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2'-Fluoro-5-methyl-p-L-arabinofuranosyluracil (L.-FMAU) is the first L-nucleoside analog with low cytotox-
icity discovered to have potent antiviral activities against both hepatitis B virus and Epstein-Barr virus but not
human immunodeficiency virus. This spectrum of activity is different from those of the other L-nucleoside
analogs examined. L-FMAU enters cells through equilibrative-sensitive and -insensitive nucleoside transport
as well as through nonfacilitated passive diffusion. L-FMAU is phosphorylated stepwise in cells to its mono-,
di-, and triphosphate forms. In the present study the enzymes responsible for the first step of L-FMAU
phosphorylation were identified. This is the first thymidine analog shown to be a substrate not only for cytosolic
thymidine kinase and mitochondrial deoxypyrimidine kinase but also for deoxycytidine kinase. This finding
suggests that the antiviral activity of L-FMAU will not be limited by the loss or alteration of any of these

deoxynucleoside kinases.

Hepatitis B virus (HBV) infection is a major worldwide
health problem. Infection with HBV not only causes hepatitis
but also has a strong association with hepatocellular carcinoma
(1, 24). A selective antiviral compound would be useful for the
treatment of hepatitis caused by HBV and may even prevent or
delay the onset of hepatocellular carcinoma associated with
HBV.

Currently, the only drug approved for the treatment of HBV
hepatitis is alpha interferon. However, only 25 to 50% of pa-
tients respond to this therapy. Furthermore, there are side
effects associated with this treatment (19). A more selective
anti-HBV drug is needed. HBV is an incomplete double-
stranded DNA virus. Its DNA replication process is quite
unique and includes the step of reverse transcription catalyzed
by HBV-specified DNA polymerase (23). The fact that HBV
DNA polymerase is quite different from human DNA poly-
merase raises the possibility of the discovery of compounds
that could selectively inhibit HBV DNA replication.

Deoxynucleoside analogs were previously shown to be active
against HBV and to have different degrees of toxicity (22).
Their mechanism of antiviral action is suggested to be me-
diated through a unique interaction of the triphosphate me-
tabolites with HBV DNA polymerase. Although HBV DNA
polymerase is essential for HBV DNA replication and virus
propagation, it is not required for HBV supercoiled DNA or
intergrated DNA synthesis. In order to be more effective in the
treatment of chronic HBV infection, treatment with those anti-
HBYV nucleoside analogs which target HBV DNA polymerase
will need to be long term. This prolonged treatment not only
will inhibit HBV replication but also will deplete cells that
harbor either supercoiled or integrated HBV DNA through
natural turnover of virus-harboring cells. Thus, the safety of
the drug upon long-term use is an important issue.

Several of the toxicities of nucleoside analogs can be asso-
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ciated with the incorporation of their triphosphate metabolites
into nuclear DNA. Upon long-term treatment, these drugs can
also interfere with mitochondrial DNA synthesis, resulting in
delayed toxicity. In the search for new antiviral compounds
with fewer short- and long-term toxicities, B-L-2',3'-dideoxy-
3’-thiacytidine (L-SddC; 3TC) was found to have potent activ-
ity against HBV and human immunodeficiency virus (HIV) (3,
9). Nucleosides are found in nature only in the B-D configura-
tion, and this compound was the first nucleoside analog with
the unnatural B-L configuration shown to have biological ac-
tivity. Subsequently, several other B-L-deoxycytidine analogs
were found to have similar activities against HBV and HIV
(10, 11, 16, 17, 29). However, none of these compounds is
active against Epstein-Barr virus (EBV).

L-SddC exerts its antiviral activity through the interaction of
its triphosphate metabolite with HIV reverse transcriptase
and HBV DNA polymerase. Unlike most previously studied
antiviral dideoxynucleoside analogs including the anti-HBV
compounds 2’'-fluoro-5-methyl-B-p-arabinofuranosyluracil
(p-FMAU) and 1-(2'-deoxy-2'-fluoro-B-p-arabinofuranosyl)-
S-iodouracil (D-FIAU), L-SddC does not interfere with mito-
chondrial function. L-SddC has already been approved for use
for the treatment of patients with AIDS in combination with
zidovudine. In addition, L-SddC is currently showing impres-
sive results in clinical trials for the treatment of chronic HBV
infection (18, 25).

