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L-Nucleoside analogs are a new class of antiviral and anticancer agents, several of which are currently used
in the clinic. The phosphorylation of these agents to the triphosphate form is thought to be important for
exertion of their pharmacological activities. 1-(2'-Deoxy-2'-fluoro-f3-L-arabinofuranosyl)-5-methyluracil (L-
FMAU; Clevudine) is a thymidine analog that is currently under phase III clinical trials as an anti-human
hepatitis B virus agent. We examined the behavior of its monophosphate metabolite with human recombinant
thymidylate kinase (TMPK) and showed that L-FMAU monophosphate (L-FMAUMP) is a poorer substrate
than its p-configuration anomer (p-FMAUMP). The phosphorylation efficiency of L-FMAUMP is similar to that
of the monophosphate of 2',3'-didehydro-2’,3'-dideoxythymidine (d4T), an anti-human immunodeficiency
virus analog, both of which are approximately 1% TMP. To clarify the role of human TMPK in the phosphor-
ylation of L-FMAUMP to the diphosphate metabolite in cells, a Tet-On inducible human TMPK cell line system
was established. In this system, the expression of TMPK is closely regulated in response to various concen-
trations of doxycycline. When the cells were treated with L-FMAU or d4T, the amounts of the diphosphate and
triphosphate metabolites of these analogs were increased, in accordance with an increase in human TMPK
activity in cells. In conclusion, this is the first demonstration of the behavior of TMPK toward L-FMAUMP.
This study indicates that human TMPK can phosphorylate L-FMAUMP and play a critical role in L-FMAU

metabolism in cells.

L-Nucleosides, the mirror image of naturally occurring
nucleosides which are in the b conformation, are a novel class
of compounds shown to have antiviral and anticancer activities
(3, 9). These potent antiviral compounds may be useful not
only for the treatment of viral diseases but also for the pre-
vention or the delayed onset of those cancers that have a
strong association with viruses (4).

Several pyrimidine analogs, such as B-L(—)-2',3’-dideoxy-3'-
thiacytidine [L(—)SddC, 3TC, or lamivudine], B-L-nucleosides
(telbivudine and valtorcitabine), and 1-(2'-deoxy-2'-fluoro-3-
L-arabinofuranosyl)-5-methyluracil (L-FMAU; Clevudine),
have been recognized as potent and selective inhibitors of the
replication of hepatitis B virus (HBV). These anti-HBV py-
rimidine analogs are assumed to target the HBV DNA poly-
merase (1, 3, 5, 6, 8, 18).

Most nucleoside analogs require stepwise phosphorylation
to the respective triphosphate metabolites to exert their phar-
macological activities. The phosphorylation has been shown
for 3TC and 2',3’-dideoxy-2’,3’-didehydro-B-L(—)-5-fluorocy-
tidine (L-Fd4C) in HepG?2 cells; telbivudine and valtorcitabine
in HepG2 cells (6, 11); and L-FMAU in H1, L8, and 2.2.15 cells
(1, 19). During the phosphorylation processes of L-nucleoside
analogs, the most important intracellular or viral enzymes in-
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volved are deoxycytidine kinase (dCK) and/or thymidine ki-
nase (TK), pyrimidine nucleoside monophosphate kinase (cy-
tidine-UMP kinase) or thymidylate kinase (TMPK), and
nucleoside diphosphate kinase or 3-phosphoglycerate kinase
(6). However, the respective nucleoside kinases for phosphor-
ylation in each step may differ considerably from one com-
pound to another. The first step of L-FMAU phosphorylation
could be catalyzed by thymidine kinase 1 (TK1), dCK, or mi-
tochondrial deoxypyrimidine nucleoside kinase (TK2) (7, 10);
and the phosphorylation of L-FMAU from the diphosphate
form (L-FMAUDP) to the triphosphate form (L-FMAUTP) is
carried out by 3-phosphoglycerate kinase (12). While our pre-
vious data (data not shown) have shown that the recombinant
human cytidine-UMP kinase was not the enzyme responsible
for the formation of L-FMAUDP, it is unclear whether human
TMPK is the enzyme responsible for phosphosylation from the
monophosphate form (L-FMAUMP) to the diphosphate form
and how critical the role of TMPK is in the metabolism of
L-FMAU in cells.

