
ABBREVIATIONS: dThd, 2’-deoxythymidine; 5’-AdThd, 5’-amino-2’,5’-dideoxythymidine; dTMP, dTTP, the 5’-mono- and triphosphate of dThd,
respectively; IdUrd, 5-iodo-2’-deoxyuridine; MTX, methotrexate; PBS, phosphate-buffered saline.
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SUMMARY
5’-Amino-2’ ,5’-dideoxythymidine (5’-AdThd) is a nontoxic thy-
midine (dThd) analogue capable of antagonizing the feedback
inhibition exerted by thymidine tnphosphate (dTTP) on thymidine
kinase (EC 2.7.1 .21). In intact cells, this results in stimulation of
thymidine uptake by 5’-AdThd. We have studied the interaction
between 5’-AdThd and thymidine kinase purified from 647V cells.
We found that 5’-AdThd inhibited competitively thymidine kinase
activity (K, of 0.5 �zM) in the absence of dTTP whereas dTTP
inhibited thymidine kinase activity in a noncompetitive manner.
However, in the presence of dTTP, 5’-AdThd was able to stim-
ulate enzyme activity in a mode that suggests competition with
dTTP for the regulatory site. Altered interactions were observed
at high substrate (dThd) concentrations, with dThd showing
competitive kinetics with dTTP. In intact cells, we evaluated the

hypothesis that antagonism of feedback inhibition could account

for stimulation of dThd uptake by 5’-AdThd. If inhibition of
thymidine kinase activity by dTTP is critical, then depletion of
cellular dTTP by methotrexate should reduce the ability of 5’-
AdThd to stimulate dThd uptake. Indeed, this was the case. If
the dTTP pools were repleted by the addition of higher concen-
trations of dThd, the ability of 5’-AdThd to stimulate dThd uptake
was restored. Furthermore, effects of 5’-AdThd on nucleoside
phosphorylase or cytoplasmic 5’-nucleotidase activity (dTMP
breakdown) could not account for the stimulation of dThd uptake
in 647V cells. In summary, our results indicate that 5’-AdThd
interacts with thymidine kinase at the dTTP-binding site, resulting
in stimulation of enzyme activity and stimulation of dThd uptake
in intact cells.

Thymidine kinase catalyzes the phosphorylation of dThd,

the rate-limiting step in the salvage pathway that results in the

formation of dTTP. This enzyme is responsible also for the

activation of various anticancer and antiviral drugs such as

IdUrd, 5-fluorodeoxyuridine, 5-trifluorothymidine, and azi-

dothymidine (1-4). Similar to other rate-limiting enzymes,

thymidine kinase is regulated by end-product (i.e., dTTP or

IdUTP) feedback inhibition (5-7). This could limit the uptake

and activation of cytotoxic nucleoside analogues.2 We have

approached this problem by a direct intervention at the enzyme

level, antagonizing the inhibition of the enzyme by using nu-

cleoside analogues.

This work was supported by NIH Grant CA 36823.
1 Present address: Department of Pharmacology, CB 7365, 915 FLOB, Univer-

sity of North Carolina, Chapel Hill, NC 27514.
2 M. A. Vazquez-Padua, C. Risueno, and P. H. Fischer. Regulation of the

activation of fluorodeoxyuridine by substrate competition and feedback inhibition

in 647V cells. In press.

The 5’-amino derivatives of dThd, 5’-AdThd, and of IdUrd,

5-iodo-5 ‘ -amino-2 ‘ ,5 ‘ -dideoxyuridine, are capable of stimulat-

ing thymidine kinase activity (8-10). The effects of 5’-AdThd

on enzyme activity are dependent on the feedback inhibitor

dTTP. In the absence of dTTP, 5’-AdThd inhibits thymidine

kinase activity. However, in the presence of dTTP, 5’-AdThd

partially antagonizes the dTTP-induced inhibition of thymi-

dine kinase activity, thus resulting in a net increase in enzyme

activity. In intact cells, 5’-AdThd enhances the cellular uptake

and the cytotoxicity of dThd and IdUrd (8-9). This effect occurs

preferentially in human bladder cancer cell lines (e.g., 647V) as

compared with normal human urothelium propagated in vitro

(11, 12). 5’-AdThd is not a substrate of the mammalian thy-

midine kinase and is a very nontoxic compound (13, 14). Thus,

this and other analogues (15) provide a potentially useful new

class of modulators of drug metabolism and action.

