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The herpes simplex virus thymidine kinase gene has been cloned into a chimeric
yeast plasmid cloning vehicle and transformed into appropriate yeast strains.
Plasmids carrying the herpes simplex virus thymidine kinase gene can be
propagated as autonomously replicating plasmids, but no RNA specific to the
thymidine kinase coding sequence was detected.

Since the establishment of yeast transforma-
tion (15), a number ofgenes of procaryotic origin
have been introduced into yeasts, and their
expression has been demonstrated (6, 7, 16, 24,
27). Genes of eucaryotic origin have also been
studied in yeasts transformed with chimeric
plasmids. Beggs et al. (5) have demonstrated
that genomic rabbit 0-globin is transcribed but
not correctly processed in yeasts. Mercereau-
Puijalon et al. (23) have demonstrated the syn-
thesis of a chicken ovalbumin-like protein in S.
cerevisiae transformed with a plasmid contain-
ing cDNA complementary to chick ovalbumin
mRNA. In the latter case, the lac promoter was
probably utilized for transcription. Henikoff et
al. (14) have reported the expression of a gene
from Drosophila melanogaster in yeasts. We
have been interested in using S. cerevisiae as a
host to study the expression of nonyeast genes.
We have chosen initially to study the herpes
simplex virus (HSV) thymidine kinase (tk) gene.
This gene is readily obtainable on a BamHI
fragment (11), and it does not contain an intron
(21, 22), which should reduce the complexity of
studying its expression in a heterologous host.
Also, since S. cerevisiae do not contain a thymi-
dine kinase (13), the expression of a heterolo-
gous tk gene in S. cerevisiae would be of great
practical importance in allowing for specific
labeling ofDNA in S. cerevisiae with thymidine.
This report shows that the HSV tk gene carried
on a BamHI fragment (11) is not transcribed in
S. cerevisiae, nor is any antigenically cross-
reacting protein or functional tk protein pro-
duced. A preliminary report of some of these
data has been presented (17).

t Present address: Institute of Genetics, Biological Re-
search Center, Hungarian Academy of Sciences, H-6701,
Szeged, Hungary.

i Present address: Department of Medical Genetics, Uni-
versity of Toronto, Toronto, Ontario, M55 1A8 Canada.

MATERIALS AND METHODS

Plasmid and strains. The HSV tk gene carried on a
BamHI fragment and cloned in pBR322 was supplied
by L. Enquist. The chimeric yeast plasmid cloning
vehicle pYF91 was as described by Storms et al. (28).
Yeast strain 308/6C (p+ a tmpl-6 tup his [1, 7] ilvl-92
lysi trpS) (19) was from J. G. Little, and strain LL20
(p+ ot leu2-3 leu2-112 his3-11 his3-1S) was from G.
Fink.
DNA and RNA isolation and characterization. Plas-

mids propagated in Escherichia coli were amplified
with 250 Fg of chloramphenicol or 300 ,ug of spectino-
mycin per ml. Plasmid DNA was isolated and purified
by CsCl-ethidium bromide density gradient centrifuga-
tion (8). Plasmid DNA was isolated from S. cerevisiae
as described by Cryer et al. (10). This DNA was used
to transform E. coli selecting for appropriate genetic
markers. For rapid isolation and characterization of
plasmids from E. coli, the method described by An and
Friesen (2) was used. Restriction endonucleases were
purchased from Boehringer Mannheim Canada Ltd.,
Bethesda Research Laboratories, or New England
Biolabs. Digestions were carried out according to the
suppliers' specifications, and digestion products were
analyzed by electrophoresis through agarose gels and
visualized by staining with ethidium bromide.

Poly(A)-, poly(A)+, and total RNA were isolated
from yeasts by the method of Warner and Gorenstein
(29). The isolated RNA was electrophoresed through
an agarose gel under denaturing conditions, as de-
scribed by Bailey and Davidson (4), and then blotted
to diazobenzyloxymethyl paper. RNA was visualized
by hybridization with DNA probes made radioactive
with 32P by nick translation (25). Hybridization was at
42°C in 50% formamide for 72 h. Hybridization and
wash conditions were as described by Alwine et al. (1).
Autoradiography was for 5 days at -70°C with an
intensifying screen.

