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A line of mouse 3T3 cells lacking deoxythymidine kinase (dTK-) was stably
transformed to the dTK' phenotype after exposure to ultraviolet-irradiated
equine herpesvirus type 1 (EHV-1). Deoxythymidine kinase (dTK) was purified
from the biochemically transformed mouse cells by affinity chromatography on
deoxythymidine-Sepharose. The purified dTK from EHV-1-transformed 3T3 cells
was identical to the dTK purified from dTK- 3T3 cells lyrically infected with
EHV-1 with respect to its electrophoretic mobility, molecular weight, substrate
specificity, phosphate donor specificity, and immunological specificity. The sedi-
mentation velocity of the purified dTK from the transformed 3T3 cells was similar
to that previously reported for the enzyme in lytically infected dTK- 3T3 cells,
and its molecular weight was estimated to be 87,000. Antiserum prepared against
the EHV-1 dTK induced in horse cells inactivated the dTK purified from the
transformed mouse cells. The Km for deoxythymidine (5 tM) of purified dTK
from the EHV-1-transformed cells was the same as that reported for the EHV-1-
induced dTK. These results further support the notion that the dTK acquired by
dTK- mouse 3T3 cells after transformation by EHV-1 is of viral and not of
cellular origin.

Recent studies from this laboratory have dem-
onstrated that mouse 3T3 cells lacking deoxy-
thymidine kinase (dTK; dTK- cells), lyrically
infected with equine herpesvirus type 1 (EHV-
1), acquire a new dTK activity which is easily
distinguished from cellular dTK's by biochemi-
cal, immunological, and chromatographic crite-
ria (1, 3). We have also shown that dTK- 3T3
cells are susceptible to biochemical transforma-
tion by ultraviolet light-inactivated EHV-1 (2),
thus demonstrating that biochemical transfor-
mation can be achieved with a herpesvirus other
than herpes simplex virus. Other studies have
demonstrated biochemical transformation of
cells to the dTK+ phenotype by herpes simplex
virus types 1 and 2 using dTK- mouse (3T3,
LM) and human (HeLa) cells (5, 6, 9, 11, 22-24).
These virus (herpes simplex types 1 and 2 and
EHV-1)-transformed cell lines possess virus-spe-
cific antigens (2, 4, 26, 29) and express a dTK
activity with immunological, electrophoretic,
and biochemical properties similar to those of
the dTK induced by herpesviruses during a pro-
ductive infection (2, 5-7, 9, 10, 13, 16, 23). The
herpes simplex virus-transformed cell lines also

t Present address: Department of Veterinary Science, Uni-
versity of Kentucky, Lexington, KY 40506.

contain herpes simplex virus-specific deoxyri-
bonucleic and ribonucleic acids (8, 13, 16, 28).
These data indicate- that the dTK acquired by
the transformed cell is specified by the herpes-
virus genome.
We have recently used the affinity column

chromatography procedures developed by Ko-
wal and Markus (15) to partially purify and
identify the new dTK induced in dTK- 3T3 cells
lyrically infected with EHV-1 (3). Using a mod-
ification of this chromatographic procedure of
Kowal and Markus (15) as described by Lee and
Cheng (17), we have now purified the dTK pres-
ent in EHV-1 biochemically transformed mouse
dTK- 3T3 cells. In this communication we re-
port the physical, biochemical, and immunolog-
ical properties of this purified transformed cell
kinase and show it to be identical to the dTK
purified from dTK- 3T3 cells lyrically infected
with EHV-1.

(This work was submitted by J.J.M. in partial
fulfillment of the requirements for the Ph.D.
degree, Department of Microbiology, University
of Mississippi Medical Center, Jackson.)

MATERIALS AND METHODS

Media and cell cultures. dTK- 3T3 cells from
random-bred Swiss mice (21) were obtained from H.
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Green, Massachusetts Institute of Technology, Cam-
bridge, Mass., and were grown in Eagle minimal essen-
tial medium supplemented with 5% fetal bovine serum
(Flow Laboratories, Rockville, Md.). The dTK- 3T3
cells transformed by EHV-1 were isolated in Eagle
minimal essential medium containing lo-4M hypoxan-
thine, 6 x 10-7 M aminopterin, and 2 x 105 M
thymidine (HAT medium) and were then grown in
HAT medium (to maintain selective pressure) for
more than 60 passages. Further characterization of
these biochemical transformants has been previously
reported (1).