2',3'-Didehydro-2’,3'-dideoxythymidine (d4T), a p-configu-
ration nucleoside analog, is an important anti-human immu-
nodeficiency virus drug and can be phosphorylated by TK to
d4T monophosphate (d4TMP), but with a relatively poor effi-
ciency (2) in comparison with that by thymidine (dThd). How
critical the role of TMPK is in the phosphorylation of d4TMP
to d4T diphosphate (d4TDP) and how the increased amount of
d4TDP subsequently affects its triphosphate form (d4TTP) are
not clear. We examined whether the increase in the amounts of
d4TMP metabolites could be dependent on TMPK activity.
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FIG. 1. Chemical structures of the dThd analogs used in this
study.

L-Nucleoside analogs have some factors that limit their ef-
ficacies, just like other antiviral analogs. One of the factors that
causes inefficient metabolic activation could determine the an-
tiviral activities of those deoxynucleoside analogs. In an at-
tempt to gain better insight into the mechanism of thymidine
analog action for anti-HBV, anti-Epstein-Barr virus, and anti-
human immunodeficiency virus activity, we established a stable
Tet-On inducible TMPK cell line. This cell line, which ex-
presses human TMPK, is closely regulated in response to var-
ious concentrations of doxycycline and would therefore seem
to be useful for investigation of the role of TMPK in the
metabolism of L-FMAU and d4T.

MATERIALS AND METHODS

Compounds. .-FMAUMP, p-FMAUMP, and D4ATMP were synthesized by
previously described procedures (17). dTMP (TMP) was purchased from Sigma
Chemical Co. St. Louis, MO. [methyl-*H|L.-FMAU and [methyl->H]d4T were
purchased from Moravek Biochemicals, Inc., Brea, CA. The chemical structures
are shown in Fig. 1.

Cloning, expression, and purification of human TMPK. The human TMPK-
coding sequence was amplified from HeLa cells by reverse transcription-PCR
and cloned into the pCR2.1AT vector (Invitrogen Co., Carlsbad, CA). The
primers (5'-GGAATTCCATATGATGGCGGCCCGG and 5'-CGCGGATCCT
CACTTCCATAGCTC) were engineered to create an Ndel site at the 5'end of
the amplified DNA and a BamHI site at the 3’end of the amplified DNA. The
coding sequence of human TMPK was inserted as an Ndel-BamHI fragment into
the pET-28a(+) vector (Novagen Inc., Stamford, CT) to encode the TMPK
bearing a His tag at the N terminus with a thrombin cleavage site before the His
tag. The purified enzyme was aliquoted and stored at —70°C.

Antibody production and immunoblotting. The purified recombinant TMPK
protein (0.5 mg) mixed with Freund’s complete adjuvant (Sigma Chemical Co.)
was used as an antigen for immunization of rabbits. Rabbit serum (5 ml) was
collected as a serum control before the first immunization. The rabbits were then
boosted twice with the antigen mixed with Freund’s incomplete adjuvant (Sigma
Chemical Co.). Two weeks after the second boost, the serum was taken and
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tested for specific antibody production. The antibody was tested for specificity
and titer by using Western blotting analysis with the recombinant human TMPK
protein.

TMPK activity assays. A high-pressure liquid chromatography (HPLC) assay
was used to determine the enzyme activities, as described previously (15), with
the following assay buffer: 60 mM Tris-HCI (pH 7.4), 2.5 mM dithiothreitol, 4
mM MgCl,, and 0.15% bovine serum albumin. ATP was chosen as the phosphate
donor at a fixed concentration 4 mM or at various concentrations, as indicated.
The kinetic properties of dThd analog monophosphates and TMP were mea-
sured. TMP concentrations ranging from 6.25 to 100 uM were used, and dThd
analog monophosphates were used at different concentrations (6.25 to 250 uM).
All the reactions were performed at 37°C. The data were analyzed with the
Michaelis-Menten equation. One unit of TMPK was defined as the amount of
enzyme required to convert 1 nmol of TMP to TDP in 1 min at 37°C under the
standard assay conditions. The protein concentration of the TMPK was deter-
mined by using a protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA).