A problem with the use of L-SddC for anti-HIV therapy is
the development of resistance mediated by mutations in the
HIV reverse transcriptase. Although L-SddC-resistant viruses
are likely to be cross-resistant to other deoxycytidine (dCyd)
analogs, they may not be resistant to analogs with different
base. In addition, the spectrums of toxicity and activity of these
analogs might be different from those of analogs with a cytidine
base. Therefore, several L-nucleoside analogs with different
bases were synthesized and examined for antiviral activity. One
of these compounds, 2'-fluoro-5-methyl-B-L-arabinofurano-
syluracil (L-FMAU), was found to be active against HBV in
2.2.15 cells, with a 50% eftective concentration of 0.1 uM.
Unlike the B-L-dideoxycytidine (B-L-ddC) analogs, this com-
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pound was inactive against HIV. Interestingly, it was also ac-
tive against EBV, with a 90% effective concentration of 5 uM
(7, 21). This is the first example of an L-thymidine analog with
potent antiviral activity.

Although its spectrum of activity is different from those of
other B-L-nucleoside analogs, it shares their favorable tox-
icity profiles. Unlike its p analog, L-FMAU triphosphate (L-
FMAUTP) could not be incorporated into nuclear DNA on
the basis of cell culture studies and experiments done with
purified human DNA polymerases (21). In addition, treatment
with L-FMAU did not deplete cells of mitochondrial DNA.
Therefore, delayed toxicities upon long-term treatments should
not be a problem with this compound. Indeed, no toxicity was
observed in mice after 30 days of continuous treatment with
L-FMAU at 50 mg/kg of body weight. In vivo, L-FMAU was
shown to have potent antiviral activity against duck HBV when
it was administered at an oral dosage of 10 mg/kg for 5 days
(30). These results demonstrate the potential use of L-FMAU
for the treatment of human HBV infection.

Like other nucleoside analogs, L-FMAU could be phosphor-
ylated in cells to its mono-, di-, and triphosphate metabolites.
L-FMAUTP is the major metabolite in most cell lines exam-
ined except H1 cells, in which L-FMAU monophosphate (L-
FMAUMP) is the major metabolite (27, 28). This unique met-
abolic feature of L-FMAU in H1 cells could be due to the
presence of EBV thymidine (dThd) kinase in cells. The me-
tabolism of L-FMAU in 2.2.15 cells was no different from its
metabolism in HepG2 cells, suggesting that the activation of
L-FMAU is most likely carried out by cellular enzymes (21).
Given the unique structure of L-FMAU, it was not clear which
enzymes in human cells could be important in its metabolism.
This report describes the results of our studies with respect to
the enzymes with key roles in the phosphorylation of L-FMAU
to L-FMAUTP.

MATERIALS AND METHODS

Chemicals. L.-FMAU was synthesized by C. K. Chu, Department of Chemistry,
University of Georgia. [methyl->*H(N)].-FMAU (76 Ci/mmol), [5'-*H].-FMAU
(29.8 Ci/mmol), [methyl-'*C]thymidine (54 mCi/mmol), [2-'*C]2’-deoxycytidine
(56 mCi/mmol), and [2',3'-*H]dideoxyinosine (42 Ci/mmol) were purchased
from Moravek Biochemicals, Inc., Brea, Calif. Both L-FMAU and [*H]L.-FMAU
were further purified by high-performance liquid chromatography (HPLC) on
an RP-C18 column (Alltech Associates, Inc., Deerfield, Ill.) and eluted with
20 mM KH,PO, (pH 5.5). L-FMAUTP was synthesized by a previously de-
scribed procedure (3). 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesul-
fonate (CHAPS), streptomycin sulfate, dipyridamole (DPM), and b-[(4-nitro-
benzyl)thio]-9-B-p-ribofuranosyl purine (NBMPR) were purchased from Sigma
Chemical Co., St. Louis, Mo.

