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ABSTRACT

Treatment of HEp-2 cells with BUDR alone did not appreciably 

affect cell growth while treatment with FUDR alone resulted in early and 

irreversible destruction of cells. When a combination of BUDR and FUDR 

was used for a period of ten days, the cells failed to divide or re

cover when subcultured and neither could they incorporate exogenous 

thymidine into DNA because of loss of thymidine kinase. When these pre

treated cells were infected with ultraviolet irradiated Herpes Simplex 

virus type, two, a few cells were able to recover and grow to monolayers. 

These recovered cells were found to contain new thymidine kinase that 

was distinguishable from thymidine kinase of uninfected HEp-2 cells with 

respect to thermal lability, rate of migration in aerylamide gel electro

phoresis and resistance to growth inhibition by HATG medium.

Infection of pretreated cells with ultraviolet irradiated 

Herpes Simplex virus type one did not result in recovery in any of the 

six experiments performed while infection with ultraviolet irradiated 

Herpes Simplex virus type two resulted in recovery of HEp-2 cells in 

all six trials.

viii



INTRODUCTION

There has been much interest concerning the development of 

methods by which external genetic information could be stably introduced 

into eukaryotic cell lines. The possible role of thymidine kinase (TK) 

in various systems has been the subject of much investigation and specu

lation. For example, the formation of tumors has been thought to be 

directly related to DNA synthesis (5). In this respect, the enzyme is 

thought to exert its effects by influencing the supply of the deoxy- 

ribonucleotide precursor thymidine monophosphate (dTMP). Gordon et al. 

(19) have suggested that although thymidine kinase may play only a 

limited role in DNA synthesis in normal cells, the level of the enzyme 

is elevated appreciably in tumor cells even though the primary source of 

dTMP for DNA synthesis in these neoplastic cells is the result of de 

novo synthesis catalyzed by thymidylate synthetase.

In their study with Simian Virus 40 (SV40), Rothchild and Black 

(53, 54) indicated that thymidine kinase-deficient SV40-transformed 

hamster kidney cells transplant less readily to hamsters. They suggested 

that TK, which may not be required for DNA synthesis in a normally 

metabolizing cell, may be rate limiting when the cell is growing at an 

increased rate. Therefore, utilization of TK salvage pathway in addi

tion to the de novo pathway may be required during increased DNA 

synthesis. This may explain the inability of the transformed cells



deficient in TK activity to form progressively growing tumors when 

transplanted to animals.

Transformation of TK Deficient Cells 

Munyon et al. (45) have reported the stable biochemical trans

formation of TK deficient mouse L cells to a TK positive phenotype by 

infecting the TK cells with ultraviolet irradiated Herpes simplex virus 

(HSV-Uv) as a source of the TK gene. Kit and associates (27, 28, 29, 31, 

32) have shown that by cultivating TK+ L cells in the presence of suc

cessively increasing concentrations of bromodeoxyuridine (BUdR) an 

altered cell strain which is deficient in TK activity was obtained and 

that HSV was able to induce TK activity in these cells during the course 

of lytic infection. Kit has also isolated mutant Hela cell lines that 

are deficient in TK activity (30).

Differences Between TK*" and TK Cells 

The Herpes simplex virus-induced TK activity of L TK or Hela 

TK cells has been shown to be immunologically distinct from L or Hela 

TK*~ cells activity (6, 7, 60, 61, 62), It also differs from cytosol TK 

activity of uninfected cells in electrophoretic mobility, isoelectric 

point, thermal lability phosphate donor specificity and Km values. This 

HSV-induced TK activity can also be distinguished from mitochondrial TK 

activity of uninfected cells with respect to sedimentation coefficient 

and thermal lability (33, 34, 35, 36). Subcellular fractionation studies 

by Kit and associates (37, 38, 39) have indicated that both vaccinia and 

HSV-induced TK*s are localized primarily in the cytosol fraction.



Effect of Thymidine Analogues on 
DNA Synthesis

Numerous reports indicate that fluoro-deoxyuridine (FUdR) is a 

potent inhibitor of thymidylate synthetase. Hence, de.novo synthesis of 

dTMP can be prevented by incubating cells with FUdR, Depletion of dTMP 

pool will consequently arrest DNA synthesis and cell growth unless TK is 

available to supply the dTMP, Some reports (3, 40, 63) have indicated 

that BUdR can replace thymidine (dTR) and when this thymidine analogue 

is incorporated into DNA of cells, the cells eventually die unless they 

develop resistance to BUdR in which case the cells lose their TK 

activity. Some mouse melanoma cells were reported to become BUdR- 

dependent and so require the presence of the inhibitor BUdR for growth 

(4, 56).
Berkovitz, Simon and Toliver (3) reported that when Hela cells 

were grown in the presence of BUdR and FUdR, the cells divided only once 

and stopped dividing although their DNA underwent at least two cycles of 

replication. Zemla (64, 65, 66) subsequently showed that TK activity 

was increased appreciably when mouse embryo cells pretreated with BUdR 

and FUdR were infected with polyoma virus. Pretreatment with BUdR and 

FUdR without subsequent infection with polyoma virus reduced the TK 

activity.

Role of Thymidine Kinase in 
Growing Cells

I
Recently Rawls et al. (52) have examined sera from patients with 

cervical cancer and patients with cancer of other sites for neutralizing 

activity of TK induced by HSV-2. Although some of the sera were found



to neutralize the enzyme activity, it was concluded that this was re

lated more to the patients1 past experience with HSV-2 than to the 

presence or absence of cervical cancer. In addition, the TK extracted 

from the cervical^ cancer cells was found to migrate on polyacrylamide 

gel electrophoresis in a pattern similar to those of the enzymes induced 

in cells by HSV-1 or 2, The enzyme of the cancer tissue was not found 

to be antigenically related to the virus-induced enzyme.