Extraction and assay of dTK. Cytosol fractions
of cells were prepared by the method of Cheng and
Ostrander (6) and were assayed for dTK activity as
described by Lee and Cheng (17). Electrophoretic
migration of dTK in polyacrylamide gels was deter-
mined by the procedure of Lee and Cheng (17).
Antibody inhibition assays. Antiserum to EHV-

1 dTK induced in -lytically infected KyED cells was
prepared as previously reported (1-3). Inhibition of
dTK by antibody was performed by incubation of the
enzyme for 12 h at 20C with dilutions of the immune
serum, using preimmune serum as the diluent. A 40-
ld portion of each enzyme antisera mixture was then
assayed for dTK activity as described above.

Glycerol gradient centrifugation. The molecu-
lar weight of the dTK purified from EHV-1-trans-
formed dTK- 3T3 cells was estimated by centrifuga-
tion in glycerol gradients using the method of Martin
and Ames (20). A 0.1-ml sample of purified enzyme
was layered onto a 4.75-ml, 15 to 30% (vol/vol) glycerol
gradient prepared in a buffer containing 50 mM
tris(hydroxymethyl)aminomethane-hydrochloride
(pH 7.5), 2.4 mM dithiothreitol, and 50,iM deoxy-
thymidine (dT). Samples of lactate dehydrogenase
and hemoglobin were added to the same gradient as
molecular weight markers. The gradients were centri-
fuged for 36 h at 40,000 rpm at 4°C in an SW50.1 rotor
(Beckman Instruments, Palo Alto, Calif.). Fractions
(0.1 ml) were collected and assayed for dTK activity
as described. Lactate dehydrogenase activity was as-
sayed by the method of Reeves and Fimognari (27),
and hemoglobin was located by its absorption at 555
nm.

Preparation of affinity gel for dTK. The proce-
dures were essentially the same as those described by
Kowal and Marcus (15) with the alterations of Lee
and Cheng (17). Briefly, 120 mg of p-nitrophenylthy-
midine 3'-monophosphate was passed through a
Dowex 50 column (H+ 200-400 mesh, 3 by 8 cm) with
water as the eluting solvent. The activated compound
was reduced to p-aminophenylthymidine 3'-mono-
phosphate under 1.5 atm of H2 in the presence of
palladium on carbon. The unreacted compound was
eluted from the reduced compound by passage
through a Dowex 50 column (H+, 200-400 mesh, 3 by
13 cm). The reduced compound was lyophilized and
linked to activated CH-Sepharose 4B, and unreacting
ester groups were blocked as described by the manu-
facturer (25).

Protein determination. Protein was determined
by the method of Lowry et al. (19) with bovine serum
albumin as a standard.

Reagents. Radioisotopes were purchased from
Schwarz/Mann, Orangeburg, N.Y. All unlabeled nu-

cleosides and nucleoside triphosphates were obtained
from Calbiochem, La Jolla, Calif. Arabinosylthymine
was kindly provided by Jack Fox, Sloan-Kettering
Cancer Research Institute. Phosphocreatine, creatine
phosphokinase, hemoglobin, lactate dehydrogenase,
thymidine 3'-monophospho-p-nitrophenyl ester, acti-
vated CH-Sepharose 4B, and bovine serum albumin
were all obtained from Sigma Chemical Co., St. Louis,
Mo. Dowex 50 was obtained from BioRad Laborato-
ries, Richmond, Calif.

RESULTS
Purification of dTK from EHV-1-trans-

formed 3T3 cells. Previously it was shown that
dTK- 3T3 cells transformed by EHV-1 possess
a new dTK activity that migrates in polyacryl-
amide gels with the same mobility at the cytosol
enzyme from dTK+ 3T3 cells, but distinguish-
able from the cellular dTK by its sensitivity to
anti-(EHV-1) serum. To substantiate the viral
origin of this new dTK, the enzyme was purified
from the EHV-transformed dTK- 3T3 cells by
affinity chromatography on dT-Sepharose and
compared with the partially purified enzyme
from lytically infected dTK- 3T3 cells (3, 5, 7).
A typical elution profile for the EHV-1-trans-
formed cell dTK is presented in Fig. 1. The
concentrations of dT, tris(hydroxymethyl)-
aminomethane-hydrochloride, and KC1 required
to elute the transformed cell dTK from the
affinity column (0.45 M, 300 ,uM, and 0.8 M,
respectively) were different from those required
for column elution of the cytosol dTK from
dTK+ 3T3 cells but the same as those required