In this study we have addressed two questions. 1) What are
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the molecular interactions between thymidine kinase and 5’-

AdThd that result in opposing effects (i.e., inhibition versus

stimulation) on enzyme activity? 2) What is the mechanism of

action of 5’-AdThd at the cellular level? Although studies using

purified preparations of thymidine kinase indicate antagonism

of feedback inhibition as the mechanism of action of 5’-AdThd,

in the intracellular environment interactions with other meta-

bolic enzymes could contribute as well. For instance, inhibition

of the catabolic enzymes nucleoside phosphorylase (16, 17) or

cytoplasmic 5’-nucleotidase (18) could potentially result in an

increased accumulation of dThd metabolites. This could occur

by either preventing the breakdown of dThd to thymine, thus

maintaining substrate levels for thymidine kinase, and/or by

preventing the conversion of dTMP to dThd, which would

result in the intracellular retention of dThd metabolites.

Our data indicate that 5’ -AdThd interacts with thymidine

kinase at both the active and the regulatory sites. Also, its

effects in intact cells are consistent with antagonism of feed-

back inhibition of thymidine kinase in situ.

Experimental Procedures

Materials. 5’-AdThd, dThd, and MTX were purchased from Sigma

Chemical Co. (St. Louis, MO). dTTP was obtained from P.L. Biochem-
icals (Milwaukee, WI). [methyl-’H�-dThd (60 or 70 Ci/mmol), [8-3H]

dATP (20 Ci/mmol), and [methyl-’4C]dTMP (56 mCi/mmol) were
purchased from Moravek Biochemicals (Brea, CA). Alamine (tn-n-

octylamine) was obtained from Aldrich Chemical Co. (Milwaukee, WI)
and Freon (1,1,2-tnichloro-1,2,2-trifluonoethane) from J. T. Baker

Chemical Co. (Phillipsburg, NJ). All other reagents were purchased
from Sigma Chemical Co., unless otherwise specified.

Cell culture. 647V cells, a human bladder cancer cell line (19), were

subcultured twice a week and maintained as previously described (1 1).

These cells tested negative for mycoplasma by the DNA fluorochrome
staining technique (20). A 0.1% trypsin solution was used to detach

cells from culture dishes. Determination of cell number was done using

a model ZBI Coulter counter (Coulter Electronics, Hialeah, FL). Cell
volumes were calculated from cell sizing analysis with a Canberra
Series 35 Multichannel Analyzer coupled to the Coulter counter.

Thymidine kinase purification and assay. As previously de-

scribed (11), we purified thymidine kinase from 647V by affinity column

chromatography using a slight modification of the method of Lee and

Cheng (21). Before the experiments were performed, thymidine kinase
was separated from dThd with a G-50 column equilibrated with a buffer

containing 5 mM Tris (pH 7.5), 3 mM fl-mercaptoethanol, 30% glycerol,

2 mM MgC1,, and 2 mM ATP. The enzyme reaction mixture contained

2.5 mM ATP, 2.5 mM MgC1,, 2.5 mM dithiothreitol, 50 mM Tnis (pH

7.8), 1% bovine serum albumin, [methyl-’H]dThd (15 �iCi/ml), and the

test compounds, in a final volume of 80 �l. At two time points (usually
30 and 60 mm), 30 �zl ofthe reaction mixture were spotted on Whatman

DE 81 filter strips and dropped into 95% ethanol. The filters were
washed once in 95% ethanol, once in 1 mM ammonium formate, and

three times in 95% ethanol. After drying they were counted in HFP-20
liquid scintillation fluid (Research Products International, Mount