Although thymidine kinase may have no survival value in growing 

cells, it may be important in stationary cells infected with viruses so 

as to ensure the accumulation of deoxyribonucleoside triphosphates neces

sary for viral DNA synthesis, Kaplan (25) and Minowada (44) have reported 

that X-ray irradiation blocks cellular DNA synthesis but not DNA synthe

sis subsequently induced by DNA virus, Christian and Ludovici (9) used 

such a blocking procedure to follow by tritiated thymidine autoradiogra

phy the progress of Herpes simplex virus plaques in X-irradiated primary

human amnion monolayers,
-

Statement of the Problem

Questions were raised in the study of Christian and Ludovici (9) 

whether Herpes simplex virus was actually replacing some gene (like TK) 

which had been destroyed in the X-irradiated amnion cells and whether 

the amnion cells could recover if the lytic effects of the virus could 

be blocked.

The present study initially was designed to answer these questions 

using X-irradiated HEp-2 cells infected with UV-irradiated HSV. Subse

quently, it was decided to specifically destroy the HEp-2 TK gene using
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BUdR or FUdR alone or in combinations and then determine whether the 

UV-irradiated HSV-1 or 2 could replace the TK gene for HEp-2 cell 

recovery.



MATERIALS AND METHODS 

Virus Growth

Herpes simplex virus type 1 or 2 (HSV-1, KOS and HSV-2, 186) 

were kindly supplied by Dr, William E* Rawls, Department of Microbiology 

and Epidemiology, Baylor University College of Medicine, Texas. These 

strains were used to grow a stock supply using HEp-2 cells,

HEp-2 cells were grown to a complete monolayer in 16 oz pre

scription bottles and 0.1 ml each of the virus suspensions were inocu

lated to their respective bottles. After allowing one hour for virus 

adsorption in a 37°C incubator, the cells were covered with Eagle's 

minimal essential medium (MEM) supplemented with two percent fetal calf 

serum and penicillin (100 units/ml) and streptomycin (100 pg/ml).

After three days incubation when extensive cytopathogenicity was visible 

in the form of rounded cells, the bottles were frozen and thawed three 

times and the viruses were harvested by centrifugation at 125 x G for 

ten minutes. The supernatant virus-containing fluids were aspirated 

and dispensed in 2 oz prescription bottles and stored at -65°C in a 

Revco freezer until used. Portions were also taken and checked for 

sterility in thioglycolate broth and brain heart infusion broth.

Virus Titrations

The prepared viruses were assayed in HEp-2 cells grown in Falcon 

plastic tubes using five tubes for each ten fold virus serial dilution.

6



Five tubes of uninoculated HEp-2 cells were also used as controls. The 

tubes were examined microscopically each day for seven days and scored 

for cytopathic effects on the cells. The titer was expressed in TCID^q 

as calculated by Reed Muench,

Virus Inactivation 

The viruses were inactivated by ultraviolet irradiation using 

the method described by Munyon et al, (45), Briefly, two ml of each of 

the virus suspensions were pipetted into a series of 60 mm Falcon 

plastic petri dishes, A Westinghouse sterilamp model #7821-20 was used 

to irradiate the viruses. The virus suspensions in the petri dishes were 

irradiated at a distance of 33 cm from the lamp. Suspensions were ir

radiated for periods of 9, 12, or 15 minutes. Residual infectivity from

these irradiated viruses was checked by titration and found to be absent

in all cases. The inactivated viruses were dispensed in 2 ml alequots in 

plastic tubes and stored at -65°C in Revco freezer until used.

Preliminary Study of the Number of DNA-Inhibitor
Treatment Days Required to Prevent Recovery 

of HEp-2 Cells with Subculture

HEp-2 cells were seeded into 4 oz prescription bottles at.a

density of 5 x 10“* cells per bottle containing 4 ml MEM supplemented.

with ten percent calf serum, 100 units penicillin/ml, and 100 yug/ml

streptomycin. Two circles were randomly drawn at the bottom of each
5bottle. Thirty 4 oz bottles were prepared, each having 5 x 10 cells.

To each of ten bottles were added 25 jsg/ml BUdR (obtained from Sigma

Company). To another ten bottles a combination of BUdR and FUdR (25



jig/ml each) was added, to five more bottles were added only FUdR (25 

jug/ml, obtained from Cal. Biochemicals). The remaining five bottles 

were left as controls. All the bottles were incubated at 37°C. The 

cells within each circle were counted each day to determine the rate of 

growth using techniques by Toliver, Simon and Gilham (63). The medium 

was replaced every other day during which time the chemicals were also 

replenished. Each day a bottle from each set was withdrawn and sub

cultured in medium without chemicals to determine the rate of recovery 

of cells treated with the respective chemicals. The same procedure was 

repeated using 60 mm Falcon plastic petri dishes incubated at 37°C with 

five percent COg in humidified atmosphere.

When it was found that cells treated with BUdR alone continued 

to grow after each subculture for more than ten days, the study with 

BUdR alone was discontinued. Cells treated with FUdR alone were found 

to disintegrate completely by the fourth day of treatment and recovery 

was not achieved by subculturing after the second day. The combination 

of BUdR and FUdR prolonged the recovery until after ten days of treat

ment when no recovery could be obtained.

Infection of BUdR-FUdR Treated Cells

Four bottles of HEp-2 cells (4 oz bottles each with 5 x 10“* 

cells) were prepared and treated with BUdR and FUdR for ten days as in 

the preliminary study. At day 11, the medium from each bottle was re

moved and one ml of each of the nine minute UV~irradiated HSV-1 or 2 was 

added per bottle of pretreated cells. The remaining two bottles were 

left uninoculated as controls. The inoculated bottles were incubated
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for one hour at 37°C for.virus adsorption.after which four ml MEM and

ten percent CS were added to each bottle including the controls. The

bottles were incubated overnight and the media were replaced with HATG
-4medium (MEM and ten percent CS and hypoxanthine, 10 M; aminopterin,

10  ̂M; thymidine, 4 x 10  ̂M; and glycine, 10  ̂M). The cells were 

kept in the HATG medium for two days and then subcultured in fresh HATG 

medium. This experiment was repeated six times using HSV-1 or HSV-2 

to determine whether or not infection with UV-irradiated HSV-1 or 2 

could induce recovery of the pretreated cells.

