). This TK activity is associated with the presence of a

protein that is unique to infected cells, although these
experiments do not prove that the protein is virus encoded
(21). In addition, growth of HVT in primary cultures of
chicken embryo fibroblasts (CEF) is inhibited by fluoroara-
binsylpyrimidine nucleotides (32). In the case of herpes
simplex virus, it is known that virally-encoded TK differs
significantly from the TK encoded by the mammalian host
cell. Animal cell TKs are highly specific for a single sub-
strate, thymidine. In contrast, the viral TKs phosphorylate a

wide variety of pyrimidines. This difference in substrate
specificity is particularly significant in the case of haloge-
nated pyrimidines such as 5-bromodeoxycytidine, 5-iodode-
oxycytidine (6), and the fluoroarabinosylpyrimidines.
These differences in the substrate specificities of viral and

host TKs proved particularly valuable during the course of
this study. In order to document the existence of an HVT-
encoded TK and then identify the DNA sequences encoding
TK, we set out to isolate TK- mutants. The region of DNA
encoding TK could then be identified by marker rescue

experiments (17, 34). In the case of herpes simplex virus,
viral TK appears to be nonessential for growth in cell
culture. In addition, the use ofTK- host cells and a selective
medium has allowed selection for either TK or TK- virus
(36). For HVT, the experimental strategy was necessarily
less straightforward. HVT does not grow in mammalian cells
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(25, 30; also our unpublished observations), and we are

unaware of suitable avian TK- cell lines. Therefore, in order
to isolate a TK- mutant and then identify the DNA se-

quences containing the TK gene, we made use of the
differential abilities of cellular and viral TKs to phosphory-
late various pyrimidine nucleoside analogs. In the case of
HVT, the successful selection strategy for isolation of TK-
mutants relied upon the inability of the wild-type virus (and
the ability of the mutant) to grow in the presence of 1-
3-D-arabinofuranosylthymine (AraT) (26). Viruses with the

restored TK+ phenotype after marker rescue experiments
were then identified by screening for plaques that could
incorporate [1251]deoxycytidine into DNA (35). This screen

was aided by an unexpected growth advantage of wild-type
HVT compared with AraT-resistant mutants of HVT.

Tissue culture medium, medium 199E, was purchased
from GIBCO Laboratories, Grand Island, N.Y., and serum

was purchased from HyClone Laboratories, Logan, Utah, or

Hazleton Research Products, Inc., Lenexa, Kans. HVT
FC126 was obtained from B. Calnek (Cornell University)
and was grown in primary or secondary CEF in medium
199E supplemented with 2 to 10%7 fetal bovine serum. CEF
were prepared by standard procedures from pathogen-free
(S- SPF COFAL Marek's gs (lif-39) chicken eggs which
were purchased from SPAFAS, Inc., Norwich, Conn., and
incubated for 10 days prior to CEF preparation. Virus stocks
were passaged or prepared for freezing as cell-associated or

cell-free stocks from infected cells showing greater than 70%
cytopathic effect, as described previously (4).

HVT-infected CEF, but not uninfected CEF, are able to
convert [125I]deoxycytidine (>700 Ci/mmol; Dupont, NEN
Research Products, Boston, Mass.) into acid-precipitable
material. AraT (Calbiochem-Behring, La Jolla, Calif., or

Sigma Chemical Co., St. Louis, Mo.) has little effect on the
growth of CEF but completely inhibits the ability of wild-
type HVT to form plaques on CEF. To isolate AraT-
resistant mutants, 2 x 104 PFU of cell-free HVT were

absorbed to monolayers of CEF containing 2 x 107 cells in

150-mm dishes. After 30 min, 30 ml of medium 199E.
supplemented with 5% fetal bovine serum and 100 pLg of
AraT per ml, was added. Cells were fed with fresh medium
(substituting 5% fetal bovine serum for 2%) 2 days postin-
fection. Monolayers were screened microscopically for
plaques 4 days postinfection. One AraT-resistant mutant,
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ATR°, was isolated in our initial screen of 2 x 105 PFU.
Subsequently, two additional independent AraT-resistant
mutants, ATR1 and ATR5, were isolated by this procedure.
These mutants all failed to incorporate [125I]deoxycytidine

into acid-precipitable material. In addition, they grew more
slowly than the wild type and consistently yielded stocks
with 10- to 50-fold-lower titers. Our studies have focused on
ATR°; however, in all aspects tested, ATR1 and ATR5
behaved as did ATR". ATR" is also resistant to 1-(2-fluoro-
2-deoxy-,3-D-arabinofuranosyl)-5-methyluracil (B. Calnek,
personal communication). [125I]deoxycytidine-positive
plaques (35) were obtained when CEF were infected with
wild-type HVT but not with ATR°. This property was used
to identify the TK gene in marker rescue experiments.