Prospect, IL).
Thymidine uptake. Cells in the midlog phase of cell growth were

used. The cells were exposed for 1 hr to Eagle’s minimum essential
medium supplemented with 2 mM glutamine (GIBCO, Grand Island,

NY), nonessential amino acids (GIBCO), and 10% dialyzed fetal bovine
serum (K.C. Biologicals, Lenexa, KS) with or without 1 �M methotrex-
ate at 37”. After this time period, the medium was aspirated and washed

once with PBS and fresh medium was added (supplemented with 10%
dialyzed serum). Then [methyl-3H]dThd and 5’-AdThd were added as

indicated in the figure legends. At the appropriate time points, the

medium was aspirated and the cells were washed three times with ice-
cold PBS and extracted with 0.5 N perchloric acid for 30 mm. The cells

were scraped with a rubber policeman and centrifuged. A portion of
the supennatant was counted in aqueous counting solution (Amersham,

Arlington Heights, IL).
Nucleoside phosphorylase activity. The breakdown of dThd to

thymine was examined under conditions similar to those for the nude-
oside uptake experiments. After exposing the cells to [methyl-’H]
thymidine (3 �sM, 1 �sCi/ml), aliquots were taken from the extracellular
medium at different time points, ultrafiltered using Centnifree devices

(Amicon Division, W.R. Grace & Co., Danvers, MA) and immediately
frozen at -70” . Analysis of the appearance of thymine was accom-

pushed by thin layer chromatography of the samples on silica-coated
plates (EM Science, Cherry Hill, NJ). These were developed using a

6:1 mixture of chloroform/isopropanol (Mallinckrodt, Paris KY). The
R1 values obtained for dThd and thymine were 0.12 and 0.33, respec-

tively; for IdUrd and lUra, 0.17 and 0.34, respectively. The amount of
radioactivity that comigrated with the standards was counted in
aqueous counting solution after elution with a solution of 50 mM Tris
(pH 7.4), 0.7 M MgCl2.

Determination of dTTP pools. The cells were treated similarly

to those in the uptake experiments, except no labeled material was

added. After the appropriate treatment, the cells were washed with
PBS and extracted with 0.5 N perchloric acid as indicated above.

However, after centrifugation, the supernatant fraction was neutralized
with 2 volumes of Freon-alamine (3.4:1). The samples were lyophilized

and then reconstituted with 100 �sl of distilled water. The assay for

dTTP is a modification of the enzymatic method of Solter and Hand-
schumacher (22) as described by Hunting and Henderson (23). The

procedure has been described previously (1 1).

Cytosolic 5’-nucleotidase activity. A crude preparation from
647V cells was obtained using a modification of the procedure described

by Madrid-Marina and Fox (24). After homogenization in 10 mM

imidazole, 0.25 M sucrose, 20 mM MgCl2 (pH 7.4) with 30 strokes in a
Dounce homogenizer, the homogenate was centrifuged at 100,000 x g

for 1 hr and the supernatant was stored at -70”. The reaction mixture
contained 62.5 mM imidazole . HC1 (pH 7.5), 1% bovine serum albumin,
20 mM MgCl2, 2 mM [methyl-’4C]dTMP (2 �tCi/m1), and the test

compound, in a final volume of 80 �zl. The assay was followed for two

time points (usually 30 and 60 mm) at 37”, and the reaction was
stopped by heating the test tube at 85” for 2 mm. A portion of the
reaction mixture was spotted onto cellulose-coated thin layer chroma-
tography plates (Brinkman Instruments, Inc., Westbury, NY). The

chromatogram was developed using water as the mobile phase (25).
Distribution of radioactivity as dTMP or dThd was quantified by

determining the amount of radioactivity that comigrated with stand-
ards. Elution and counting were done as described above for nucleoside

phosphorylase assays.

Results

Purified thymidine kinase studies. We investigated the

interaction of 5’-AdThd with purified preparations of thymi-

dine kinase derived from 647V cells. A double-reciprocal plot

of enzyme activity using dThd as the substrate (Fig. 1) shows

that 5’-AdThd behaves as a competitive inhibitor. A replot of

the slope versus concentration of 5 ‘ -AdThd extrapolates to a

K, of 0.5 �M (data not shown).