Transformation. Calcium-treated E. coli cells were
transformed essentially as described by Mandel and
Higa (20). S. cerevisiae was transformed as described
by Hinnen et al. (15), with modifications according to
Storms et al. (28). Mouse L-cells were transformed by
using a modification of the calcium phosphate precipi-
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tation method of Bacchetti and Graham (3). Each 100-
mm tissue culture dish was seeded with 5 x i0w
LMTK- cells in 10 ml of a-minimal essential medium
supplemented with 10o fetal calf serum and incubated'
at 34°C for 24 h. A total of 20 Fg of DNA (salmon
sperm or plasmid, 2 ,ug) plus salmon sperm (18 ,ug) in 1
ml of HEPES (N-2-hydroxyethylpiperazine-N'-2-eth-
ane-sulfonic acid) saline phosphate buffer (140 mM
NaCl, 20 mM HEPES [pH 7.2], 0.75 mM Na2HPO4)
was precipitated by the addition of 0.05 ml of 2.5 M
CaCl2. The precipitate was mixed and allowed to stand
at room temperature (25°C) for 30 min. The entire
contents of the tube were then added to the LMTK-
cells. The DNA-cell mixture was incubated at 34°C for
24 h. The medium was removed by aspiration and was
replaced with 12 ml of a-minimal essential medium
supplemented with 10%o fetal calf serum plus 6.0 x
10' M methotrexate, 1.6 x 10-5 M thymidine, 5.0 x
10- M adenosine, and 5.0 x 10-s M guanosine
(MTAG medium; selective for TK+ cells). The petri
plates were incubated at 34°C. The medium was re-
placed with fresh MTAG medium every 7 days. The
colonies were fixed and stained on day 17.
Enzyme assays. For assay of tk activity, yeast cul-

tures were grown to approximately 2 x 10' cells per ml
in defined medium plus growth requirements. Cells
were pelleted by centrifugation at 7,000 x g for 2 min,
washed, and suspended in 1.2 ml of 10 mM Tris-
hydrochloride (pH 8.0)-S0 mM thymidine-1.4 mM -
mercaptoethanol-0.2 mM ATP. A 0.5-ml portion of
glass beads (diameter, 0.45 to 0.5 mm) was made up to
1.5-ml final volume by the addition of the appropriate
volume of cell suspension. The cells were lysed in an
Eppendorf tube in a Braun homogenizer for 6 min with
CO2 cooling. The extract was then centrifuged at 2,000
x g for 7 min, and the supernatant was centrifuged at
17,000 x g for 30 min. The clarified supernatant (50 p1)
was used for enzyme assays in a total volume of 200 to
250 pJ, as described by Klemperer et al. (18), Wigler et
al. (30), or Cornish and Pearlman (manuscript in
preparation). Uridine kinase activity was determined
as described by Cornish (M.Sc. thesis, York Universi-
ty, Downsview, Ont., Canada, 1980). A total of 56.2 Ci
of 5-[methyl-3H]thymidine and 35.2 Ci of [6-3H]uri-
dine) per mmol was used. The reaction was stopped by
boiling for 2 min. The sample was then centrifuged for
2 min in a bench-top centrifuge to remove precipitated
protein. A 50-pl portion of the supernatant was spot-
ted on a 2-cm-diameter disk of DEAE-cellulose ion-
exchange paper and was dried for 5 min. The disks
were washed three times in 4 mM ammonium formate
(10 ml per disk) and once in 95% ethanol (10 ml per
disk). They were then dried, and the radioactivity on
each disk was determined.

RESULTS
The HSV tk gene, carried on a BamHI frag-

ment that had been cloned in pBR322, was
transferred in both orientations to the chimeric
yeast plasmid cloning vehicle, pYF91 (28), by in
vitro BamHI digestion and ligation. The plas-
mids thus constructed (pGY14, pGY15) contain
a 3.6-kilobase pair (kbp) EcoRI fragment of the
yeast 2-p,m circle, a 6.0-kbp BamHI-HindIII
fragment of the Saccharomayces cerevisiae

LEU2 gene, almost the entire E. coli plasmid
pBR322, and the 3.4-kbp BamHI fragment car-
rying the HSV tk gene. The structure of pGY14
is shown in Fig. 1. The structure of pGY15 is the
same as pGY14 except the 3.4-kbp BamHI frag-
ment is in the opposite orientation. The presence
of the HSV tk gene on pGY14 was verified by
transformation of a TK- strain of mouse L-cells
to TK+. From the results of the transformation
experiments (Table 1), we conclude that plasmid
pGY14 carries a functional tk gene which can be
expressed in L-cells under appropriate condi-
tions.