Purification of cytosolic dThd kinase and mitochondrial dPyd kinase. The
purification procedures were the same as those described previously, with some
modifications (15). Human chronic lymphocytic leukemia cells were extracted
with 3 volumes of buffer containing 10 mM Tris-HCl (pH 7.5), 1.5 mM MgCl,,
3 mM dithiothreitol (DTT), and 10 pM dThd. After 0.5% streptomycin sulfate
precipitation and 55% ammonium sulfate precipitation, followed by dialysis, the
crude cell extract was purified with a dThd affinity column (13) (0.5 by 5 cm).
5-Bromovinyl-deoxyuridine inhibited mitochondrial deoxypyrimidine (dPyd) ki-
nase activity (K; = 0.83 = 0.12 wM) but had no effect on that of cytosolic dThd
kinase (K; > 100 pM) (5). CHAPS (0.5 mM) was added to each fraction to
stabilize the enzymes (20). Due to the low protein concentration of purified
enzyme, the specific activity of cytosolic dThd kinase was estimated to be higher
than 37 U/mg, while that of mitochondrial dPyd kinase was higher than 6 U/mg.
The unit of specific activity is defined as the amount of enzyme which converts
1 nmol of dThd in 1 min at 37°C under our assay conditions.

Purification of dCyd kinase. dCyd kinase was purified from BL21 (de3) bac-
teria containing the PET-3d expression vector into which the cDNA of the
human dCK gene cloned from KB cells has been inserted. The bacterial pellet
was extracted with buffer containing 25 mM Tris-HCI (pH 7.5), 2 mM DTT, 10%
glycerol, and 40 pM ATP-MgCl, and was lysed by treatment with 10 pg of
lysozyme per ml and sonicated. After centrifugation to remove the insoluble
fraction, the supernatant was fractionated with 20 to 55% ammonium sulfate.
The ammonium sulfate was then removed by dialysis against buffer containing 25
mM Tris-HCI (pH 7.5), 2 mM DTT, 10% glycerol, and 40 uM ATP-MgCl,. The
protein was then loaded onto a DE-52 anion-exchange column and eluted with
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a linear gradient of the same buffer containing 0 to 1 M NaCl (4). The partially
purified protein was then loaded onto a hydroxyapatite column and was eluted
with a linear gradient of 0 to 1.0 mM ATP-MgCl,. The dCyd kinase was further
purified by fast performance liquid chromatography with an anion-exchange
mono-Q column and had a final specific activity of 13 U/mg. The unit of specific
activity is defined as the amount of enzyme which converts 1 nmol of dCyd in 1
min at 37°C. Bovine serum albumin (1 mg/ml) was added to stabilize the purified
dCyd kinase. No contamination of dThd kinase was found in the dCyd kinase
preparation.

dThd kinase and dCyd kinase activity assay. dThd kinase (0.004 U for cyto-
solic dThd kinase or 0.0006 U for mitochondrial dThd kinase) or dCyd kinase
(0.01 U) was incubated at 37°C for 1 h with the kinase mixture which was
described previously (4, 26), but with the following modifications: 0.14 M Tris-
HCI (pH 7.5), 1.7 mM DTT, 8 mM NaF, 2 mM ATP-MgCl,, and 0.1 mM
[**C]dThd (11.8 mCi/mmol) or 0.1 mM [**C]dCyd (11.8 mCi/mmol). The same
procedures were used for the kinetic studies, with the exception that the reaction
mixtures contained different concentrations of dThd, ranging from 2 to 20 uM,
or dCyd, ranging from 1.25 to 40 uM (with radiospecificities of 19.9 mCi/mmol
for both substrates).

L-FMAU kinase activity assay. The reaction conditions of the L-FMAU kinase
activity assay were similar to those of dThd kinase assays except that 0.1 mM
[PH]L-FMAU (1,000 nCi/pmol) was used as a substrate. Sometimes, UTP was
used to replace ATP for dCyd kinase catalysis. After the reaction, 50 pl of each
reaction mixture was applied to a Whatman DE-81 disc, and then the disc was
washed three times with 1 mM ammonium formate and once with ethanol. The
discs were dried and 1 ml of 0.2 N HCI-2 M NaCl was added to elute the
radioactive product from the disc. Radioactivities were quantified by scintillation
counting. For the kinetic studies with dThd kinase, .-FMAU concentrations
ranging from 5 to 40 uM were used. For the kinetic studies with dCyd kinase, the
concentration of L-FMAU ranged from 50 to 800 uM. In examining the inhib-
itory effect of natural nucleosides, 588 wM nucleoside was used with 100 uM
[PHJL.-FMAU as a substrate.

5'-Nucleotidase activity assay. The 5'-nucleotidase activity assay proctols were
modified from the procedures reported by Johnson and Fridland (12). The
5’-nucleotidase reaction mixture contained 0.1 M Tris-HCI (pH 7.5), 5 mM
MgCl,, 3 mM DTT, 0.5 M KCl, 10 pM dideoxyinosine (ddI), 1 p.Ci of [*H]ddI,
2 mM IMP, and dialyzed cell extract. The reaction mixture was incubated at 37°C
for 2 h in a final volume of 100 pl. The resulting products were detected by the
procedures described above.