High-molecular-weight, total infected-cell DNA was made
by standard procedures (24). Roughly 10% of the DNA
prepared in this manner is viral (27; our unpublished results);
the remainder is from the CEF. Total HVT-infected-CEF
DNA is infectious when transfected into CEF by standard
procedures (13) for calcium phosphate precipitation. In our
hands, transfection typically resulted in an average of 10
PFU/,ug of total infected-CEF DNA. Total HVT-infected-
CEF DNA was rendered noninfectious by cleavage with the
restriction endonucleases Sall (restriction enzymes were
purchased from Boehringer Mannheim Biochemicals, India-
napolis, Ind.; Bethesda Research Laboratories, Inc., Gaith-
ersburg, Md.; or New England BioLabs, Inc., Beverly,
Mass. and used according to the recommendations of the
manufacturer) and then cotransfected with infectious ATR`
DNA into CEF. Plaques were obtained, and some of them
were able to incorporate [125I]deoxycytidine in the plaque
assay. Our collection of 17 EMBL3 bacteriophage clones
containing wild-type HVT DNA inserts was then screened
by using a similar protocol to identify the segment of HVT
DNA that restored wild-type function to ATR". These phage
clones were representatives from an HVT library made from
total infected-cell DNA which was partially cleaved with the
restriction endonuclease Sau3AI. DNA fragments (15 to 20
kb were ligated into BainHI-cleaved EMBL3 DNA (7)
(Stratagene, San Diego, Calif.) and packaged in vitro (Giga-
pack Plus; Stratagene). The subset of clones containing HVT
DNA was identified by screening plaque lifts with a nick-
translated (Bethesda Research Laboratories) HVT-specific
probe made with gel-purified (9) HVT DNA. Figure 1A
shows autoradiograms of plaques obtained when DNA from
six of the HVT-containing recombinant phage clones was
cleaved with Sall and cotransfected into CEF with ATR"
DNA. Of the 17 tested, only 4 members from this group of 6
EMBL3 clones containing contiguous HVT DNA inserts
were found to restore both the ability to incorporate
[125I]deoxycytidine and the wild-type growth rate upon
cotransfection (Fig. lB and C). These phages defined the
region of DNA that contained the wild-type counterpart of
ATRO as lying within a 4-kb region. The location was further

delineated by making a series of 3'-end deletions of the
6.3-kb Sall fragment, pllA (Fig. 1D), and assaying their
ability to rescue the ATR° phenotype. These results local-
ized the site of the mutation of ATR° to a specific region of
the HVT genome less than 1 kb in length.
The DNA sequence of 2,033 base pairs, bounded by two

Clal restriction endonuclease cleavage sites (Fig. 1D) and
encompassing the ATR' region as defined by marker rescue
experiments, was determined (1, 16). These sequence data
were analyzed with Pustell programs (International Biotech-
nologies, Inc., New Haven, Conn., and PC/GENE, Intelli-
Genetics, Mountain View, Calif.). Within this region there is
an open reading frame of 310 amino acids (ORF1) with the
potential of encoding a protein whose predicted molecular
weight is 35,510 daltons (Fig. 2A). This putative protein is
similar to a number of TKs in the region known to be the
nucleotide-binding pocket (Fig. 2B).