Plasmids pGY14 and pGY15 were used to
transform S. cerevisiae to obtain evidence for
expression of the HSV tk gene in S. cerevisiae.
S. cerevisiae LL20 was transformed by pGY14
to Leu+ at a frequency of 6.1 x 102 transformants
per g of plasmid DNA and by pYF91 at a
frequency of 10 x 102 Leu+ transformants per jig
of plasmid DNA. Transformed colonies were
purified by restreaking. The presence of pGY14
or pYF91 in the transformed yeast strains (desig-
nated GY700 and GY703, respectively) was veri-
fied by isolating DNA from the transformed
cultures and using this to transform E. coli,
selecting for ampicillin resistance. Crude DNA
preparations from several of these transformed
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FIG. 1. Structure of plasmid pGY14. Symbols:
tk+, BamHI fragnent of HSV DNA carrying the tk
gene; LEU2, a BamHI-HindIII fragment of S. cerevi-
siae DNA carrying the LEU2 gene (28); 2,u, 3.6-kbp
EcoRI fragment of the yeast plasmid 2-pLm circle; Ap,
ampicillin resistance gene of pBR322; Tc, tetracycline
resistance gene of pBR322, E, EcoRI; B, BamHI; H2,
HincII; H3, HindIHI. Lowercase letters (a, b, c, d, e, f)
refer to the EcoRI fragments of pGY14.
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TABLE 1. Transformation of L-cells with tk+
DNAa

No. of TK+ transformants/
Transforming DNA Rg of DNA per 5 x 1O5

TK- celis
pGY14 ..................... 20.8
pBR322 carrying tk .......... 37.5
pYF9!...................... ob

Salmon sperm ............... OC
a Transformation of mouse L-cells was as described

in the text.
b No TK+ transformant was observed when a total

of 4,ug of DNA and 106 cells was used.
c No TK' transformant was observed when a total

of 60 jig of DNA and 1.5 x 106 cells was used.

E. coli cultures were analyzed by digestion with
EcoRI followed by electrophoresis through an
agarose gel. An example of these data is shown
in Fig. 2. The data indicate that all plasmids
recovered from the transformed E. coli, and
therefore present in the originally transformed
S. cerevisiae strain GY700 or GY703, had the
same structure as the initial plasmid, pGY14 or
pYF91.

Since S. cerevisiae LL20 will take up exoge-
nous thymidine from the medium (J. B. McNeil,
personal communication), we attempted to force
strain GY700 to become dependent upon exoge-
nous thymidine by blocking endogenous produc-
tion of dTMP with sulfanilamide plus aminop-
terin. We reasoned that if the HSV tk were
expressed in strain GY700, then exogenous thy-
midine might restore growth to the drug-treated
cells. This proved not to be the case, either in
complete or in defined growth medium. We next
constructed a yeast strain, GY712 (p+ a tmpl-6
tup leu2-3 leu2-112), to avoid the use of sulfanil-
amide and aminopterin in the expression stud-
ies. The construction was carried out by cross-
ing strains 308/6C and LL20. After mating, spore
formation, and plating, a colony (GY705) having
the Leu- llv- Trp- Tmp- Tup- phenotype was
selected, and Ilv+ and Trp+ spontaneous rever-
tants were consecutively isolated. The resulting
strain GY712 was Leu- Tmp- Tup- and could
grow on complete medium supplemented with
100 ,ug of dTMP, 100 pug of aminopterin, and 5
mg of sulfanilamide per ml or on minimal medi-
um (yeast nitrogen base) with dTMP and leu-
cine. A thymidylate synthetase (tmpl) mutant of
S. cerevisiae can grow in the presence of exoge-
nous dTMP only if a mutation for thymidylate
uptake (tup) is carried by the strain.