Drug metabolism analysis. The cells (3 X 107) were incubated with 1 pM
[PH]L-FMAU (14.5 p.Ci/mmol) at 37°C for specific periods of the time in the
presence or absence of dCyd (20 uM) and/or dThd (20 wM) as a competitor. The
metabolites were extracted with perchloric acid and analyzed by HPLC by previously
described procedures (27). The intracellular nucleotide concentration was nor-
malized with the cell number and an internal standard, acyclovir triphosphate.

Drug transport. The inhibitor stop method was used in transport studies (8,
14). A total of 4 X 10° 2.2.15, HepG2, HeLa, or DU-145 cells were seeded per
35-mm dish, and the dishes were incubated for 48 h. The cells were incubated
with either NBMPR (0.3 nM to 20 nM), DPM (30 nM to 20 pM), or adenine (0.5
mM) at 37°C for 15 min prior to the transport assays. ['*C]dThd (53 mCi/mmol)
was added to the cells for times ranging from 2 to 30 s, and 5'-[*H]|.-FMAU (200
mCi/mmol) was added for times ranging from 2 s to 30 min. Transport was
terminated by the addition of ice-cold phosphate-buffered saline containing 20
wM DPM and placing the dish on ice. The cells were then washed five times with
cold phosphate-buffered saline containing 20 M DPM and were solubilized with
1% Sarkosyl. The radioactivities were determined in a liquid scintillation counter.

RESULTS

Inhibition of L-FMAU phosphorylation by natural nucleo-
sides. In order to identify which nucleoside kinase could po-
tentially be responsible for the first step of phosphorylation of
L-FMAU, the effects of different natural nucleosides on [*H]t-
FMAU phosphorylation catalyzed by a dialyzed crude HepG2
cell extract were examined. The fact that these natural nucleo-
sides could compete with [PHJ.-FMAU for phosphorylation
indicated that a unique kinase was used. As indicated in Fig. 1,
dThd, a substrate of cytosolic dThd kinase and mitochondrial
dPyd kinase, inhibited about 90% of L-FMAU phosphoryla-
tion, while dCyd, a substrate of cytosolic dCyd kinase and
mitochondrial dPyd kinase, inhibited 60% of L-FMAU phos-
phorylation. These data suggest that cytosolic dThd kinase,
cytosolic dCyd kinase, and mitochondrial dPyd kinase all may
play a role in the phosphorylation of L-FMAU. Although de-
oxyadenosine (dAdo) and deoxyguanosine (dGuo) are sub-
strates of cytosolic dCyd kinase, L-FMAU phosphorylation was
not affected significantly by dAdo or dGuo. This observation
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FIG. 1. Effects of nucleosides on L-FMAU phosphorylation by HepG2 cell
extracts. [PH]L-FMAU (100 wM) was phosphorylated with dialyzed HepG2 cell
extracts in the presence or absence of nucleosides at 588 uM. The values are
means * standard deviations of three determinations. Ado, adenosine; Cyd,
cytidine; Guo, guanosine; Urd, uridine; dAdo, deoxyadenosine; dGuo, deoxy-
guanosine; dUrd, deoxyuridine.

could be due to the poor binding affinity of dAdo and dGuo for
cytosolic dCyd kinase, the lack of action of dAdo and dGuo
against mitochondrial dPyd kinase, or the higher rate of catab-
olism of dAdo and dGuo by adenosine deaminase and purine
nucleoside phosphorylase, respectively, in the crude HepG2
cell extract. Furthermore, the major enzyme for L-FMAU
phosphorylation in this crude extract is likely to be cytosolic
dThd kinase since dThd can inhibit most L-FMAU phosphor-
ylation.