Thymidine Kinase Extraction from 
HEp-2 Cells

Soluble extracts of TK activity were prepared according to the 

method of Munyon et al. (46), Monolayers from the recovered HEp-2 

cells chemically and virally treated were grown in 16 os bottles. The 

monolayers were individually washed with Earles balanced salt solution 

(BSS) prior to trypsinization to release the cells from glass. The cell 

suspensions were centrifuged for ten minutes at 125 x G. The supernatant 

fluids were discarded and the cell pellets were suspended in 0.5 ml of 

0.01 M tris maleate pH 6.5 containing 0.15 M KC1, 0.02 M MgCl^, and 

0.001 M 2-mercaptoethanol. The cells were centrifuged again and re

suspended in the same buffer and sonified intermittently for one minute. 

The sonified cells were centrifuged at 125,000 x G (40,000 rpm) for one 

hour in a Beckman Spinco ultra centrifuge. The supernatant enzyme 

extract was stored at -65°C in Revco freezer with addition of cold 

thymidine to some batches. Enzyme extract from control HEp-2 cells
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grown in 16 oz bottles but not chemically or virally treated was also 

prepared. Since some reports indicate that the optimal pH for -TK activi

ty in uninfected and virus infected cells differ, 0,01 M tris HC1 (pH 8) 

was also used in the above procedure to compare TK activities at pH 6*5 

and pH 8. «

Thymidine Kinase Assay 

For virus-induced TK assay, 0,15 ml of a reaction mixture con

taining a final concentration of 0,01 M tris maleate (pH 6,5), 0.01 M
3ATP, 0.02 M MgCl^ and 1 ûCi H-thymidine (New England Nuclear specific

activity 9,2 Ci/mol) was mixed with 0,1 ml of the enzyme extract in 

individual tubes and incubated at 37°C waterbath for 15 and 30 minutes. 

The reaction was stopped by boiling for two minutes and placing the 

tubes in an ice bath. The tubes were centrifuged at 125 x G for five 

minutes to separate the denatured proteins. Fifty p.1 of the supernatant 

reaction mixture from each tube was withdrawn and spotted on 2 cm square 

Whatman diethyl aminoethyl (DEAE-81) cellulose. The papers were air 

dried, washed twice (for five minutes each) with 0.Q01M ammonium formate 

buffer pH 3.6, washed once in distilled water and once in absolute ethyl 

alcohol and air dried. Each disc was placed in a counting vial con

taining ten ml toluene phosphor scintillation,fluid (containing 4 grm 

2,5-diphenyl oxazole and 0,05 grm 1,4-bis-2-(5-phenyloxazolyl)-benzene 

per liter of toluene). Radioactivity measurements were made with a 

Packard Tri Garb Liquid Scintillation Spectrometer Model 3320.
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TK activity from control uninfected HEp-2 cells was also measured 

by the same procedure as for virus infected cells and, in addition, the 

TK activity for both were also measured using Tris HC1 pH 8, 5 mM MgClg,

5 mM ATP, 1 îCi thymidine in a final volume of 0,25 ml.

Residual TK activity from dying cells which were pretreated with 

BUdR and FUdR for ten days but not infected with HSV also was determined 

using the above procedure.

Thermal Lability Studies 

As has been mentioned earlier in the introduction, HSV-induced 

TK differs from the cellr s own TK with respect to thermal lability. 

Therefore, to compare the thermal lability of TK from extracts of the 

"recovered" HEp-2 cells obtained after HSV-2 (UV) infection with the 

TK activity from extract of normal HEp-2 cells, 0,1 ml of the enzyme 

extracts were placed in individual tubes and incubated in a 40°C water- 

bath for 15 and 30 minutes. After these periods the tubes were removed
a 1

and to each tube 0,15 ml of a reaction mixture (containing 0.01 M ATP,
30,02 M MgClg, 1 îCi H-thymidine in tris maleate pH 6,5 or Tris HC1 

pH 8) was added. The tubes were then incubated in 37°C waterbath for 

15 or 30 minutes. The reaction was stopped by boiling and chilling as 

before. The supernatant from each tube was spotted on DEAE-81 cellulose 

paper and processed as mentioned earlier to determine the residual TK 

able to phosphorylate thymidine to dTMP.
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Polyacrylamide Gel Electrophoresis

As shown in some reports (12, 35,.36, 39, 41, 46) the rate

of migration.in polyacrylamide gel of the. TK enzyme from HSV-

transformed cells differs from that of the enzyme from normal

cells. This experiment was performed to determine the Rf of the re- *

covered cells and compare it with that of the normal HEp-2 cells.

Polyacrylamide gel electrophoresis was performed as described by

Davis (11) and modified by Munyon et al, (46) with five percent poly- ■

acrylamide used for separating gels and two percent for stacking gels

and with the addition of ATP in the upper buffer as recommended by Kit,

Leung and Trkula (34), Electrophoresis was carried out at 4°C for 70

minutes. After completion of electrophoresis, the tubes were removed
oand wrapped in aluminum foil and stored at -20 C until processed.

Analysis of TK Activity of the Gels 

- The gels were removed from the electrophoresis tubes and sliced 

into approximately 2 mm sections with a razor blade. The slices were • 

immediately placed in individual tubes containing 0,15 ml TK reaction 

mixtures per tube. The tubes were incubated in a 37°C waterbath for two 

hours. The reaction was terminated by boiling and chilling and the tubes 

were centrifuged at 125 x G for five minutes. Supernatant alequots were

spotted on Whatman DEAE-81 cellulose paper to separate the nucleoside
3 3 3acceptor, H-thymidine, from HdTMP, The amount of HdTMP formed was

determined using a Packard Tri Garb Liquid Scintillation Spectrometer

Model 3320.
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Estimation of DNA Synthesis Activity

The DNA synthesis activity of the recovered chemically and

virally treated cells was compared to that of HEp-2 cells treated with

BUdR and FUdR, HEp-2 cells treated with FUdR alone, and HEp-2 cells
3grown in HATG medium. This was done by measuring the amount oft.H-

thymidine incorporated into DNA, These treated cells (in 8 oz bottles)
3were washed with MEM and 1 pCi H-thymidine was added to the., cells con

taining 10 ml fresh MEM and ten percent CS, The bottles were incubated 

at 37°C for one hour. Then the radioactive medium was removed from each 

bottle and the cell monolayers were washed twice with fresh MEM. The 

monolayers were covered with 10 ml of I N perchloric acid and placed in 

a 4°C cold room for 18 hours. The perchloric acid was aspirated and the 

monolayers were washed twice with I N warm perchloric acid and the cells 

were trypsinized to dislodge them from the glass. Cell suspensions were 

passed into 0.2 micron Gelman membrane filters and washed twice with 

absolute ethanol. The membranes containing the cells were dried and 

dropped into scintillation vials containing 10 ml toluene scintillation 

fluid and radioactivity was determined.