We found that dTTP inhibition of thymidine kinase activity

was characteristic of a noncompetitive type, as seen from the

double-reciprocal plot of enzyme activity (Fig. 2). Analysis of

Dixon, slopes or intercepts replots as a function of dTTP

concentration resulted in parabolic curves (data not shown).

Thus, no appropriate estimate of K, was possible. On the other

hand, using 3 sM dThd as the substrate, dTTP showed an IC5,,

value of 1.8 sM.2

As we have shown before (8-10), in the presence of dTTP,

5’-AdThd stimulates thymidine kinase activity, resulting in
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Fig. 1. Effect of 5’-AdThd on thymidine kinase activity. Enzyme activity
using [3HJdThd as substrate was followed in the presence of 0, 1 , 3, and
10 MM 5’-AdThd as described in Experimental Procedures. The data are
presented as the double-reciprocal plots of the calculated values (1/v
given in min/pmol of dTMP formed). The data shown are the mean values
from one experiment done in duplicates. Similar results were obtained in
other experiments.

U)
a)
0

a

Fig. 2. Effect of dTTP on thymidine kinase activity. This was done as
indicated in Fig. 1 but in the presence of 0, 4, and 6 �M dTTP. The data
shown are from one experiment done in duplicates. Each data point has
been plotted (the open symbols were used to distinguish data points
that are too close). Similar results were obtained in other experiments.

enhanced phosphorylation of dThd (Fig. 3). Interestingly, the

effect of 5’-AdThd was biphasic. In the presence of 4 or 8 �tM

dTTP, as the concentration of 5’-AdThd is increased, stimu-

lation of enzyme activity augments until a maximum is

achieved; however, as greater concentrations of 5 ‘ -AdThd are

used, increased inhibition is observed (Fig. 3). Thus, antago-

nism of dTTP inhibition is obtained at lower concentrations

of 5’-AdThd but the competitive nature of 5’-AdThd predom-

mates at higher concentrations. We also found that the greater

the inhibition of thymidine kinase by dTTP, the higher the

concentration of 5 ‘ -AdThd required to produce maximal antag-

onism and the greater the degree of stimulation of enzyme

>

� (pM)

Fig. 3. Dixon plot of effect of 5’-AdThd on the inhibition of thymidine
kinase activity by dTTP. Enzyme activity (1/v, min/pmol of dTMP formed)
was determined at various concentrations of 5’-AdThd and 0, 4, or 8 �zM

dTTP using 30 �M dThd as the substrate. The procedure is described in
Experimental Procedures. The data shown are the mean values from
one experiment done in duplicates. Similar results were obtained in other
experiments.

20

I 5 . �TTP

� 10 . �dTTP,lOpM5’-AdThd

5

dThd (pM)

Fig. 4. Double-reciprocal plots ofthymidine kinase activity in the presence
of 8 �M dTTP and/or 10 �M 5’-AdThd using a wide range of concentra-
tions of dThd. The procedure is described in Experimental Procedures.
The data are plotted as 1/v (min/pmol of dTMP formed) and represent
the mean values from one experiment done in duplicates. The results
were reproduced in two other determinations.

activity. For example, 4 and 8 � dTTP produced 75% and

88% of inhibition, respectively. Under these conditions, 3 and

10 �sM 5’-AdThd were required to obtain maximal stimulation

(175% and 325% of control, respectively).

In an attempt to further investigate the interactions of dThd,

dTTP, and 5’-AdThd with thymidine kinase, we studied the

enzyme activity over a wide range of substrate concentrations

(2-100 sM). As expected, 5’-AdThd (10 �.iM) showed competitive

type of inhibition over the range of substrate concentrations

(Kr, of dThd = 2 �zM, data not shown) studied (Fig. 4). However,

the dTTP-induced inhibition of enzyme activity showed two

components, depending on the concentration of substrate used.