In order to demonstrate that ORF1 encodes a functional
TK, it was fused in-frame to the P-galactosidase gene in
pUC18 to obtain pUC18-ORF1 (Fig. 3A). For this, the 2.5-kb
XbaI fragment from pliA, encompassing most of ORF1,
was inserted into XbaI-cut pUC18 (Fig. 3A). The 3' XbaI site
was then eliminated by cutting with ClaI and Sall, filling in
the ends, and religating. Next, the plasmid was cut with Sacl
and XbaI, and four overlapping oligonucleotides were in-
serted such that the N-terminal 14 amino acids of ORF1,
including the ATG, were reconstructed. pUC18-ORF1 thus
constructed had 10 additional amino acids at the N terminus
of ORF1; the first 6 amino acids were from the N terminus of
3-galactosidase, amino acids 7 through 9 were from the pUC

polylinker, and amino acid 10 was from our oligonucleotides,
giving rise to a new NdeI site. Plasmids were transformed
into Escherichia coli DH5 (Bethesda Research Laborato-
ries); DNA was isolated, and its sequence was determined in
order to confirm the correct reconstruction of ORF1. This
plasmid was transformed into a TK- strain of E. c oli, RS225
(14, 18, 33). RS225 transformants of pUC18-ORF1 were
selected and maintained on LM agar containing 12.5 p.g of
5-fluorouracil and 25 ,ug each of thymidine and uridine per
mg, in which functional TK is required for growth (22).
Extracts were made from RS225 alone, and from RS225
containing either pUC18, pUC18-ORF1, or pTdK (a plasmid
carrying the E. coli TK gene [12]), and these extracts were
assayed for TK activity (15, 35). The extracts from RS225
alone and from RS225 with pUC18 showed no significant
phosphorylation of [14C]thymidine in this assay. In contrast,
the extracts made from RS225 bearing pTdK or pUC18-
ORF1 were able to phosphorylate [14C]thymidine (Fig. 3B).
The results of this experiment establish that HVT ORF1
encodes a protein with TK activity. The difference in the
observed TK activity between extracts containing pTdK-
encoded TK and HVT ORFl-encoded TK is not necessarily
due to a difference in specific activity of the enzyme. These
experiments do not distinguish between a difference in the

FIG. 1. Marker rescue of ATR" phenotype and physical map of this region of DNA. (A) l125l]deoxycytidine plaque assay following
transfection with ATR" and various phage DNAs; autoradiogram of fixed, infected cells. Plaques were present on all six plates, although those
on plates 108 and 123 failed to incorporate [1251]deoxycytidine. The dark spots on 108 and 123 were examined microscopically and found to
correspond to large clumps of cells rather than to plaques. (B) Location of Sall restriction endonuclease cleavage sites in this region of HVT
DNA; fragment sizes are given in kilobases. (C) Endpoints of overlapping phage clones from this region of DNA and results of the
[1251]deoxycytidine plaque assay, which are indicated by + (plaques incorporated [125I]deoxycytidine) and - (plaques failed to incorporate
[125Ildeoxycytidine), by using these DNAs in cotransfections with ATR" (see legend to panel A above). Stippled areas represent lambda arms.
(D) Endpoints of the 6.3-kb Sall fragment. 11A and a series of deletions derived from it. Results of the [1251]deoxycytidine plaque assay with
these clones in cotransfections with ATR" are again indicated by + and -. Also shown are the Clal sites, C, defining the region whose
sequence was determined, and a thick bar that represents the region defined by these marker rescue experiments as having the mutation
leading to the ATR" phenotype.
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FIG. 3. Expression of HVT ORFI in E. coli. (A) Construction of the ORFI expression plasmid (see text). bp, Base pairs. (B) TK activity
in bacterial lysates prepared from E. coli RS225 and E. coli RS225 containing plasmid pUC18, pUC18-ORF1, or pTdK. Lysates were made
from an equivalent number of cells and were assayed for the ability to phosphorylate [14C]thymidine (Amersham Corp., Arlington Heights.
Ill.; 61 mCi/mmol). The lysate from RS225 containing pTdK was diluted 1:10 for assay. Under the conditions of the assay. [14C]thymidine does
not bind to DE81 paper, while its phosphorylated derivative is bound.

level of synthesis of the two enzymes and a difference in

their enzyme activities. Also, the TK encoded by pUC18-
ORF1 is a fusion protein and may thus have altered enzy-
matic activities.
On the basis of (i) pharmacological behavior of HVT and

the AraT-resistant mutants, (ii) homology of ORF1 to other
TK genes that have been characterized previously, and (iii)
ability of the protein encoded by ORFI to function as TK
when assayed in vitro following expression in bacteria, we

conclude that ORF1 in HVT encodes a TK and that the
mutation(s) leading to the AraT resistance phenotype lies
within this TK gene.