Establishment of inducible Tet-On TMPK cell line. The inducible Tet-On
TMPK cell line system was established by using the Tet-On Gene expression
system (Clonetech Laboratories, Inc., Palo Alto, CA). The procedures presented
in the user manual of Tet-On Gene expression system were followed. The
Tet-On RKO cell line, which was derived from a human colorectal carcinoma
with a regulator plasmid, was a gift from Edward Chu (Yale University School of
Medicine). We cloned the coding sequence of TMPK into the pTRE vector with
a tetracycline (Tet)-responsive element at the EcoRI site (Clonetech Laborato-
ries, Inc.). To isolate the cell lines that stably expressed TMPK, the transfected
cells were passaged at a 1:60 dilution into fresh medium at 37°C 48 h after
transfection; on the next day, the selection medium was added. At all times, the
cells were grown in the presence of 0.4 mg/ml G418 and 0.5 mg/ml hygromycine
for selection. To induce the expression of TMPK, the cells were grown to 60%
confluence in tissue culture medium, to which various concentrations of doxy-
cycline were then added for 48 h. Standard TMPK assays and Western blotting
assays were used for evaluation of the TMPK activation and protein expression
levels. The data were analyzed with a densitometer (Amersham Biosciences Co.
Piscataway, NJ), using personal densitometer SI software (Molecular Dynamics
Co.) and Microsoft Excel software.

Confocal microscopy. The localization of TMPK in cells was determined by
confocal microscopy, as described previously (13).

Metabolism of L-FMAU in Tet-On TMPK RKO cells. The impact of intracel-
lular TMPK activity on the metabolism of L-FMAU was examined by inducing
TMPK expression to various levels in cells. Tet-On TMPK RKO cells were
seeded at 5 X 10° cells per culture dish in the presence of increasing concen-
trations of doxycycline (0, 0.05, 0.3 and 1.0 pg/ml) for 48 h, which induced
increasing amounts of TMPK. Then, 2 uM [methyl->H]L.-FMAU (1.7 Ci/mmol)
was added to the induced cells for different periods of time, as indicated below.
Parallel cultures were incubated with nonradiolabeled compounds at the same
concentrations for calculation of the cell number. At the end of the incubation
with the radiolabeled compounds, the cells were washed twice with ice-cold
phosphate-buffered saline and scraped into 60% methanol. The pellets were
washed two additional times with 60% methanol and then mixed with SafeScint
scintillation fluid (American Bioanalytical, Natick, MA) and quantitated in a
Beckman scintillation counter (Beckman Instruments, Fullerton, CA). The
methanol-soluble fractions were evaporated to dryness, resuspended in water,
and analyzed on an anion-exchange Partisil-SAX column (Whatman, Inc.,
Clifton, NJ) by using a Shimadzu Class-VP high-pressure liquid chromatograph
(Shimadzu, Braintree, MA) with a linear gradient of water to 300 mM potassium
phosphate buffer. The HPLC eluate was assayed for radioactivity by mixing it
with 3 ml/min of mono Flow 5 scintillation fluid (National Diagnostics, Atlanta,
GA) in tandem with a 150TR Radiomatic flow scintillation analyzer, as described
previously (7).

RESULTS

General properties of recombinant human TMPK. The ki-
netic properties of both the recombinant TMPK and the
TMPK partially purified from CEM cells (14) were compared.
The apparent K, values of TMP and ATP for the recombinant
TMPK were 12.3 = 2.2 uM and 51.2 = 4.3 uM, respectively,
and the K_,, value was 2.40 * 0.36 s~ '. No significant differ-
ence in K,,, values for TMP and ATP was observed between the
recombinant TMPK and the partially purified TMPK from
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TABLE 1. Kinetic characteristics of TMP and dThd analog
monophosphates as substrates for recombinant TMPK*

Vi (wmol/ Relative
max —1 :
dThd analog K, (uM) min/mg) Koy (571 efficiency”
(%) 1
TMP 123 +22 6+09 2.4 +0.36 100
L-FMAUMP 21.7+29 0.12%=0.02 0.05 % 0.008 1.17
D-FMAUMP  7.0=0.2 26 +1.7 1+0.07 73
d4TMP 28.0+1.7 023003 0.09*0.01 1.6

“The K,,, and K, values of the dThd analog monophosphates were evaluated
by using 4.5 mM ATP as the phosphate donor. The reactions were carried out
with 0.01 U of TMPK. Values are means = standard deviations from three
independent experiments.