Plasmids pGY14 and pGY15 were used to
transform S. cerevisiae GY712 selecting for
complementation of leu2. Leu+ transformants
appeared on selective plates (yeast nitrogen base

supplemented with 100 ,ug of dTMP per ml) at a
frequency of 1 to 10 colonies per Fg of plasmid
DNA. Transformed colonies were purified by
restreaking, and two colonies, GY780 and
GY782, carrying pGY14 and pGY15, respective-
ly, were studied further.
The Leu+ phenotype segregated very rapidly

to Leu- when GY780 and GY782 were grown
for 10 generations under nonselective condi-
tions. This is consistent with these strains carry-

FIG. 2. EcoRI restriction fragments of pGY14 and
pYF91 plasmid DNA. Lane 1, EcoRI-digested pGY14;
lane 4, EcoRI-digested pYF91; lane 2, EcoRI-digested
DNA from ampicillin-resistant E. coli that had been
transformed with DNA isolated from S. cerevisiae
GY700; lane 3, EcoRI-digested DNA from ampicillin-
resistant E. coli that had been transformed with DNA
isolated from S. cerevisiae GY703. Uppercase letters
(A, B, C, D) indicate EcoRI fragments of pYF91.
Lowercase letters (a, b, c, d, e, f) indicate EcoRI
fiagments of pGY14. The BamHI fragment carrying
the HSV tk gene was inserted into the largest (A)
fragment of pYF91 in the construction of pGY14 (see
Fig. 1 [281). Electrophoresis was carried out on a 1.0o
agarose gel.
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ing an autonomously replicating plasmid. The
presence of pGY14 and pGY15 in the trans-
formed yeast strains was verified by isolating
DNA from GY780 and GY782 cultures grown
under selective conditions. These DNA prepara-
tions were used to transform E. coli, selecting
for ampicillin resistance and Leu+. Crude DNA
preparations from several of these transformed
E. coli cultures were analyzed by digestion with
EcoRI followed by electrophoresis through an
agarose gel. The digestion pattern of plasmids
recovered from the transformed E. coli, and
therefore present in the original transformed S.
cerevisiae strains GY780 and GY782, were the
same as the initial plasmids pGY14 and pGY15
(data not shown). We attempted to force GY780
and GY782 to become dependent upon exoge-
nous thymidine, omitting dTMP from the mini-
mal medium. As described previously, if HSV tk
were actively expressed in strain GY780 or
GY782, then exogenous thymidine might restore
dTMP production by the tk activity. This proved
not to be the case. To test for second site
mutations allowing expression of tk, we tried to
select, by spontaneous mutation, yeast cells
having tk activity by plating 5 x 109 to 8 x 109
cells from both GY780 and GY782 on minimal
plates plus thymidine. After 2 weeks no colony
appeared on any plate.

Total, poly(A)-, and poly(A)+ RNA from
strains GY780 and GY782 were isolated as de-
scribed in Materials and Methods and analyzed
by hybridization with DNA probes from various
regions of the plasmids that had been used to
transform the strains. Data from these experi-
ments are presented in Fig. 3. With nick-trans-
lated pYF91 as a probe (Fig. 3A), a number of
poly(A)- RNA bands were observed. At least
six specific poly(A)+ RNA species were also
seen. With the BamHI HSV tk-containing frag-
ment as a probe (Fig. 3B), a smear of poly(A)-
RNA, but no poly(A)+ RNA, was visualized.
Using an 840-bp PstI fragment from within the
BamHI HSV tk-containing fragment (Fig. 3C),
no RNA, either poly(A)- or poly(A)+, comple-
mentary to this probe was visualized. This PstI
fragment begins 20 bp downstream from the
presumptive 5' mRNA initiation site and 90 bp
upstream from the initiation codon for HSV tk
and includes 67% of the tk coding sequence (21).
Similar results were obtained when RNA from
strain GY700 was analyzed in the same way
(data not shown). Thus, although a smear of
poly(A)- RNA homologous to the HSV tk-
containing BamHI fragment is made in trans-
formed S. cerevisiae, no RNA is made that is
homologous to the 5' two-thirds of the tk-coding
sequence.
To obtain further evidence regarding the