/



RESULTS

Inactivation of Viruses 

The titers for HSV-1 and HSV-2 stocks were found to be 10^'^ and
5 010 ' TCID^q per ml respectively. After UV-irradiation for 9, 12, and 

15 minutes, the infectivity for both viruses were reduced to undetectable 

levels when retitrated.

Effect of Inhibitors on the Recovery 
of HEp-2 Cells

Preliminary experiments on the effect of BUdR alone, BUdR and 

FUdR combined, or FUdR alone on the recovery of HEp-2 cells showed that 

treatment of these cells with BUdR alone had no effect. The cells con

tinued to grow to confluency after each subculture for the two-week 

period used in this experiment. Increase in cell number was shown by 

both haemocytometer counting and counting number of cells within circles 

drawn at the bottoms of the bottles and plates.

Cells treated with FUdR alone stopped dividing after the second 

day and by the fourth day all cells from both bottles and plates were 

rounded and dislodged from the glass surface. Removal of FUdR on the 

second day did not affect recovery.

However, cells treated with a combination of BUdR and FUdR 

stopped dividing by the fourth day, but when the drugs were removed,, the 

cells were able to recover and grow at subculture. After ten days?

14



treatment with BUdR and FUdR, the cells failed to recover when sub

cultured. The cells continued to be highly elongated and refractile 

until they degenerated completely. Ten days of BUdR and FUdR treatment 

of HEp-2 cells was subsequently used prior to addition of UV-irradiated 

HSV-1 or HSV-2.

Effect of Virus Infection 

When the BUdR. and FUdR treated cells were infected with nine 

minute UV-irradiated HSV-1 and HSV-2 on day 11 and left in HATG medium 

for two days, it was found that on subsequent subculture almost all 

cells degenerated and were found floating in the media. The bottles 

were incubated in the HATG medium with media change once a week. After 

about 20 days' incubation, 3-8 clones were observed in the bottles in

fected with UV-irradiated HSV-2, but not in either the HSV-1 treated 

cells or in control bottles treated with BUdR and FUdR for ten days 

but not infected with HSV.

These clones were initially slow growing. Confluent monolayers 

eventually were obtained after repeated subculture. These experiments 

were repeated six times and in all cases only UV-irradiated HSV-2 

infected cells yielded clones. No viable cells were found in either the 

HSV-1 infected or control BUdR-FUdR treated but non-virally infected 

cells as shown in Table 1,

To rule out the possibility that a few viable HEp-2 cells were 

present in the UV-irradiated HSV-2 preparations or that the growth 

medium used for subculture and changing bottles was contaminated with 

HEp-2 cells, control bottles were prepared for each experiment using the
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Table 1, Effect of virus on cell recovery.

No, of Clones No. of y Efficiency
Cell Type Formed per Experiments ° of Clone

10^ Cells Performed access Formation

HEp-2 BUdR and 
FUdR HSV-1* 0 6 0 0

HEp-2 BUdR and 
FUdR HSV-2* 3-8 6 100 .0003 to

HEp-2 BUdR and 
FUdR 0 6 0

. 0008% 

0

* HEp-2 cells treated with 25 fig/ml each BUdR and FUdR for ten days; on 
the 11th day the bottles were infected with HSV-1 or HSV-2 that were 
UV-irradiated for nine minutes,

virus suspensions plus medium alone or medium alone. In all cases there 

was no cell growth in any of these control cultures.

‘ Growth Rate of the Recovered Cells 

The recovered HEp-2 cells were found to have a doubling time 

similar to the parental HEp-2 cells although initially the recovered 

cells were slow growing and tended to be more fibroblastic-like. The 

graph shown in Figure 1 from which the average generation times were 

determined by plotting the cell counts against time indicate that the 

doubling time is similar to that of normal HEp-2 cells.
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Figure 1. Growth Curve of Recovered Cells.
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Thymidine Kinase Activity

The ability of the TK enzyme to phosphorylate thymidine to dTMP
3was studied by comparing the amount of labeled H-thymidine incorporated

O
into H dTMP from recovered cells, normal HEp-2 cells, and HEp-2 cells 

chemically treated for ten days but not virally infected. The results 

as shown in Table 2 indicate that normal HEp-2 cells are more efficient 

dTMP formers than the recovered cells despite the fact that both have 

similar growth rates, This is expected because normal HEp-2 cells have 

both their endogenous thymidylate synthetase for de novo dTMP formation 

and thymidine kinase and can therefore efficiently utilize exogenous 

thymidine to make dTMP which is subsequently converted to dTTP by 

thymidylate kinases and thus incorporated into DNA of cells. The re

covered HEp-2 cells were found to have one-third the dTMP formation 

rate as normal HEp-2 cells. The BUdR-FUdR treated but not virally in

fected cells were found to have low TK activity. This is because both 

de novo and salvage pathways were both blocked by chemical treatment.

Table 2. TK activity of cytosol fractions.*

Cell Line
Average TK 
Activity/10^ Cells 
Cells

No. of 
Experiments

HEp-2 (normal) 1,680 6
HEp-2 (recovered) 563 6
HEp-2 (BUdR-FUdR) 112 6

* Enzyme activity expressed as ^H counts converted from dTR to dTMP dur-
ing TK assay.
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Thermal Lability Experiments 

To compare the thermal stabilities of TK enzyme from normal 

HEp-2 cells with that of recovered cells, cell extracts were harvested 

from 16 oz bottle cultures with about 12 x 10^ cells per bottle. One- 

tenth milliliter of the enzyme extracts (supernatants after high speed 

centrifugation) were placed in individual tubes and incubated in a 

waterbath at 40°C, At intervals noted in Table 3, one tube from each 

extract was removed to an ice bath. After all samples were collected, 

they were assayed for residual TK activity as described in materials 

and methods section.