Behavior of L-FMAU toward cytosolic dThd kinase and cy-
tosolic dCyd kinase. Both cytosolic dThd kinase and cytosolic
dCyd kinase were prepared as described above. The behavior
of L-FMAU as a substrate for those two enzymes was exam-
ined. The results are depicted in Table 1. The K, value of
L-FMAU for cytosolic dThd kinase was 18.3 pnM, which is
threefold greater than that of dThd (K, = 6 nM). However,
the V_ .. of L-FMAU was similar to that of dThd. Therefore,

max

the relative ratio of V,,,/K,,, which is often used to indicate

s

enzyme efficiency when the concentration of the substrate used
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is relatively low in comparison with the K,,,, for L-FMAU phos-
phorylation by cytosolic dThd kinase was one-third that for
dThd. To ensure that the reaction studied was carried out by
cytosolic dThd kinase and not by some contaminating activity,
the effects of dThd, a substrate, and dTTP, an inhibitor of
cytosolic dThd kinase, were examined. dThd was found to be a
competitive inhibitor of L-FMAU phosphorylation, with a K of
7 wM, while TTP served as an inhibitor of L-FMAU phosphor-
ylation, with 50% inhibition occurring with L.-FMAU at 4 uM
(Table 2).

The discovery that dCyd could inhibit L-FMAU phosphory-
lation in crude cell extracts suggested that dCyd kinase might
also be able to phosphorylate L-FMAU. The behavior of L-
FMAU as a substrate for cytosolic dCyd kinase was studied.
L-FMAU was phosphorylated by cytosolic dCyd kinase with a
K, of 1.1 mM, which is much higher than that of dCyd in the
presence of ATP. However, the V. of L-FMAU was 12.5-fold
higher than that of dCyd. The V. /K,,, of L-FMAU as a sub-
strate for dCyd kinase was 14-fold lower than that of dCyd in
the presence of ATP (Table 1). UTP has been shown to be a
good phosphate donor of cytosolic dCyd kinase. The K, of
L-FMAU was determined to be 0.25 mM, and the V,,,, was
determined to be 8-fold that of dCyd when UTP was the
phosphate donor. The V,,,./K,,, for L-FMAU phosphorylation
with UTP as a phosphate donor was 4.7-fold lower than that
for dCyd. In addition, the effects of dCyd and dCTP as inhib-
itors of L-FMAU phosphorylation catalyzed by this enzyme
were examined. dCyd was found to be an effective competitive
inhibitor of L-FMAU phosphorylation, with a K; value of 1.2
nM, while dCTP showed 50% inhibition at 0.8 wM, as indi-
cated in Table 2.

Behavior of L-FMAU toward mitochondrial dPyd kinase.
L-FMAU was also found to be a substrate for mitochondrial
dPyd kinase, with a K, value higher than that of either dCyd or
dThd (K, values, 61, 33, and 7 uM, respectively). The relative
Vmax Of L-FMAU was also higher than that of dCyd or dThd,
as indicated in Table 1. Therefore, the V,,,./K,,, for L-FMAU
phosphorylation by mitochondrial dPyd kinase was about the
same as that for dCyd and lower than that for dThd. dThd was
also shown to be a competitive inhibitor of L-FMAU phosphor-
ylation catalyzed by mitochondrial dPyd kinase, with a K; of
10.8 nM, while dCyd was a poor inhibitor, with a K; of >100
pM. Both TTP and dCTP proved to be potent inhibitors of
L-FMAU phosphorylation, with 50% inhibitory concentrations
of 12 and 6 pM, respectively (Table 2).

Behavior of L-FMAU toward 5’-nucleotidase. Since cytosolic
5'-nucleotidase was shown to be responsible for the intracel-
lular phosphorylation of ddl, the ability of this enzyme to
phosphorylate L-FMAU was examined. Under the same reac-
tion conditions, ddI was phosphorylated to ddIMP in the ab-

TABLE 1. Kinetic constants of L-FMAU phosphorylation by cellular kinases”

Cytosolic dCyd kinase
Compound

Cytosolic dThd kinase

Mitochondrial dPyd kinase

K,, (WM) Vinax Vinax/ Ko K, (WM) Vimax Vinax/Ko K., (bM) Vinax Vinax/ Ko
dCyd 7*0 1 0.14 ND? ND ND 33x2 1.4 0.04
dThd ND ND ND 6 1 0.17 7x02 1 0.14
L-FMAU
ATP* 1,125 = 90 12.5 0.01 183+ 1.4 1 0.05 615 2.5 0.04
UTP¢ 250 = 60 8.0 0.03

“ The K,,, and relative V,,,, values were determined by a Lineweaver-Burk plot. The values are the means *+ standard deviations of three determinations. V., valves

are those relative to the V,,, for the substrate.
2 ND, not detectable.