Tris HCI IM 20 03 0 45 0 45 0 45
dT WuMI 100 100 0 300 300
KCI IMI 0 0 0 0 08

00 ~~~~~~~~C
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_2L
0 10 20 30

FRACTION (1.5 ml/FRACTION)
FIG. 1. dT-Sepharose affinity chromatography of

dTK from control dTK+ 3T3 cells (0---0) or from
EHV-1-transformed 3T3 cells (- ). Cell extracts
were loaded onto the affinity columns, which were
then eluted in a stepwise fashion with buffers con-
taining the indicated concentrations of tris-
(hydroxymethyl)aminomethane-hydrochloride, dT,
and KCI. Fractions of 1.5 ml were collected and
assayed for dTK activity. Arrows mark the elution
positions of dTKi 3T3 cytosol dTK (A), 3T3 mito-
chondrial dTK (B), and EHV-1 dTK (C) (3).
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for the dTK from dTK- 3T3 cells lyrically in-
fected with EHV-1 (3). The partially purified
dTK from activity peak C (see Fig. 1) was used
in all subsequent studies in characterization of
the enzyme. Enzyme present in this peak of
activity represented a 79-fold purification with
an overall recovery of 11% of the enzyme activity
(Table 1).
Polyacrylamide gel electrophoresis. Fig-

ure 2 shows that when crude and purified dTK's
were electrophoresed as described in Materials
and Methods, the electrophoretic mobility (Rf)
of the crude EHV-1 enzyme was 0.25, whereas
that of the purified enzyme was 0.21. This is in
agreement with the values found for the EHV-1
dTK in crude extracts of EHV-1-infected dTK-
3T3 cells (3) and that previously reported for
the dTK from crude extracts of EHV-1-trans-
formed 3T3 cells (1).
Glycerol gradient centrifugation. The sed-

imentation velocity of the purified dTK from
the transformed 3T3 cells was determined by
centrifugation in 15 to 30% (vol/vol) glycerol
gradients with the internal marker proteins he-
moglobin and lactate dehydrogenase (Fig. 3).
The sedimentation rate of the EHV-1-trans-
formed 3T3 cell dTK (5.2S) was similar to that
previously reported for the lytic enzyme (3) and
results in a computed molecular weight of 87,000.
This value is in agreement with value of 85,000
reported by Allen et al. (3) for the dTK induced
in dTK- 3T3 cells lytically infected with EHV-
1.
Nucleoside triphosphates as phosphate

donors for dTK activity. Table 2 shows that
adenosine 5'-triphosphate and cytidine 5'-tri-
phosphate acted as the best phosphate donors
for the affinity chromatography-purified dTK
from the EHV-1-transformed 3T3 cells. It can
be seen that these data are in agreement with
those obtained using purified dTK from dTK-
3T3 cells lytically infected with EHV-1 (3). The
other nucleoside triphosphates could also serve
as phosphate donors for the transformed cell
dTK but to a lesser degree. Deoxythymidine

TABLE 1. Purification ofEHV-1 dTK from
transformed 3T3 cells

Sp act Purifi-
Purification step Total % Re- (units/mg cationunits' covery of (fold)

protein) (od

Cell extract 3.4 0.038
Ammonium 2.8 82 0.058 1.5

sulfate
Peak C, affinity 0.36 11 3.0 79.0
chromatography
"1 unit of activity is defined as the conversion of dT to

deoxythymidine monophosphate at a rate of 1 nM/min at
37°C.
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FIG. 2. Polyacrylamide gel electrophoresis of the

dTK purified by dT-Sepharose affinity chromatog-
raphy from EHV-I-transformed 3T3 cells (@--*)
or the dTK from crude cytoplasmic extracts of EHV-
I-transformed 3T3 cells (0 -- 0). Arrows mark the
Rf's of EHV-I dTK (A) and 3T3 mitochondrial dTK
(B) (3).
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FIG. 3. Glycerol gradient centrifugation of dT-
Sepharose-purified, EHV-I-transformed 3T3 cell
dTK. Hemoglobin (Hb; 68,000) and lactate dehydro-
genase (LDH; 140,000) were used as molecular weight
markers. The conditions for centrifugation and frac-
tionation have been described.