At dThd concentrations below 10 �M, the dTTP inhibition

curve extrapolates to a noncompetitive type of inhibition sim-

0.25 0.5 1.0

I/dThd (pMY’
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ilar to that shown in Fig. 2. At concentrations of dThd greater

than 10 �M, the dTTP inhibition curve intercepts the control

line at the vertical axis, showing competitive-type inhibition

(Fig. 4). The presence of 5’-AdThd did not alter the two

components of the dTTP inhibition curve but diminished the

dTTP inhibitory properties. These results are consistent with

an interaction of 5’-AdThd at the dTTP-binding site of the

enzyme. Therefore, 5’-AdThd can interact at both the active

and the regulatory sites of thymidine kinase.

Studies in intact cells. In intact 647V cells, 5’-AdThd

significantly stimulates IdUrd and dThd uptake (11). Based on

the enzyme studies, antagonism of the feedback inhibition

produced by dTTP seems the most likely mechanism of action

at the cellular level. However, inhibition of nucleoside phos-

phorylase or 5 ‘ -nucleotidase activities could also result in an

enhanced retention or phosphorylation of dThd. Thus, we

tested whether the stimulation of dThd uptake by 5’ -AdThd is

due to 1) antagonism of feedback inhibition of thymidine

kinase, 2) inhibition of nucleoside phosphorylase activity, or 3)

inhibition of cytoplasmic 5’-nucleotidase activity.

If 5’-AdThd works by antagonizing feedback inhibition of

thymidine kinase, then perturbation of intracellular dTTP pool

sizes (and thus the degree of inhibition of the enzyme in situ)

should significantly affect the ability of 5’-AdThd to stimulate

dThd uptake. We tested this hypothesis by taking advantage

of the ability of MTX to inhibit dihydrofolate reductase and

thus deplete intracellular dTTP pools (26-27). We would expect

5’-AdThd to inhibit or only slightly perturb dThd uptake in

MTX-treated cells as compared with controls. In fact this was

seen. Exposure of 647V cells to 1 �tM methotrexate for 1 hr

reduced intracellular dTTP pool sizes from 24 ± 1 �tM to 12 ±

1 ,�M (mean ± standard error, seven determinations; data

obtained from at least three experiments). In order to minimally

perturb dTTP pools, we followed the uptake of a low concen-

tration of dThd (0.3 �sM) for relatively short time periods (2.5,

5, and 10 mm). In cells not exposed to MTX, 5’-AdThd

enhanced the uptake of dThd over the entire time period (Fig.

5A); however, 5’-AdThd became inhibitory or much less stim-

ulatory in cells pretreated with MTX for 1 hr (Fig. SB). These

observations can be better appreciated in the replot of the data

obtained at 10 mm (see Fig. 7A). For example, by 10 mm, 30

�tM 5’-AdThd resulted in a stimulation ofdThd uptake of 150%

over control in nontreated cells, whereas it inhibited uptake to

about 75% of control in MTX-pretreated cells.

To corroborate that the observations are due to the pertur-

bation of dTTP pools by MTX and not to another effect as a

result of exposure to MTX, we tested the effect of S’-AdThd

on the uptake of a higher concentration of dThd (3 �zM) so that

partial replenishment of dTTP pools was ensured. Under these

conditions, the ability of S’-AdThd to stimulate dThd uptake

should be recovered in MTX-treated cells. The uptake of 3 �tM

dThd was enhanced by S’-AdThd at 2.5, 5, and 10 mm in the

MTX-treated cells (Fig. 6). By 10 mm, almost all concentra-

tions of 5’-AdThd tested were stimulatory in both sets of cells

(Fig. 7B). We found that, after 10 mm, 3 jsM dThd expanded

dTTP pools to 38 ± 2 �tM or 36 ± 1 �iM (mean ± standard error,

six determinations from three experiments) in controls or

MTX-treated cells, respectively.

Nucleoside phosphorylase. We assayed for the presence

of nucleoside phosphorylase activity in intact 647V cells under

the same conditions under which we performed our dThd

Th � 1�0

Time (mm.)