¢ Phosphate donor.
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TABLE 2. Substrate inhibition and feedback inhibition of
L-FMAU phosphorylation by cellular kinases”

K; (nM) ICso (P«M)b
Enzyme
dThd dCyd TTP dCTP
Cytosolic dThd kinase 7*0.1 ND¢ 4+1 ND
Cytosolic dCyd kinase ND 1.2x0.1 ND 0.8 0.5
Mitochondrial dPyd kinase  10.8 + 2 >100 122 6=*0.1

“ The values presented here are the averages of triplicate experiments. K; was
determined by using the equation for a competitive inhibitor.

®1Csq, concentration required for 50% inhibition of L-FMAU phosphoryla-
tion.

< ND, not detectable.

sence of ATP, while no trace of L-FMAUMP formation was
observed. Therefore, it is unlikely that 5'-nucleotidase is able
to phosphorylate L-FMAU.

Inhibition of phosphorylation of L-FMAU by dThd and
dCyd in 2.2.15 cells. The HBV-producing 2.2.15 cells were
incubated with 1 pM [*H|L-FMAU with and without dCyd or
dThd for 4 h. The metabolism of L-FMAU was examined. With
increasing dThd or dCyd concentrations, the intracellular L-
FMAU nucleotide concentrations dropped sequentially. When
a 20-fold excess of dCyd was added, the amount of L-FMAU
nucleotides dropped to ~60% of that of the control. With a
20-fold excess of dThd present, the intracellular L-FMAU nu-
cleotide levels decreased to 40% of that of the control, as
indicated in Fig. 2. When both dThd and dCyd were adminis-
tered with [*’H]L-FMAU, the intracellular L-FMAU nucleotide
concentration decreased to 15% of that of the control. The
degree of inhibition with the combination of dCyd and dThd is
lower than that which is expected on the basis of the enzyme
studies. This could be due to some difference in enzyme be-
havior in cells from that in the isolated form of the enzyme.
These data are consistent with the observation that both dCyd
kinase and dThd kinase could phosphorylate L-FMAU.

Phosphorylation of L-FMAU in cytosolic CEM/dCK™ cells.
To ensure the role of dCyd kinase in the phosphorylation of
L-FMAU, CEM cells and CEM cytosolic dCyd kinase-deficient
(CEM/dCK™) cells were compared with respect to L-FMAU
metabolism (Fig. 2). There was a decrease in the amount of
phosphorylated metabolites in CEM/dCK ™ cells in comparison
with that in CEM cells. The phosphorylation of L-FMAU in
CEM/dCK™ cells could be due to cytosolic dThd kinase and
mitochondrial dPyd kinase in the cells. The addition of dThd
had a more pronounced effect on the inhibition of L-FMAU
phosphorylation in CEM/dCK™ cells.

Phosphorylation of L-FMAU in HeLa Bu cells. The metab-
olism of L-FMAU in the HeLa and the HeLa cytosolic dThd
kinase-deficient (HeLa Bu) cell lines was examined. The ad-
dition of dCyd had a more pronounced effect on the inhibition
of L-FMAU phosphorylation in HeLa Bu cells than in HeLa
cells, as indicated in Fig. 2. The phosphorylation of L-FMAU in
HeLa Bu cells could be due to the presence of cytosolic dCyd
kinase and mitochondrial dPyd kinase.

Transport behaviors of L-FMAU. Since the inhibition of
L-FMAU phosphorylation by dThd or dCyd in cells could
partly be due to the competition with dThd and dCyd for
L-FMAU transport into cells, the transport of L-FMAU into
HepG?2 cells was examined in the presence of the nucleoside-
facilitated diffusion inhibitors NBMPR and DPM. [**C]dThd
(56 mCi/mmol) was used to characterize the nucleoside trans-
port system in HepG2 cells. dThd transport was inhibited by
both DPM and NBMPR, with 50% inhibition occurring at
1 and 20 nM, respectively, in a 30-s reaction (Fig. 3A). The

ANTIMICROB. AGENTS CHEMOTHER.