triphosphate inhibited the dTK reaction (data
not shown).
Km of the EHV-1-transformed 3T3 cell

dTK. A Lineweaver-Burk plot of initial reaction
velocities versus the concentrations of dT sub-
strate was constructed from reactions catalyzed
by purified dTK from the EHV-1-transformed
cells. The results (Fig. 4) indicate that the Km of
the transformed dTK for dT was 5 ,uM, which
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TABLE 2. Activity of various nucleoside
triphosphates as phosphate donors in the dTK

reaction

dTK activity (percent of control)
Nucleoside triphos- EHV-1-trans-

phateb EHV-1 dTKc formed 3T3
dTK

ATP 100 100
CTP 100 114
UTP 94 74
GTP 49 58
dATP 82 89
dCTP 89 91
dGTP 65 54

a The assays were performed under the conditions
described in the text, except that adenosine 5'-triphos-
phate was replaced by the indicated nucleoside tri-
phosphate (2 mM). The results are expressed as per-
cent of '4C-labeled deoxythymidine monophosphate
formed when adenosine 5'-triphosphate was used.

b ATP, Adenosine 5'-triphosphate; CTP, cytidine 5'-
triphosphate; UTP, uridine 5'-triphosphate; GTP, gua-
nosine 5'-triphosphate; dATP, dCTP, dGTP, deoxy-
forms of ATP, CTP, and GTP, respectively.

'Data from Allen et al. (3).
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FIG. 4. Lineweaver-Burk double-reciprocalplot of

dTK activity versus dT substrate concentration for
determination ofthe Km of the transformed dTK. The
reaction mixtures were allowed to incubate for 30 min
before processing for the amount of 14C-labeled de-
oxythymidine monophosphate formed.

agrees with the value previously reported for the
purified viral enzyme (3). Deoxycytidine was not
a substrate for the transformed dTK (data not
shown).
Antiserum inhibition of purified EHV-1-

transformed dTK. Antiserum to EHV-1-in-
duced dTK prepared in rabbits as previously
described (1) was tested for its ability to inhibit
the dTK activity of the dTK purified from EHV-
1-transformed cells. The activities of the various
purified dTK's were made equal by dilution, and
antiserum inhibition was carried out by incubat-
ing the enzyme extract with an equal volume of

immune serum. Figure 5 demonstrates that 10
/J of antiserum inhibited the purified viral dTK
from dTK- 3T3 cells lytically infected with
EHV-1 (3) and from dTK- 3T3 cells biochemi-
cally transformed by ultraviolet-inactivated
EHV-1 by at least 90%. In contrast, the anti-
EHV-1 serum did not inhibit the purified host
cytosol or mitochondrial dTK (3; Fig. 5). Incu-
bation of the purified enzymes with dilutions of
preimmune serum resulted in no loss of any of
the purified dTK activity (data not shown).

DISCUSSION
We have used the dT-Sepharose affinity chro-

matography technique to purify the dTK from
EHV-1-transformed dTK- 3T3 cells. The elu-
tion profile of the enzyme from the affinity col-
umn was similar to that of the dTK induced by
lytic infection of dTK- 3T3 cells by EHV-1 (3).
The salt concentration required to elute the
dTK was higher than that reported for elution
of other herpesviruses dTK's (5, 6).

Electrophoresis of the affinity column-puri-
fied dTK from the EHV-1-transformed cells
demonstrated a single peak of enzyme activity
migrating to approximately the same position in
polyacrylamide gels as the EHV-1 dT from lyt-
ically infected cells (Rf = 0.21) (3).
The dTK purified from cytosol fractions of

the transformed 3T3 cells was unable to phos-

pL ANTISERUM
FIG. 5. Antiserum inhibition of the dTK's purified

by dT-Sepharose affinity chromatography. Mixtures
ofequal amounts ofenzyme activities and increasing
amounts of rabbit anti-EHV-I serum were preincu-
bated at 2°C for 12 h. A 40-,1 sample of each mixture
was then assayed for dTK activity as described in the
text. (-4*) dTK purified from EHV-1-trans-
formed dTKT 3T3 cells; (0- - -0) cytosol dTK puri-
fied from control dTKi 3T3 cells; the specific activi-
ties of these two dTKs were similar (3 and 2.4 units/
mg, respectively). (A---A) Mitochondrial dTKpuri-
fied from control dTK' 3T3 cells; (A- A) dTK
purified from dTK7 3T3 cells lytically infected with
EHV-1; data from Allen et al. (3).