> A 100% relative efficiency of TMP corresponds to the rate of K, /K,,,-

CEM cells. Enzyme stability studies showed that the recombi-
nant TMPK was stabilized by its substrates. This was consistent
with a previous report of a study from this laboratory (14)
performed with partially purified human TMPK from leukemia
patients.

Phosphorylation of thymidine analog monophosphates by
recombinant TMPK. The monophosphates of the L-dThd an-
alogs shown in Fig. 1. were assessed as substrates; and the
D-dThd analogs, D-FMAU, and d4T were used for comparison.
The K,,,, Vax and K, values of the dThd analog monophos-
phates for recombinant TMPK are shown in Table 1. The
kinetic properties of different analogs toward TMPK exhibited
different characteristics. The K, values of the dThd analog
monophosphates examined were in the following order: p-
FMAUMP < TMP < L-FMAUMP < d4TMP. The V,,,, or
K., values were in the order TMP > p-FMAUMP > d4TMP
> L-FMAUMP. The relative efficiencies of L-FMAUMP and
D-FMAUMP compared with that of TMP were 1.2% and 70%),
respectively. The relative efficiency of L-FMAUMP was about
60-fold lower than that of -FMAUMP. The d4TMP K_,, value
was 0.09 s~ ! in these studies, which is consistent with the value
reported by others (16) and about the same as that of L-
FMAUMP.

Expression of TMPK protein and activity in Tet-On TMPK
RKO cells induced by doxycycline. Stable Tet-On TMPK RKO
cells were evaluated for their regulation of TMPK in response
to various concentrations of doxycycline. Tet-On TMPK RKO
cells were cultured for 48 h in the presence of doxycycline at
concentrations ranging from 0 to 5 wg/ml. Cellular extracts
were prepared and examined for TMPK activity. TMPK pro-
tein was analyzed by Western blotting with rabbit polyclonal
TMPK antibody. Actin and TK1 were used as the internal
controls. The data depicted in Fig. 2A demonstrate that the
TMPK activity increased in a doxycycline concentration-de-
pendent manner up to 1 wg/ml. There was no change in TK
activity among samples treated with different concentrations of
doxycycline ranging 0 to 5 wg/ml. The activities and protein
amounts of deoxycytidine kinase, thymidylate synthase, nucle-
oside diphosphate kinase, and urdylate-cytidylate kinase were
also evaluated after the increase in the amount of TMPK was
achieved; and the results showed that none of them had any
significant change in either activity or protein amount (data
not shown). The maximal level of induction of TMPK activity,
which could be achieved in the Tet-On-TMPK RKO cells by
doxycycline induction, was approximately 12-fold higher than
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FIG. 2. (A) TMPK activity in cell extracts of doxycycline-induced
Tet-On-TMPK RKO cells. The activity of the enzyme TK was used as
a control. (B) Expression of TMPK in Tet-On-TMPK RKO cells, as
detected by Western blotting. Actin was used as the internal control.
(C) Correlation of TMPK activity and its protein amount quantitated
with a densitometer.

the basal level in noninduced Tet-On TMPK RKO cells. A
Western blotting assay was used to analyze the corresponding
protein amounts of TMPK. As shown in Fig. 2B, the amounts
of TMPK protein in cellular extracts depended on the doxycy-
cline concentration in the culture medium and correlated with
the TMPK activity, as shown in Fig. 2C. There was no change
in either the cell growth rate or the intracellular TTP level
(data not shown) upon induction of TMPK by doxycycline at
concentrations ranging from 0 to 3 pg/ml.