The results summarized in Table 3 showed that the TK activity 

of the recovered cells was more heat labile at 40°C than the TK activity 

from normal HEp-2 cells, The residual TK able to phosphorylate thymidine 

to ^HdTMP was reduced 45 fold after incubation at 40°C while in the 

normal HEp-2 cells only 5 fold reduction was observed.

The differences in stability of the enzyme activity at pH 8 and 

pH 6,5 using Tris HCl and tris maleate respectively were also compared 

since some investigators have reported that TK activity induced by HSV 

had optimum pH of 6-7 while TK activity of cells had optimum of pH 8,

The results, as indicated in Table 3, also showed that the TK's of re

covered cells were more labile while the normal HEp-2 TK activity was 

relatively stable, although here the difference is not as great as when 

tris maleate was used.
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Table 3. Residual TK activity after various times of incubation at 40°C,

Source of 
TK Extract

Enzyme Activity 
0 min 15 min 30 min

Fold Reduction 
of Activity

Normal HEp-2 in 
maleate pH 6.5

tris
5,218 1 611 1,013 5

Recovered HEp-2 in 
tris maleate pH 6.5 27,124 17,873 621 45

Normal HEp-2 in 
HClpH 8

tris
4,738 3,500 1,275 4

Recovered HEp-2 
HClpH 8

in tris
4,944 1,390 362 11

3* Enzyme activity expressed as H counts converted from dTR to dlMP 
during TK assay after subtracting background counts,

Thymidine Kinase Activity in Gels 

The TK activity of the recovered cells was also determined after 

acrylamide gel electrophoresis using the slicing technique of Kit and 

associates (34, 36). The results for recovered cells (Figure 2) indi

cated a sharp peak of activity from fraction number 11 (Rf .55) and a 

relative small peak from fraction number 15 (Rf 0.75). The viral in

duced TK apparently is found in fraction number 11 Rf 0.55 which com

pared closely to the results obtained by other investigators (12, 16,

46) for HSV-2 induced TK. However, this does not rule out the possibility 

that the TK activity was cellular in origin since it is possible that the
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Figure 2. Polyacrylamide Gel Electrophoresis Patterns of TK Activity of Recovered Cells.
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action of a viral gene may result in the appearance of a cellular TK 

that is suppressed by chemical treatment. Such a possibility is highly 

unlikely, since the cell’s own TK activity was found to have lower Rf 

values in many reports.

In order to show that the TK activity of uninfected cells differ 

from that of the recovered cells, electrophoresis of the extract from 

normal HEp-2 cells was also performed and eluted as discussed earlier.

As shown in Figure 3, the peaks of activities for the normal HEp-2 

control cells were found to vary with more peaks ranging from Rf 0.3 to 

0.85, but in no case have they shown overlapping of the peaks from re

covered cells.

Estimation of DNA Synthesis Activity 

The DNA synthesis activity of the recovered HEp-2 cells was com

pared to that of HEp-2 cells treated with BUdR and FUdR, HEp-2 cells

treated with FUdR alone and HEp-2 cells grown in HATG medium. This was
3done by measuring the amount of H-thymidine incorporated into DNA.

/
The results, as shown in Table 4, clearly indicate that the recovered 

cells use exogenous thymidine for cellular DNA synthesis, while the BUdR 

and FUdR treated cells and the FUdR treated cells are unable to utilize 

exogenous thymidine in DNA synthesis. This is expected as the cells 

lost both their de novo and salvage enzymes for dTMP synthesis as a 

result of the treatments, while the recovered cells are apparently 

supplied with TK after UV-irradiated HSV-2 treatment. The normal HEp-2 

cells grown in HATG medium which blocks de novo pathway can still use 

endogenous salvage pathway which is not blocked. v
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3Table 4. Incorporation of H-thymidine into DM.

Cell Type TK Activity*

HEp-2 grown in HATG medium 572

Recovered HEp-2 grown in HATG 455

Recovered HEp-2 grown in MEM 671

HEp-2 treated with BUdR and FUdR 54

HEp-2 treated with FUdR 115

3* Enzyme activity expressed as H-counts incorporated into DM.



DISCUSSION

In this study, it was found that pretreatment of HEp-2 cells 

with BUdR alone did not appreciably affect growth of the cells while 

treatment with FUdR alone resulted in immediate and irreversible arrest 

of growth, When the cells were treated with a combination of BUdR and 

FUdR, recovery of the cells was prolonged for ten days but no recovery 

was ever noted after 11 days’ treatment.

Although the reasons for this behavior are not well understood, 

a number of suggestions have been put forward by various investigators. 

FUdR was found to block DNA synthesis by competing with deoxyuridine 

monophosphate and inhibiting the enzyme thymidylate synthetase which is 

mainly responsible for catalyzing de novo DNA synthesis (5, 26). FUdR 

was shown not to be incorporated into DNA, although it could be cleaved 

to FU which could be converted to the ribonucleoside that is in turn 

phosphorylated and incorporated into RNA (5). BUdR was found to be in

corporated into DNA in place of the natural base thymidine because both 

BUdR and thymidine are similar stereochemically(20). BUdR was found to 

act as a mutagen (24) to alter patterns of transcription (22, 40) to 

inhibit expression of differential functions (59) and to bring about 

alterations in membrane properties(8,57)» There were reports which indi

cated that the presence of BUdR activated genomes of murine leukemia 

virus from cells of leukemic mice and that "virus negative" human

25
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lymphoid cell lines made resistant to BUd'R have shown induction of Epstein 

Barr virus (17, 21, 42, 55)„ Bader and Brown (2) have demonstrated that 

BUdR could induce transformation of Rous Sarcoma virus infected cells 

and could alter the temperature sensitivity of the transforming process 

despite the lack of incorporation of BUdR into RNA. Berkovitz, Simmon 

and Toliver (3) reported that when Hela cells were grown in the presence 

of BUdR and FUdR, the cells divided only once. They suggested that DNA 

molecules in the Hela cells have different "thymine sites" of which 75 

percent could readily be substituted with BUdR while the remaining sites 

required thymine. In the presence of FUdR, which blocks de novo thy- 

midylate synthesis, the sites would be forced to accept BUdR or remain 

unoccupied. In either case, further division of the cell would be 

arrested.