The TK gene appears to be required for efficient replica-
tion of HVT in CEF, since the growth of AraT" is compro-
mised and no HVT-specific TK activity can be detected in
CEF infected with ATR"). Interestingly, vaccination of
chicks with the TK-deficient mutant, ATR"), is as efficient as
vaccination with wild-type HVT in protecting poultry
against Marek's disease (unpublished observation).

In Fig. 2A, the longest open reading frame has been
designated the TK gene. Examination of the DNA sequence
reveals one other long (>300-base-pair) open reading frame
in this region encoded by the opposite strand of DNA. This
second open reading frame begins within the TK open
reading frame (although the initial methionines from the two
open reading frames fall outside the overlapping region) and
extends 777 base pairs, potentially encoding a protein with a

molecular mass of about 29 kilodaltons. The derived protein

sequence is similar to that of open reading frames found in
the analogous head-to-head orientation with respect to TK in
several other herpesviruses, including herpes simplex vi-
ruses types 1 and 2, herpesvirus saimiri, and varicella-zoster
virus (19). In herpes simplex virus type 1, mutations in this
open reading frame (designated UL24) lead to a small-plaque
phenotype and reduced virus growth in cell culture (19). It is
possible that our AraT-resistant mutants are growth im-
paired relative to the wild type, because the mutation affects
the expression of this adjacent gene rather than that of TK
itself. Alternatively, if HVT TK participates in DNA syn-
thesis as a member of a multienzyme complex, a mutation in
TK may be expected to impair viral replication. Whatever its
precise molecular basis, this property of reduced growth of
AraT-resistant mutants facilitated our marker rescue exper-

iments by providing a selective advantage to the wild-type
recombinants. There are conditions in which HSV has been
found to require its TK gene for successful replication in cell
culture (20). Vaccinia virus and pseudorabies virus are also
found to require the TK activity for virulence in the host
organism (3, 23).
The identification and characterization of the TK gene in

HVT makes it possible to devise procedures for the insertion
of foreign genes into HVT. This offers the long-term poten-
tial of manipulating the HVT genome such that it can be used
as a viral vector for the introduction of foreign genes into
poultry. Although the lack of suitable avian TK- cell lines
precludes the use of standard procedures (29, 34, 36) for the

FIG. 2. DNA sequence. (A) Sequence data. The nucleotide sequence of the 2.033-base-pair Clt/l fragment and the derived amino acid
sequence of ORFi (beginning at the first methionine codon) are given. The DNA sequence in this region is 44% G+C, in keeping with the
46% reported for the entire genome (8). The sequences CCAAT. beginning at 340, and TAATA. beginning at 392, may represent the promoter
for transcription of the TK gene. No conspicuous polyadenylation consensus sequence is found 3' of the coding sequence: perhaps it occurs
downstream of the sequenced region. The restriction endonuclease cleavage sites for the Xbtil and Nsil sites shown in Fig. 3A lie at positions
649 and 1540, respectively. (B) Comparison of amino acid sequences from a region of HVT ORF1 and nucleotide binding pockets of known
viral TKs. The single-letter code is used to specify amino acids. and the most conserved amino acids are shown in bold type. The
nucleotide-binding pocket was identified in herpes simplex virus type 1 (HSV-1) by Gentry (10). This alignment for herpes simplex virus types
1 and 2 (HSV-1 and HSV-2) and marmoset herpesvirus (MaHV) TKs is from the work of Otsuka and Kit (28). The Epstein-Barr virus (EBV)
sequence and alignment are from Littler et al. (22). The region of amino acid sequence similarity between the HVT sequence and the others
was identified by using the Pustell dot matrix program (International Biotechnologies). The position of the first amino acid shown with respect
to the first methionine in each sequence is given in parenthesis following the sequence name.

A. ATGI ITAA
Sall Xbal Nsil Clal

IHTT

500 bp
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selection of TK- recombinants in a background of TK-
HVT, the extreme growth advantage of HVT with wild-type
sequences at the TK locus compared with ATR° serves as a
selection. After two rounds of infection, the wild-type re-
combinants essentially take over the population, making it
feasible to identify interesting recombinants by screening
with the [1251I]deoxycytidine plaque assay.

We thank Bruce Calnek, Mike Capage, Don Coen, Dan Doherty,
Larry Gold, Steve Nordeen, Jim Smiley, and Marianne Tecklenburg
for experimental and intellectual contributions.
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