To assess the intracellular localization of the human TMPK
protein, we analyzed Tet-On-TMPK RKO cell cultures by con-
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FIG. 3. Confocal microscopy of noninduced or doxycycline-in-
duced Tet-On-TMPK RKO cells using polyclonal rabbit anti-TMPK
antibody. (A) Noninduced TMPK; (B) doxycycline-induced TMPK;
(C) blockage with purified TMPK; (D) induced TMPK plus GE30-
Golgi antibody; (E) induced TMPK plus cytochrome ¢ antibody.

focal microscopy using rabbit polyclonal anti-TMPK antibody
that was produced by immunizing rabbits with recombinant
purified TMPK. Markers for the visualization of the nuclei
(anti-APE antibody), the Golgi apparatus (GE130), and the
mitochondria (cytochrome ¢) were included as controls. These
data clearly point to the predominant localization of TMPK in
the cytosol of TMPK gene-transfected cells, with less TMPK
detected in the Golgi apparatus, mitochondria, and nuclei, as
shown in Fig. 3.

Phosphorylation of L-FMAU in cells with different TMPK
activities. The metabolism of L-FMAU and d4T were exam-
ined in Tet-On TMPK RKO cells that were induced with
various concentrations (0, 0.05, 0.3 and 1.0 pg/ml) of doxycy-
cline for 48 h, since they have similar efficiencies of phosphor-
ylation as the substrates of TMPK. The intracellular phosphor-
ylation of methyl-*H-labeled L.-FMAU and d4T by cells was
examined upon incubation of the cells with those compounds
for 2 h and 12 h, respectively (Fig. 4). Upon incubation with 1
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FIG. 4. Typical metabolism of L-FMAU and d4T in doxycycline
(Dox)-induced Tet-On-TMPK RKO cells. (A) Phosphorylation of 1
uM L-FMAU in doxycycline-induced Tet-On-TMPK RKO cells (6 X
10°) after 2 h of incubation; (B) phosphorylation of 2 uM d4T in
doxycycline-induced Tet-On-TMPK RKO cells (6 X 10°) after 12 h of
incubation.

uM L-FMAU for 2 h, the relative amounts of intracellular
L-FMAU metabolites were measured by using the HPLC as-
say. The results are shown in Fig. 4A. L-FMAUTP was the
major metabolite in RKO cells. In cells with induced TMPK,
L-FMAUDP and L-FMAUTP gradually increased from 1.9 to
6.8 pmol/10° cells and from 10.0 to 34.2 pmol/10° cells, respec-
tively, depending on the activity of TMPK in the cells. The
amounts of diphosphate and triphosphate metabolites of L-
FMAU increased in total to 28.8 pmol/10° cells after an in-
crease in the amount of TMPK in the cells by about 12-fold.
TMPK phosphorylated d4TMP and .-FMAUMP at similar
efficiencies, as depicted as in Table 1. The d4T metabolites
were analyzed in TMPK-induced cells treated with 2 puM d4T
for 12 h, and the d4T metabolites were analyzed. The longer
incubation was chosen for the cellular metabolism studies due
to the slower rate of formation of d4TMP from d4T in cells (2)
relative to the rate of formation of L-FMAUMP from
L-FMAU, which is catalyzed by TK and dCK (7). The results
are presented in Fig. 4B. The increases in the amounts of
d4TDP and d4TTP ranged from 0.9 to 18.6 mol/10° cells and
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FIG. 5. Relative amounts of metabolites of L-FMAU and d4T in
the doxycycline-induced Tet-On-TMPK RKO cells (data are presented
as the means of three independent experiments). (A) Relative
amounts of the metabolites of L-FMAU in Tet-On-TMPK RKO cells
treated with different doses of doxycycline (dox); (B) relative amounts
of the metabolites of d4T in Tet-On-TMPK RKO cells treated with
different doses of doxycycline. The relative amount of metabolites of
L-FMAU or d4T in cells without doxycycline treatment was equal to 1.