From these observations, it is quite clear that the effect of 

these haloginated pyrimidines on eukaryotic cells is mainly on the in

hibition of production of regulatory enzymes. In the case of virus 

activation from "virus free cells," inhibition of regulatory enzymes 

could lead to suppression of transcription of mRNA that codes for a re

pressor of viral synthesis.

Infection of these BUdR-FUdR treated cells with UV-inactivated 

HSV-2 resulted in recovery of a very small number of these cells. The 

recovered cells were presumably supplied with some viral gene products 

to replace or to activate suppressed gene(s) of the cells. In order to 

investigate whether the inactivated HSV-2 was supplying a viral gene 

permitting cell recovery, it was decided to examine the content of these
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recovered cells for different species of TK. TK is a well-studied 

enzyme which is readily induced by a number of DNA viruses under condi

tions where DNA synthesis is suppressed (5, 26),

The present study demonstrates that the TK activity of the BUdR-

FUdR treated HEp-2 cells was negligible as shown in Table 4, On the 

other hand, the recovered cells were shown to have a fairly high TK

activity which could only have been induced by the UV-irradiated HSV-2,

Methods for assessing differences in TK activity in uninfected and 

virus infected cells were described by Davis, Munyon, Buchsbaum and Chowda 

(12) and Munyon et al,(46), First they showed that TK activities from 

normal control L cells have R^ values of the major TK isozyme ranging 

from 0.2 to 0,305 and a second TK isozyme activity with R^ 0.7 to 0.8.

In LTK cells, TK activity was observed only in the second isozyme having 

R_£ 0.7 to 0.8, When these LTK cells were infected with HSV, a peak of

activity with R^ 0.4 was observed for the first isozyme and a relatively

small peak for the second isozyme. In addition, Rawls et al. (52) have 

shown that R^ values of the enzyme in uninfected cells were 0.24 and

0.44 for primary rabbit kidney cells, 0*15, 0.47 and 0.54 for rabbit

embryo cells and 0.28 for Vero cells.

The results in the present study using HEp-2 indicate that the 

normal control cells had major peaks with R^ 0,30 and 0.85 while the 

recovered HEp-2 cells had major peaks with R_̂ 0.55 0.75. It seems

likely based on the previous evidence cited that the peak of TK 

activity (R^ 0.55) of the recovered HEp-2 cells was probably coded for 

by the UV-irradiated HSV-2.
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Evidence from the same investigators (12, 46, 48) indicate a 

difference between the thermolability of the TK of normal and trans

formed (HSV type 2 induced) cells. In the present study a similar differ

ence in thermolability was observed between the TK activity of recovered 

HEp-2 cells and normal HEp-2 cells suggesting that the TK gene of re

covered HEp-2 cells was supplied by the HSV type 2.

It was surprising to find that recovery was only achieved when 

UV-inactivated HSV-2 was used even though the initial titer was lower 

than the titer of HSV-1. It was thought that the higher titer would 

give greater multiplicity of infection per cell and therefore more 

opportunity for viral integration into the cell genome,

The possible explanation for success for recovery of cells 

treated with UV-inactivated HSV-2 may be that HSVr-2 for some reasons is 

more efficient in incorporating its genome into host cells. There are 

numerous reports which showed transformation potential of various cells 

by HSV-2. For example, Darai and Munk (10) reported HSV-2 transforma

tion of human embryonic lung cultures maintained under non-permissive 

conditions. Hamster cells were transformed more readily by HSV-2 

(13, 14, 49, 50). The possible malignant potential of HSV-2 has been 

reported by numerous investigators; they (15, 18, 23, 43, 47, 51, 52) 

reported the association of HSV-2 with cervical carcinoma. Sprecher- 

Goldberger et al, (58) reported the detection of fragments of HSV-2 

DNA in human cervical tumor and Aurelian et al. (1) detected antibody 

to HSV-2 induced tumor specific antigens in sera of patients with 

cervical carcinoma.
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From these results all the evidence suggests that the UV^ 

irradiated HSV-2 supplied a TK gene to the BUdR-FUdR treated cells which 

alone or in combination with other transferred viral genes permitted 

cell recovery.



REFERENCES

1. Aurelian, L., B, Schumann9 R, L» Marcus and H» J» Davis, 1973, 
Antibody to HSV-2 induced tumor specific antigens in serums from 
patients with cervical carcinoma. Science 181:161-164.

2. Bader, J. P. and N» R. Brown, 1971, Induction of mutations in an 
RNA tumor virus by analogue of a DNA precursor. Nature (London) 
234:11,

/ x3. .. Berkovitz,Anna, E. H, Simon and A, Toliver, 1968. DNA replication
in the absence of cell division in BUdR-FUdR treated Hela cells.
Exp. cell. Res. 53:497-505,

4. Bick, M, D. and R. L. Davidson, 1974. Total substitution of 
bromodeoxyuridine for thymidine in the DNA of a bromodeoxyuridine- 
dependent cell line. Proc. Nat. Acad. Scie, U.S.A. 71:2082-2086.

5. Blakely, R. L. and E. Vitols, 1968. Control of nucleotide bio
synthesis. P, D, Boyer (ed.) An, Rev. Biochem. 37:201, Ann. Rev. 
Inc., Calif.

6. Buchanan, A. and D. B. Watson. 1969. The immunological specificity 
of thymidine kinases in cells infected by viruses of Herpes group,
J. Virol, 4:461-463.

7. Buchanan, A., D. H. Watson, D. R, Dubbs and S. Kit. 1970. Serologi
cal study of a mutant Herpes virus unable to stimulate thymidine 
kinase. J, Virol. 5:817-818.

8. Chan, P. C., A. Goodman and E, L. Wynder. 1970. Hydroxyurea: 
Suppression of two stage carcinogenesis in mouse skin. Science 
168:130-132,

9. Christian, R. J, and P. P. Ludovici. 1971. Cell-to-cell trans
mission of Herpes simplex virus in primary human amnion cells,
Proc. Soc. Exp. Bio. Med. 138:1109-1115.