transport of dThd was completely inhibited when DPM or
NBMPR concentrations were higher than 1 pM. This obser-
vation suggested that the equilibrative-sensitive system was the
only nucleoside transport system present in HepG2 cells.
The transport of L-FMAU was much slower than that of dThd.
The rate of L-FMAU uptake is 60-fold less than that of
dThd uptake. .L-FMAU uptake was sensitive to inhibition by
NBMPR, with 50% inhibition at 0.1 nM, while higher concen-
trations of DPM (0.1 wM) were required to achieve the same
degree of inhibition (Fig. 3B). These data indicate that the
equilibrative-sensitive nucleoside transport system could also
be used for L-FMAU uptake by HepG2 cells. It was noted that
neither inhibitor could inhibit L-FMAU uptake 100%. Ten
percent of L-FMAU was still transported into HepG2 cells in
the presence of 20 uM DPM or NBMPR, while no dThd was
found. When the L-FMAU uptake study was performed at 4°C,
similar amount of uptake occurred. These results suggest that
a passive diffusion mechanism could also play a role in L-
FMAU uptake. Since HepG2 cells used only the equilibrative-
sensitive nucleoside transport system, other transport systems
were examined in other cell lines.

HeLa cells were reported to have two classes of nucleoside
transport systems, the equilibrative-sensitive system with high
affinity to NBMPR and the equalibritive-insensitive system
with low affinity to NBMPR (8, 14). By using dThd as a control,
the dThd transport was inhibited 40% at an NBMPR concen-
tration of 1 nM. The remaining 60% of the dThd uptake
remained insensitive to NBMPR until the concentration of
NBMPR was elevated 1,000-fold (Fig. 3C). This suggests that
the transport of dThd is approximately 40% through the equili-
brative-sensitive system and 60% through the equilibrative-
insensitive system. The inhibition of L-FMAU uptake by
NBMPR and DPM is similar to that of dThd (Fig. 3D). These
observations suggest that L-FMAU could also be transported
into HeLa cells through the equilibrative-insensitive system.

The nucleoside analog carbovir was shown to be a substrate
for the nucleobase carrier, which is inhibited by adenine.
Therefore, the ability of adenine to inhibit L-FMAU transport
was also examined in DU-145 cells. [*H]fluorouracil ([*H|FU;
100 mCi/mmol) was used as a control for nucleobase transport.
The transport of FU was inhibited in the presence of adenine.
When the concentration of adenine was as high as 0.5 mM,
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FIG. 2. L-FMAU metabolism in the presence of dThd, dCyd, or both. Cells
(3 X 107) were incubated with 1 pM [*H].-FMAU (14.5 wCi/mmol) at 37°C for
4 h in the absence or presence of 20 uM dThd, dCyd, or both. The intracellular
nucleotide concentrations were analyzed by HPLC as described in Materials and
Methods. CEM/dCK™, cytosolic dCyd kinase-deficient CEM cell line; HeLa
Bu/TK™, cytosolic dThyd kinase-deficient HeLa cells; —, control; C, deoxycyti-
dine; T, thymidine; B, both.
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FIG. 3. Characterization of human cellular L-FMAU uptake system. (A) HepG?2 cells were preincubated with either DPM (@) or NBMPR (+) before the transport
assay. Then, 3 uM [**C]dThd (53 mCi/mmol) was added to the cells for 30 s and the transport was terminated as described in Materials and Methods. (B) [*H]L.-FMAU
(10 uM; 200 mCi/mmol) was transported into DPM- or NBMPR-treated HepG2 cells for 30 min. (C) Transport of 3 uM [**C]dThd into HeLa cells. (D) Transport

of 10 uM [PH]L-FMAU into HeLa cells.

85% of FU transport was inhibited, while no inhibition of
L-FMAU transport was found. These data suggested that L-
FMAU is not a substrate for the nucleobase transporter.

DISCUSSION

L-FMAU is the first thymidine analog shown to have potent
anti-HBV and anti-EBV activity in cell culture. This spectrum

of activity is different from those of other biologically active
L-dideoxythymidine analogs (2).