VOL. 25, 1979

%-F
.46
be
B.-
lip



614 McGOWAN, ALLEN, AND GENTRY

phorylate deoxycytidine, had a Km of 5 ,LM for
dTK, and could use a variety of nucleoside tri-
phosphates as phosphate donors in the dTK
reaction. The molecular weight of the purified
dTK, estimated to be 87,000, was in agreement
with that reported for the dTK in cells lytically
infected with EHV-1 (3) and was in the same
range as that reported for most other dTK's of
mammalian cell or herpesvirus origin (5, 6, 12,
14).
We have shown by the results reported in this

paper that the new dTK acquired by dTK- 3T3
cells upon transformation by ultraviolet light-
inactivated EHV-1 is identical to the dTK ex-
pressed in cells lytically infected with the virus
with respect to its electrophoretic mobility,
phosphate donors, molecular weight, Km for dT,
and immunological specificity. These results
provide further evidence that the dTK acquired
by dTK- 3T3 cells after transformation with
EHV-1 is coded by the viral genome.

ACKNOWLEDGMENTS

This investigation was supported by grants from the Amer-
ican Cancer Society (CH 74) and the Grayson Foundation (to
G.A.G.).
We acknowledge with thanks the excellent technical assist-

ance of Jeannette Mize and Cheryl Tucker in the preparation
of this manuscript.

LITERATURE CITED

1. Allen, G. P., J. J. McGowan, J. T. Bryans, C. C.
Randall, and G. A. Gentry. 1978. Induction of deox-
ythymidine kinase in several mammalian cell lines after
infection with six different strains of equine herpesvirus
type 1 (EHV-1). Virology 90:351-359.

2. Allen, G. P., J. J. McGowan, G. A. Gentry, and C. C.
Randall. 1978. Biochemical transformation of deoxy-
thymidine kinase-deficient (dTK-) mouse cells with
ultraviolet-irradiated equine herpesvirus type 1 (EHV-
1). J. Virol. 28:361-367.

3. Allen, G. P., J. J. McGowan, C. C. Randall, W. Man-
cini, Y. C. Cheng, and G. A. Gentry. 1979. Purifica-
tion and characterization of deoxythymidine kinase
(dTK) induced in dTK- mouse cells by equine herpes-
virus type 1. Virology 92:367-374

4. Chadha, K. C., and W. H. Munyon. 1975. Presence of
herpes simplex virus-related antigens in transformed L
cells. J. Virol. 15:1475-1486.

5. Cheng, Y.-C., K. C. Chadha, and R. G. Hughes. 1977.
Biochemical and immunological characterization of
deoxythymidine kinase of thymidine kinaseless HeLa
cells biochemically transformed by herpes simplex virus
type 1. Infect. Immun. 16:486-492.

6. Cheng, Y.-C., and M. Ostrander. 1976. Deoxythymidine
kinase induced in HeLa TK- cells by herpes simplex
virus type I and type II. II. Purification and character-
ization. J. Biol. Chem. 251:2605-2610.

7. Davidson, R. L., S. J. Adelstein, and M. N. Oxman.
1973. Herpes simplex virus as a source of thymidine
kinase for thymidine kinase deficient mouse cells: sup-
pression and reactivation of the viral enzyme. Proc.
Natl. Acad. Sci. U.S.A. 70:1912-1916.

8. Davis, D. B., and D. T. Kingsbury. 1976. Quantitation
of the viral DNA present in cells transformed by UV-
irradiated herpes simplex virus. J. Virol. 17:788-793.

9. Davis, D. B., W. Munyon, R. Buchsbaum, and R.
Chawda. 1974. Virus type-specific thymidine kinase in

cells biochemically transformed by herpes simplex virus
types 1 and 2. J. Virol. 13:140-145.