10, Darai, G. and K. Munk. 1973. Human embryonic lung cells abortively 
infected with Herpes virus hominis type 2 show some properties of 
cell transformation. Nature (New Biology) 241:268-269.

11. Davis, B. 1964, Gel electrophoresis: methods and application to 
human serum proteins. Ann. N. Y. Acad, Sci. 121:404-427.

30



31

12. Davis, D, B. , W. Munyon, R, Buchsbaum and R. Chowda, 1974. Virus 
specific thymidine kinase in cells biochemically transformed by 
Herpes simplex virus types 1 and 2. J. Virol. 13:140-145.

13. Duff, R. and F. Rapp. 1971. Properties of hamster embryo fibro
blasts transformed in vitro after exposure to ultraviolet irradi
ated Herpes simplex virus type 2. J. Virolo, 8:469-477.

14. Duff, R. and F. Rapp, 1973. Oncogenic transformation of hamster
embryo cells after exposure to inactivated Herpes simplex virus 
type 1. J. Virol. 12:209-217.

15. Frankel, N., B, Roizman, E. Cassai and A. Nahmias, 1972. A DNA
fragment of herpes simplex virus type 2 and its transcription in
human cervical cancer tissue. Proc, Nat. Acad. Sci. U.S.A. 68: 
3784-3789.

16. Garfinkle, B. and B. R. McAuslan. 1974, Transformation of cultured 
mammalian cells by viable Herpes simplex virus subtypes 1 and 2.
Proc. Nat. Acad. Sci. U.S.A. 71:220-224,

17. Gerber, P. 1972. Activation of Epstein-Barr virus by 5-bromo 
deoxyuridihe in "virus free" human cells. Proc. Nat. Acad. Sci. 
U.S.A. 69:83.

18. Goodheart, C. R. 1973. Nucleic acid hybridization and the relation
ship between cervical cancer and Herpes simplex virus type 2.
Cancer Res. 33:1548-1551,

19. Gordon, H. L., T. J, Bardos, F. C. Zdzislaw, and J. L. Ambrus,
1968, Comparative study of the thymidine kinase and thymidylate 
kinase activities and the feedback .inhibition of thymidine kinase 
in normal and neoplastic human tissue. Cancer Res. 28:2068-2077.

20. Hackett, P. and P. Hanawalt. 1966. Selectivity for thymine over 
5-bromouracil by a thymine-requiring bacterium. Biochem. Biophys, 
Acta. 123:356-363.

21. Hampar, B., J. G. Derge, L. M. Martos and J. L. Walter. 1972. 
Synthesis of Epstein-Barr virus after activation of the viral genome 
in a "virus free" human lymphoblastoid cell (Raj'i) made resistant
to 5-bromodeoxyuridineC Proc. Nat. Acad. Sci. U.S.A. 69:78.

22. Hill, B., A. Tsuboi and R. Baserga. 1974, Effect of 5-bromo- 
deoxyuridine on chromatin transcription in confluent fibroblasts. 
Proc. Nat, Acad, Sci, U.S.A. 71:455-459.

23. Hollinstead, A., 0. Lee, P. B. Chretien, J. L. Tarpley, W. E,
Rawls, and E, Adams, 1973. Antibodies to Herpes virus non
virion antigens in squammous carcinomas. Science 128:713-715.



32

24. Huberman, E. and C. Heidelberger. 1972. The mutagenicity to 
mammalian cells of pyrimidine nucleoside analogs. Mutation Res. 
14:130.

25. Kaplan, A. S. 1957. A study of Herpes simplex virus--rabbit kidney
cell system by the plaaque technique. Virology 4:435-457.

26. Kit, S., J. Pierkarsk?and D. R, Dubbs. 1963. Effects of 5-fluoro-
, uracil, Antinomycin D and Mitomycin C on the induction of thymidine
kinase by vaccinia infected L-cells. J. Mol. Biol. 7:497-510.

27. Kit, S., D. R. Dubbs, L. J. Pierkarski, and T. C. Hsu. 1963.
Deletion of thymidine kinase from L-cells resistant to bromodeoxy-
uridine. Exp. Cell Res. 31:297-312.

28. Kit, S. and D. R. Dubbs. 1963. Acquisition of thymidine kinase
activity by Herpes simplex infected mouse fibroblast cells.
Biochem. Biophys. Res. Comm. 11:55-59.

29. Kit, S., D. R. Dubbs and P. M. Frearson. 1965. Decline of thymidine
kinase activity in stationary phase mouse fibroblasts. J. Biol.
Chem. 24:2565-2573.

30. Kit, S., D. R. Dubbs and P. M. Frearson. 1966. He la cells re
sistant to BUdR and deficient in thymidine kinase activity. Int.
J. Cancer 1:19-30.

31. Kit,' S., D. R. Dubbs and M. Anken. 1967. Altered properties of
thymidine kinase after infection of mouse fibroblast cells with 
Herpes simplex virus, J. Virol. 1:238-240.

32. Kit, S. and D. R. Dubbs. 1969. Enzyme induction by viruses.
Monograph in Virology 2:52-93. J. L. Melnick (ed.) S. Karger, N.Y.

33. Kit, S., L. A. Kaplan, ,W. C. Leung and D. Trkula. 1972. Mitochon
drial thymidine kinase of bromodeoxyuridine resistant kinase de
ficient Hela (BU25) cells. Biochem. Biophys. Res, Comm. 49:1561- 
1567.

34. Kit, S., W. C. Leung and D. Trkula. 1973. Properties of mito
chondrial thymidine kinase of parental and enzyme deficient Hela 
cells. Arch. Biochem. Biophys. 158:503-513.

35. Kit, S., W. C. Leung, D. Trkula, D. R. Dubbs and G. Jorgensen. 1974. 
Gel electrophoresis and isoelectric focusing of mitochondrial and 
viral induced thymidine kinases. Int. J. Cancer 13:203-218.

36. Kit, S., W. C. Leung, G. Jorgensen and D. R. Dubbs. 1974.
Distinctive properties of thymidine kinase isozymes induced by 
human and avian Herpes viruses. In. J. Cancer 14:598-610.