L-FMAUTP acts as a potent inhibitor of HBV DNA poly-
merase with a K; of 0.12 wM (calculated from previously pub-
lished data [21]). It cannot be used as a substrate by human «,
B, v, and 8 DNA polymerases. This may explain its selective
antiviral activity against HBV and its lack of toxicity. In this
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report the enzymes responsible for the first step in the phos-
phorylation of L-FMAU were identified. Unlike other dThd or
dCyd analogs, L-FMAU could be phosphorylated by cytosolic
dThd kinase, cytosolic dCyd kinase, and mitochondrial dPyrd
kinase as a substrate. The phosphorylation of L-FMAU by
those enzymes was also subject to inhibition by their feedback
inhibitors. When the efficiency (V,,./K,,) of L-FMAU as a
substrate for all three enzymes was examined, it was found to
be within the same order of magnitude as those of the natural
substrates. Chou et al. (6) reported that D-FMAU is a com-
petitive inhibitor for the incorporation of dThd and dCyd into
DNA in mouse leukemia p815 cells and dThd in cytosine
arabinoside (Ara-C)-resistant p815/Ara-C cells. Although this
could suggest that D-FMAU is a substrate for both dThd kinase
and dCyd kinase, several other mechanisms could be re-
sponsible for the observation, such as the competition of
D-FMAUTP with dTTP or dCTP at the DNA polymerase
level. It would be interesting to determine whether b-FMAU
could also serve as a substrate for both cytosolic kinase and
cytosolic dCyd kinase. Therefore, to the best of our knowledge,
L-FMAU is the first pyrimidine nucleoside analog shown to be
a substrate for all three cellular deoxypyrimidine nucleoside
kinases.

In order to further investigate whether L-FMAU could be
phosphorylated by cytosolic dCyd kinase or dThd kinase, we
studied the metabolism of L-FMAU in cells that lack these
enzymes. L-FMAU was phosphorylated less, but it was still
phosphorylated substantially in either enzyme-deficient cell
line. dThd and dCyd influenced the degree of L-FMAU phos-
phorylation in those cell lines. The inhibition of L-FMAU
phosphorylation by dThd in cytosolic dCyd kinase-deficient
cell lines than was more pronounced than that in cells with all
three enzymes. This is due to the fact that cytosolic dThd
kinase is the only major enzyme responsible for L-FMAU
phosphorylation in these cells. Likewise, the phosphorylation
of L-FMAU is much less influenced by dCyd in HeLa cells than
in HeLa Bu cells. This observation is consistent with our en-
zyme studies in which the action of dCyd and/or dThd on
L-FMAU metabolism was studied in HepG2 cells. Both dThd
and dCyd could suppress L-FMAU phosphorylation to some
extent. However, the combination of dThd and dCyd was the
most effective.

Our concern in this cell culture study was that dThd or dCyd
could inhibit the transport of L-FMAU through the plasma cell
membrane, resulting in the inhibition of L-FMAU phosphory-
lation intracellularly if these compounds use the same trans-
port system. There are two facilitated transport systems, equili-
brative-sensitive and equilibrative-insensitive systems, for the
transport of nucleoside in culture cells. HepG2 cells have pre-
dominately equilibrative-sensitive transporters, while HeLa
cells have 40% equilibrative-sensitive and 60% equilibrative-
insensitive transporters under the conditions used in this study.
We found that L-FMAU could use both equilibrative-sensitive
and equilibrative-insensitive facilitated nucleoside transport
systems. In addition, L-FMAU appears to be able to enter cells
via passive diffusion. Thus, the inhibition of L-FMAU phos-
phorylation in HepG2 cells is the combined effect of compe-
tition by dThd and/or dCyd for uptake as well as competition
for phosphorylation by cellular kinases.

In summary, as shown in Fig. 4, L-FMAU is a unique nucle-
oside analog that can be recognized as a substrate by all three
nucleoside kinases. In vivo, it is likely that cytosolic dCyd
kinase is the major enzyme for phosphorylation in the liver
since the activities of both cytosolic dThd kinase and mito-
chondrial dPyd kinase are low in comparison with the activity
of cytosolic dCyd kinase. It is not clear whether L-FMAU could
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Metabolism of L-FMAU:

Extracellular

Intracellular

- T
Mitochondrial
Compartment
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FIG. 4. Summary of L-FMAU metabolism in the cells. ES, equilibrative-
sensitive nucleoside transport system; EI, equilibrative-insensitive nucleoside
transport system; NB, nucleobase transport system; Passive Diff., passive diffu-
sion system; DP, DNA polymerase. Arrows with solid line indicate the reactions
that are confirmed, while arrows with dashed lines indicate the reactions that are
unconfirmed.

be taken into mitochondria to be phosphorylated, since this
compound does not interfere with mitochondrial function like
its D-FMAU enantiomer does. Thus, the ability of mitochon-
drial dPyd nucleoside kinase to phosphorylate L-FMAU may
not have functional significance. This compound is in preclin-
ical development for the treatment of patients with HBV in-
fection.
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