Fig. 5. Time course of the uptake of 0.3 �M [3H]dThd in the presence of

5’-AdThd in 647V cells pretreated with or without 1 �M MTX for 1 hr.
The procedure is detailed in Experimental Procedures. The data pre-
sented are the mean ± standard error (four determinations) for two
experiments done in duplicates (in some cases, symbols are larger than
error bars).

uptake experiments. After exposure of the cells to 3 �zM [‘H]

dThd (1 �zCi/ml), we took aliquots from the extracellular media

at various time points and then analyzed for the appearance of

[:tH]thymine. We found no evidence of phosphorylase activity

in mycoplasma-free cultures of 647V cells. No radioactivity

corresponding to thymine appeared after up to 2 hr of incuba-

tion (Table 1).

Cytosolic 5’-nucleotidase. We studied the effects of 5’-

AdThd on the dTMP phosphatase activity obtained from crude

preparations from 647V cells. Due to the relatively high K,,,

values reported for this enzyme (18, 24, 28) we used 2 mM [‘4C]

dTMP as substrate in our experiments. The reaction, in the

presence of 5’-AdThd, was followed for 20 and 40 mm and the

product, [‘4C]dThd, was separated from the substrate by thin

layer chromatography as detailed in Experimental Procedures.

5’-AdThd did not affect the breakdown of dTMP in three

different crude preparations (Table 1). In other studies, 5’-

AdThd also did not affect the breakdown of fluorodeoxyuri-

dinemonophosphate to fluorodeoxyuridine by crude prepara-

tions of this cell line.2 Thus, this catabolic step does not

contribute to the intracellular mode of action of 5’ -AdThd.

Discussion

The aims of this study were to investigate the molecular

interactions between thymidine kinase and S’-AdThd and to

determine the mechanism of action of 5’ -AdThd in intact 647V

cells. The data from the purified enzyme studies strongly sug-

gest that 5’ -AdThd, which is not a substrate for the mammalian
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Fig. 6. Time course of the perturbation of the uptake of 3 � [3H]dThd
by 5’-AdThd in 647V cells pretreated with or without 1 �tM MTX for 1 hr.
Conditions are similar to those indicated in Fig. 5.

thymidine kinase (13), interacts at both the active (Fig. 1) and

the dTTP-binding sites (Figs. 3 and 4). Competitive inhibition

of 5’-AdThd has been previously shown in thymidine kinase

derived from mouse ascites sarcoma 180 (29). The stimulation

of thymidine kinase activity by 5’-AdThd in the presence of

dTTP seems to occur as a result of interactions of both com-

pounds with the regulatory site. Binding to a third site, how-

ever, cannot be ruled out from our studies.

dTTP interacts with thymidine kinase in a noncompetitive

manner (Fig. 2), similar to what others have previously ob-

served (1, 29). However, the replots of the data for slopes or

intercepts as a function of the concentration of dTTP were

parabolic, indicating more complex interactions. Others have

previously reported different types of behavior for the dTTP

inhibition ofthymidine kinase. For example, Prusoffand Chang

(30) observed competitive kinetics whereas Munch-Petersen

(31) observed parabolic curves in Lineweaver-Burk plots.

The interactions between 5’-AdThd and thymidine kinase

are interesting because 1) it is not a substrate for the mam-

malian thymidine kinase (13), 2) at physiological pH it has the

opposite charge as dTTP (e.g., p K,, of S’-AdThd = 8.5, p K,, of

dTTP = 7.5), and 3) it is an example of a nucleoside analogue

affecting a nucleotide binding site. The third point is of partic-

ular interest because this approach could provide a new insight

to studying other enzymes with nucleotide binding sites. Some

of the possible candidates are deoxycytidine kinase, uridine-

cytidine kiiiase, ribonucleotide reductase, GTP proteins, re-

verse transcriptases, and the polymerases. Appropriate struc-

ture-activity studies could help exploit this new approach to

design new drugs with different mechanisms of action.