33
37. Kit5 S. and W. C. Leung. 1974, Submitochondria1 localization and

characteristics of thymidine kinase molecular forms in parental and 
kinase deficient Hela cells. Biochem. Genet. 11:231-247,

38. Kit, S., W, C. Leung, G. Jorgensen, D. Trkula and D. R. Dubbs.
1974. Subcellular localization and properties of thymidine kinase 
from adeno virus infected cells, J, Gen. Virol. 24:281-292.

39. Kit, S., W. C. Leung and D, Trkula, 1974. Properties of thymidine
kinase enzymes isolated from mitochondrial and cytosol fractions of
normal, bromodeoxyuridine resistant, and virus-infected cells.
Control Processes in Neoplasia, pp. 103-145. M. "A. Mehlman and
R, W. Hanson (eds,). Academic Press, New York.

40. Kotzin, B. and R. Baker, 1972. Incorporation of 5-bromodeoxyuridine
into low molecular weight nuclear DNA. J. Cell Biol. 55:74-81.

\
41. Lin, Shie-Sheng and W. Munyon. 1974. Expression of the viral

thymidine kinase gene in Herpes simplex virus-transformed L-cells,
J. Virol. 14:1199-1208.

42. Lowy, D. R», W. P. Rowe, N, Teich and J. W. Hartley. 1971. Murine 
leukemia virus: High frequency activation in vitro by 5-iododeoxy- 
uridine and 5-bromodeoxyuridine. Science 174:155,

43. Melnick, J. L. and W. E. Rawls. 1970. Herpes virus type 2 and 
cervical carcinoma. Ann. N. Y. Acad. Sci. 174:993-998.

44. Minowada, J. 1964. Effect of X-irradiation on DNA synthesis in 
polyoma virus-infected cultures. Exp. Cell. Res. 33:161-175.

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

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

47. Naib, Z, M,, A, J, Nahmias, W, E. Josey and J. H, Kramer, 1969. 
Genetical Herpetic infection: Association with cervical dysplasia 
and carcinoma. Cancer Res,. 23:940-945.

48. Ogino, T, and F. Rapp. 1971. Differences in thermal stability of 
deoxy thymidine kinase activity in extracts from cells infected 
with Herpes simplex virus types 1 or 2. Virology 46:954-955.



34

49. Rapp, F. and R. Duff. 1973. Transformation of hamster embryo
fibroblasts by Herpes simplex virus type 1, Cancer Res. 33:
1527-1534.

50. Rapp, F ., J. H. Li and Maryann Jerkofsky. 1973. Transformation of
mammalian cells by DNA-containing viruses following photodynamic
inactivation. Virology 55:339-346.

51. Rawls, W. E., W. A. F. Tompkins and J. L. Melnick. 1969. The
association of Herpes virus type 2 and carcinoma of the uterine
cervix. Am, J, Epidemiol, 89:547-554.

52. Rawls, W. E ., G. Cashon, E. Adam, T. Ogino, R. Duff and F. Rapp.
1974, Herpes virus type 2-induced thymidine kinase and carcinoma
of cervix. Cancer Res. 34:362-366.

53. Rothchild, H. and P. H. Black. 1970. The effect of loss of thymi
dine kinase on the tumorigenicity of clones of SV40-transformed 
hamster cells. Proc. Nat, Acad. Sci. U.S.A. 67:1042-1049.

54. Rothchild, H. and P. H, Black. 1973. Investigation of the mechanism
of decreased tumorigenicity of cells grown in bromodeoxyuridine.
J. Cell. Physiol. 81:217-224.

55. Rowe, W, P., D, R. Lowy, N. Teich and J. W. Hartley. 1972. Some
implications of the activation of murine leukemia virus by halo-
genated pyrimidines. Proc, Nat. Acad. Sci. U.S.A. 69:1033-1035.

56. Schwartz, S. A. and W. H. Kirsten. 1974. Distribution of 5-bromo-
deoxyuridine in the DNA of rat embryo cells. Proc. Nat. Acad. Sci.
U.S.A. 71:3570-3574.

57. Silage, S. and S. Bruce. 1970. Suppression of malignancy and 
differentiation in melanotic melanoma cells. Proc. Nat. Acad. Sci. . 
U.S.A. 66:72-78.

58. Sprecher-Goldberger, S., L. Thiry, J. P. Cattoor, R. Hooghe and
J. Pastiau, 1970. Herpes virus type 2 infection and carcinoma of
the cervix. Lancet 2:266.

59c Stockdale, F., K. Okazaki, M. Nemeroff and H. Holtzer. 1964.
5-Bromodeoxyuridine: Effect on myogenesis in vitro. Science 146: 
533-535.

60. Thouless, M. E. and G. R. B. Skinner. 1971. Differences in the
properties of thymidine kinase produced in cells infected with type 
1 and type 2 Herpes virus. J. Gen. Virol* 12:195-197.



35

61. Thouless, M. E. 1972. Serological properties of thymidine kinase 
produced in cells infected with type 1 or type 2 Herpes virus. J. 
Gen. Virol. 17:307-315.

62. Thouless, M. E. and P. Wildy. 1975. Deoxypyrimidine kinases of 
Herpes simplex viruses types 1 and 2: Comparison of serological 
structural properties. J. Gen. Virol. 26:159-170.

63. Toliver, A., E. H. Simon and P. T. Gilham. 1968. On the mechanism 
of 5-bromouracil inhibition of DNA synthesis and cell division.
Exp. Cell. Res. 53:506-518.

64. Zemla, J. 1968. Effect of 5-flourouracil and 5-bromo-2-deoxyuridine
on the induction of thymidine kinase in Polyoma virus-infected 
mouse embryo cells. Biochem. Biophys. Res. Comm. 33:69-73.

65. Zemla, J. 1974. Thymidine mediated enhancement of thymidine
kinase induction by Polyoma virus. Acta. Virol. 18:165 168.

66. Zemla, J. 1974. Thymidine kinase induction in mouse embryo cells
by Polyoma virus: Effect of 5-bromo-2-deoxyuridine. Acta. Virol.
18 273-283.