from 2.7 to 18.3 pmol/10° cells, respectively, with the increases
in intracellular TMPK levels. As shown in Fig. 5, the induction
of TMPK by different concentrations of doxycycline in cells did
not influence the levels of L-FMAUMP or d4TMP (P = 0.151
and P = 0.235, respectively, from one-way analysis of variance
[ANOVAY)). The increases in the amounts of the diphosphate
and triphosphate metabolites of L-FMAU in cells was depen-
dent on the levels of TMPK induced by doxycycline (P =
0.0101 and P = 0.002, respectively, from one-way ANOVA).
The amounts of TMPK induced by different concentrations of
doxycycline had a more significant effect on L-FMAUDP for-
mation than on L-FMAUTP formation (P = 0.0017 from two-
way ANOVA). Similar results were obtained for the metabo-
lism of d4T in cells; the increase in the amount of the
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diphosphate and triphosphate metabolites of d4T in the cells
was dependent on the levels of TMPK induced by doxycycline
(P = 0.0228 and P = 0.0032, respectively from one-way
ANOVA), and the amounts of TMPK induced by different
concentrations of doxycycline had an effect on d4TDP forma-
tion more significant than its effect on d4TTP formation (P
value < 0.0001 from two-way ANOVA). The slight increase in
the amounts of the metabolites of L-FMAU and d4T in Tet-On
TMPK RKO cells with doxycycline at 0 pwg/ml compared with
that in the control RKO cells without plasmids could be due to
the slight leakage of TMPK, or the medium and serum ob-
tained commercially contained a small amount of doxycycline.
Additionally, the recombinant “repressor” proteins used in this
system might have played a role as transcriptional activators
and therefore may possibly have led to an up-regulatory effect
at a minimal promoter region, as described in the product
manual of Invitrogen.

DISCUSSION

L-FMAU is phosphorylated stepwise to the mono-, di-, and
triphosphate metabolites in both Epstein-Barr virus-producing
and nonproducing cells (19) as well as human hepatoma cells
carrying HBV (i.e., designated 2.2.15 cells) (1). The phosphor-
ylation of L-FMAU to its monophosphate form is catalyzed by
TK1 and the mitochondrial TK2, in addition to dCK (7). Our
results showed that human TMPK can further phosphorylate
L-FMAUMP to L-FMAUDP, but the efficiency is much less
than that for its b-configuration analog, o-FMAUMP. Marked
differences in K,,,, V. and K., between L-FMAUMP and
D-FMAUMP were observed. The differences could be ex-
plained by the preferential chiral specificity of the enzyme at
the active site toward its D-dThd analog in terms of the binding
and catalytic processes.

Although L-FMAUMP and d4TMP are substrates of human
TMPK, the efficiency of their phosphorylation is only 1% of
that of TMP, as shown in Table 1. However, L-FMAU could be
phosphoryated to its DP form by multiple enzymes (TK1, TK2,
and dCK) (7). In contrast, d4T is phosphoryated only by TK1,
but with a poor efficiency (2). Thus, the incubation times for
L-FMAU and d4T were chosen to be 2 h and 12 h, respectively.
The total intracellular levels of phosphorylated metabolites
under these conditions were almost the same (Fig. 4). We
demonstrated that increased TMPK activity in cells could in-
crease the total amounts of the di- and triphosphate metabo-
lites of L-FMAU and d4T in cells. No statistical difference in
the amounts of the monophosphate metabolites was shown
upon the induction of intracellular TMPK. The lack of the
depleted monophosphate metabolite as the result of the rapid
conversion to the diphosphate metabolite by TMPK could be
due to the formation of more L-FMAUMP that was catalyzed
by the nucleoside kinases involved or more d4TMP that was
caused by the longer incubation time; thus, the steady-state
level of the monophosphates did not change.

Thus, TMPK is a critical enzyme for the formation of those
active metabolites of L-FMAU and d4T. It is known that the
activities of TMPK in different tissues are different; the role of
TMPK activity in the formation of the active metabolites of
these analogs suggests that there might be different levels of
metabolism of L-FMAU and d4T in different tissues or cells.
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Furthermore, it also suggests that the different responses to
dThd analogs in different individuals could be related to their
different TMPK enzyme activities in target cells.

In conclusion, this study suggests that TMPK can phosphor-
ylate L-FMAUMP with lesser efficiencies than it does
D-FMAUMP. The increased amount of TMPK in cells could
increase the amounts of the di- and triphosphate metabolites
of L-FMAU and d4T formed.
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