10. Dobersen, M. J., M. Jerkofsky, and S. Greer. 1976.
Enzymatic basis for the selective inhibition of varicella-
zoster virus by 5-halogenated analogues of deoxycyti-
dine. J. Virol. 20:478-486.

11. Donner, L., D. R. Dubbs, and S. Kit. 1977. Chromo-
somal sites of integration of herpes simplex virus type
2 thymidine kinase gene in biochemically transformed
human cells. Int. J. Cancer 20:256-267.

12. Hackstadt, T., and L. P. Mallavia. 1978. Deoxypyrimi-
dine nucleoside metabolism in varicella-zoster virus-
infected cells. J. Virol. 25:510-517.

13. Jamieson, A. T., J. C. M. Macnab, B. Perbal, and J.
B. Clements. 1976. Virus specific enzyme activity and
RNA species in herpes simplex virus type 1 transformed
mouse cells. J. Gen. Virol. 32:493-508.

14. Kit, S., W.-C. Leung, G. Jorgensen, D. Trkula, and
D. R. Dubbs. 1975. Viral-induced thymidine kinase
isozymes. Prog. Med. Virol. 21:13-34.

15. Kowal, E. P., and G. Markus. 1976. Affinity chromatog-
raphy of thymidine kinase from rat colon adenocarci-
noma. Prep. Biochem. 6:369,485.

16. Kraiselburd, E., L P. Gage, and A. Weissbach. 1975.
Presence of a herpes simplex virus DNA fragment in an
L cell clone obtained after infection with irradiated
herpes simplex virus type 1. J. Miol. Biol. 97:533-542.

17. Lee, L.-S., and Y.-C. Cheng. 1976. Human deoxythy-
midine kinase. I. Purification and general properties of
the cytoplasmic and mitochondrial isozymes derived
from blast cells of acute myelocytic leukemia. J. Biol.
Chem. 251:2600-2604.

18. Leung, W.-C., D. R. Dubbs, D. Trkula, and S. Kit.
1975. Mitochondrial herpesvirus-specific deoxypyrimi-
dine kinases. J. Virol. 16:486-497.

19. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

20. Martin, R. G., and B. M. Ames. 1961. A method for
determining the sedimentation behavior of enzymes:
application to protein mixtures. J. Biol. Chem. 236:
1372-1379.

21. Matsuya, Y., and H. Green. 1969. Somatic cell hybrid
between the established human line D98 (presumptive
HeLa) and 3T3. Science 163:697-698.

22. Munyon, W., R. Buchsbaum, E. Paoletti, J. Mann, E.
Kraiselburd, and D. Davis. 1972. Electrophoresis of
thymidine kinase activity synthesized by cells trans-
formed by herpes simplex virus. Virology 49:683-689.

23. Munyon, W., W. E. Kraiselburd, D. Davis, and J.
Mann. 1971. Transfer of thymidine kinase to thymidine
kinaseless L-cells by infection with ultraviolet-irradi-
ated herpes simplex virus. J. Virol. 7:813-820.

24. Pellicer, A., M. Wigler, R. Axel, and S. Silverstein.
1978. The transfer and stable integration of the HSV
thymidine kinase gene into mouse cells. Cell 14:133-
141.

25. Pharmacia Fine Chemicals. 1974. Affinity chromatog-
raphy: principles and methods, p. 31-34. Rahms i Lund,
Uppsala, Sweden.

26. Rapp, F., and E. R. Buss. 1975/76. Comparison of herpes
simplex virus isolates using a quantitative selection
assay for transformation. Intervirology 6:72-82.

27. Reeves, W. J., and G. M. Fimognnari. 1966. Lactic
dehydrogenase: heart (H4). Methods Enzymol. 9:288-
294.

28. Sugino, W. M., K. C. Chadha, and D. T. Kingsbury.
1977. Quantification of herpes simplex virus DNA pres-
ent in biochemically transformed mouse cells and their
revertants. J. Gen. Virol. 36:111-122.

29. Thouless, M. E., K. C. Chadha, and W. H. Munyon.
1976. Serological specificity of thymidine kinase activity
in herpes simplex virus-transformed L cells. Virology
69:350-351.

INFECT. IMMUN.