In this study we have shown that the mechanism of action

.�, 250
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Fig. 7. Replot of the effect of 5’-AdThd on the uptake of 0.3 or 3 �M

dThd at 1 0 mm in 647V cells pretreated with or without 1 �zM MTX. The
data presented are derived from the values presented in Figs. 5 and 6.
The data are presented as mean ± standard error for four determinations
(in some cases, error bars are smaller than symbols).

TABLE 1

Catabolism in 647V cells
Phosphorylase activity was determined as indicated in Experimental Procedures.

The data are presented as mean ± standard error (five determinations) from two
experiments. Usually [3H]thymine counts were less than 1 0% of total radioactivity
(dThd plus thymine). dTMP phosphatase activity from 647V cells was assayed in
the presence of various concentrations of 5’-AdThd as indicated in Experimental
Procedures. The data presented are the mean ± standard error (three determina-
tions) from one experiment done in triplicates.

Phosphorylase Phosphatase

Time Thymine formed 5’-AdThd dThd formed

mm cpm MM nmol/min/mg of protein

0 41 ±4 0 10.86±0.29
60 34±2 3 11.02 ±0.58

120 38 ± 1 30 10.41 ± 0.56
300 11.40±0.96

of S’-AdThd in intact cells is consistent with antagonism of

the feedback inhibition that regulates thymidine kinase. This

was evidenced by the sensitivity of the S’-AdThd effects on

dThd uptake to the perturbation of the intracellular dTTP

pools by MTX (Figs. 5-7). Although inhibition of catabolism

of dThd could result in increased uptake, these reactions were

not involved (Table 1). Furthermore, it should be noted that

the dose-response curve for the stimulation of dThd uptake by

S’-AdThd (Fig. 7) is biphasic. This parallels the results ob-

tamed in the experiments using purified enzyme; at higher

concentrations of S’-AdThd, interactions at the active site

(competitive inhibition) predominate over those at the allo-

steric site. At the cellular level, interactions with the nucleoside

transporter should not be of importance because of the high
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3 P. H. Fischer and K. Fredericks, unpublished observations.

capacity of the transporter (32), the relatively low concentra-

tions used compared with the reported K,,, values (32), and the

relatively long time course.

Antagonism of feedback inhibition is an innovative approach

to anticancer and antiviral chemotherapy. We have previously

shown that 5’-AdThd enhances the uptake and the cytotoxicity

of IdUrd in HeLa and Vero cells (9). Interestingly, these effects

occur preferentially in various human bladder cancer cell lines

but not in the normal human urothelium propagated in vitro
(11). An interesting application to antiviral chemotherapy is

the combination of trifluorothymidine and S’-AdThd. 5’-

AdThd selectively reduces the phosphorylation and cytotoxicity

of trifluorothymidine in uninfected versus Herpes simplex-

infected cells (33). Furthermore, 5’-AdThd enhances the up-

take and antiviral activity of trifluorothymidine in cytomeg-

alovirus-infected cells.’

Feedback inhibition is a regulatory mechanism characteristic

of several metabolic pathways. Other enzymes of nucleotide

metabolism involved in the activation of anticancer drugs are

also regulated by such a mechanism. For example, cytosine

arabinoside, a potent antileukemic agent, is activated by deoxy-

cytidine kinase (34), which is regulated by deoxycytidine tn-

phosphate (35). UTP and CTP are feedback inhibitors of

unidine-cytidine kinase (36), which mediates the activation of

5-fluorounidine and 5-azacytidine (37). One approach used by

other groups to enhance drug activation by these enzymes has

been to inhibit the synthesis of the feedback inhibitor of

another drug. This has resulted in an enhanced activation of

cytosine arabinoside (38) and 5-fluorounidine (39). In contrast,

our approach deals with an interaction directly at the enzyme

level.

In general, S’-AdThd is an interesting compound with a

unique property of interacting at the active and the regulatory

sites of thymidine kinase. Its action as an antagonist of the

feedback regulation that modulates the activity of the enzyme

in intact cells provides a new approach to drug design (15). It

opens the possibility of exploiting differences in the regulation

of enzyme activity among different cells, and, it is hoped,

between normal, neoplastic, and virally infected cells.
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