expression, or lack of expression, in S. cerevi-
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FIG. 3. Autoradiogram of RNA extracted from
strains GY780 and GY782 and hybridized to nick-
translated DNA. Total, poly(A)-, and poly(A)+ RNA
was isolated from strains GY780 and GY782, electro-
phoresed under denaturing conditions, and transferred
to diazobenzyloxymethyl paper as described in the
text. The specific activity of probes was 5 x 107 to 8 x
107 cpm/,Lg, and hybridization was in sealed plastic
bags at 42°C in 50% formamide for 72 h as described by
Alwine et al. (1), using about 3 x 104 cpm/cm2 and
about 100 ,ul of hybridization mix per cm2. After
washing (1), autoradiography was for 5 days with an
intensifying screen. (Lane 1) 12.4 Fg of total RNA
from GY780; (lane 2) 12.6 ,ug of poly(A)- RNA from
GY780; (lane 3) 2.6 j.g of poly(A)+ RNA from GY780;
(lane 4) 11.4 ,ug of totalRNA from GY782; (lane 5) 13.2
ag of poly(A)- RNA from GY782; (lane 6) 3.0 p.g of
poly(A)+ RNA from GY782. (A) Nick-translated
pYF91 as probe; (B) nick-translated 3.4-kbp BamHI
fragment containing HSV tk gene as probe; (C) nick-
translated 840-bp PstI fragment from the coding region
of HSV tk (21) as probe.

siae of the HSV tk, we assayed for tk activity in
crude cell extracts of transformed yeast strains.
Under three different assay conditions, no tk
enzymatic activity above background was de-
tected with either strain GY700 or GY703. On
the other hand, uridine kinase activity was de-
tected in both strains (Table 2). In agar diffusion
studies, antibody prepared against HSV tk
(kindly provided by Sheldon Gervitz, McMaster
University, Hamilton, Ontario) and crude cell
lysates of strains LL20, GY700, and GY703
were analyzed by the method of Scheidegger
(26). For all three strains, a weak band of
precipitation, but no band(s) unique to strain
GY700, was observed (data not shown).

DISCUSSION
We have cloned a 3.4-kbp BamHI fragment

containing the HSV tk gene onto a chimeric
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TABLE 2. tk and uridine kinase activities'

tk activity (cpm/filter) Uridine kinase

(nimn) GY700 GY703 activity (cpm/
a b c a b filter), GY700

0 260 310 2,140 220 300 970
30 180 2,020 180 25,560
60 190 330 2,060 200 350 29,230
120 360 370
150 220

a tk and uridine kinase assays were performed as
described in the text. The column designations repre-
sent assay conditions according to (a) Klemperer et al.
(18), (b) Wigler et al. (30), and (c) Cornish and Pearl-
man (in preparation).

plasmid capable of autonomous replication in S.
cerevisiae. The presence of the tk gene on the
plasmid was verified by transformation of TK-
mouse L-cells to TK+. Although the plasmids we
constructed contained the tk gene (22) and repli-
cated autonomously in S. cerevisiae, yeast cells
transformed with these plasmids contained nei-
ther tk enzymatic activity nor protein cross-
reacting with antibody to HSV tk. These yeast
cells also could not grow in the presence of
thymidine when the synthesis of dTMP was
blocked with drugs or by mutation. To ascertain
whether the absence of tk function in trans-
formed S. cerevisiae was at the level of tran-
scription or translation, we analyzed RNA made
in the transformed yeast strains. Both poly(A)-
and poly(A)+ RNA complementary to the clon-
ing vehicle pYF91 were made. These represent-
ed pBR322, 2-,um circle, and LEU2-specific
RNAs. At least some of the poly(A)+ RNA
represented polyadenylation of pBR322 mRNA
in yeast, in agreement with the results of Cheval-
lier et al. (7). No poly(A)+ RNA complementary
to the BamHI HSV tk fragment was made, but a
heterogeneous smear of poly(A)- RNA was
seen. This broad band of hybridization might
result from the random initiation, termination,
or stability of the RNA molecules. No RNA
complementary to the HSV tk coding sequence
was made in the transformed yeast strains. The
coding sequence probe incudes the 5' two-thirds
of the tk protein as well as 90 bp of tk mRNA 5'
to the initiation codon (21). Thus, yeast tran-
scription terminators must occur outside the tk
coding sequence, and no promoters recognized
by yeast RNA polymerases are present within
the HSV tk-coding region. Consistent with this
is the observation (J. B. McNeil and J. D.
Friesen, Mol. Gen. Genet., in press) that HSV tk
is expressed in S. cerevisiae when the region 5'
to the tk initiation codon is removed and the tk-
coding sequence is fused to a yeast promoter.
Our results differ, however, from those of Beggs

et al. (5), who demonstrated that genomic rabbit
3-globin sequences cloned into a chimeric plas-
mid capable of autonomous replication in S.
cerevisiae are transcribed but are not processed
correctly.
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