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B-L-5-Iododioxolane uracil was shown to have potent anti-Epstein-Barr virus (EBV) activity (50% effective
concentration = 0.03 uM) with low cytotoxicity (50% cytotoxic concentration = 1,000 pwM). It exerts its
antiviral activity by suppressing replicative EBV DNA and viral protein synthesis. This compound is phos-
phorylated in cells where the EBYV is replicating but not in cells where the EBV is latent. EBV-specific thymidine
kinase could phosphorylate (-L-5-iododioxolane uracil to the monophosphate metabolite. The K, of 3-L-5-
iododioxolane uracil with EBV thymidine kinase was estimated to be 5.5 uM, which is similar to that obtained
with thymidine but about fivefold higher than that obtained with 2’ fluoro-5-methyl-B-L-arabinofuranosyl
uracil, the first L-nucleoside analogue discovered to have anti-EBV activity. The relative V., is seven times
higher than that of thymidine. The anti-EBV activity of (-L-5-iododioxolane uracil and its intracellular
phosphorylation could be inhibited by 5’'-ethynylthymidine, a potent EBV thymidine kinase inhibitor. The
present study suggests that 3-L-5-iododioxolane uracil exerts its action after phosphorylation; therefore, EBV

thymidine kinase is critical for the antiviral action of this drug.

Epstein-Barr virus (EBV) is an important human pathogen.
This virus has been determined to cause infectious mononu-
cleosis, fatal acute infectious mononucleosis—X-linked lympho-
proliferative syndrome, and oral hairy leukoplakia (16, 17,
48). EBV also has a close association with several types of
malignancies, including Burkitt’s lymphoma, nasopharyngeal
carcinoma (NPC), Hodgkin’s disease, (2, 13, 21), some T-cell
lymphomas (1, 26, 32, 35, 40, 58), smooth muscle cell leiomyo-
sarcoma (23), and certain cases of gastric adenocarcinomas
(38, 46, 53). EBV infection can enhance human immunodefi-
ciency virus type 1 (HIV-1) replication in T cells (56), and EBV
is also related to the development of lymphoma induced in
AIDS patients (55). It was also reported that almost all post-
transplant lymphomas appeared to be EBV genome positive,
irrespective of histological appearance or clonability of the
lesion (18, 44, 49, 59). A more complex picture of EBV-asso-
ciated malignancies is emerging, particularly with regard to
virus-positive tumors of non-B-cell origin. It is hoped that a
better understanding of EBV persistence and the part played
by EBV in the oncogenic process will permit the development
of new approaches aimed at the prevention and treatment of
EBV-associated tumors. Therefore, it would be ultimately use-
ful to have anti-EBV compounds that do not have serious side
effects.

Several compounds have shown anti-EBV activity in cell cul-
ture systems, including acyclovir (ACV), ganciclovir (DHPG),
2'-fluoro-5-methyl-B-p-arabinofuranosyl uracil (D-FMAU),
and (§)-1-(3-hydroxy-2-phosphonyl-methoxypropyl)cytosine
(cidofivir) (6, 9, 26, 27, 36, 50, 52). However, the clinical ap-
plication of many of these compounds is restricted by severe
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side effects (52). Recently, our laboratory found a new anti-
EBV 1-dioxolane nucleoside analogue, B-L-5-iododioxolane
uracil (L-I-OddU) (28). L-I-OddU is thus far the most potent
anti-EBV agent, with a 50% effective concentration (ECs) of
0.03 uM against EBV replication in cells (28). Since L-I-OddU
has good antiviral inhibition, it could be the most selective
compound against EBV replication-associated diseases in the
clinical setting. However, the mechanism by which L-I-OddU
inhibited EBV DNA replication was not clear.

The antiviral spectrum of L-I-OddU was very different from
that of all other L-nucleoside or benzimidizole L-riboside ana-
logues studied (3, 7, 8, 29, 30, 39, 43, 54). L-I-OddU has
potent antiviral action specific to EBV, weak antiviral activ-
ity in Kaposi’s sarcoma-associated herpesvirus—human herpes-
virus 8 (HHVS), but poor effect against other viruses (HIV,
herpes simplex virus type 1 [HSV-1], HSV-2, cytomegalovirus,
or hepatitis B virus). While L-I-OddU at 20 wM has activity
that is slightly better than that of DHPG at 20 pM, with an
anti-HHVS8 activity of 60% compared to 41% (data not
shown), it shows no advantage over ACV in our varicella-
zoster virus system, with ECsys of 17 uM for L-I-OddU and of
4 pM for ACV (data not shown). Only EBV showed significant
increased selectivity, with an L-I-OddU ECs, that was >1,000-
fold lower than the ECs, of 50 pM for ACV. Our previous
studies indicated that the action(s) responsible for the anti-
EBV activity of L-I-OddU could be dependent on EBV-spe-
cific proteins (28). In the present study we show that EBV
thymidine kinase (TK) was necessary for the activation of
L-I-OddU and that L-I-OddU was converted to L-I-OddUMP
by EBV TK, which has been shown to have a narrow substrate
specificity compared to other herpesviruses (20, 47).

MATERIALS AND METHODS

Reagents. L-I-OddU, B-L-5-bromodioxolane uracil (L-Br-OddU), and L-
FMAU were synthesized by C. K. Chu, College of Pharmacy, University of
Georgia. An EBV TK inhibitor, 5'-ethynyl-thymidine (5'-Et-dThd), was a gift
from M. Bobek, Department of Experimental Therapeutics, Roswell Park Me-
morial Institute, Buffalo, N.Y. The chemical structures are shown in Fig. 1.
[«-*?P]dCTP, [y-**P]ATP, and [**C]thymidine (dThd) were purchased from Am-



VoL. 44, 2000

(0]
I CH
HN

HN J\
(0]

OJ\N
HC=C
EO{OH o
O

HO

L-I-OddU 5'-Et-dThd

FIG. 1. Chemical structure of L-I-OddU and EBYV inhibitor 5'-Et-dThd.

ersham, Arlington Heights, Ill. [?H]-L-I-OddU and [*H]-L-FMAU were pur-
chased from Moravek Biochemicals, Inc., Brea, Calif.

Cell culture. H1, a high-EBV-producing human B cell, cloned from the
P3HRI1 cell line, was used in this study (51). H1 has >95% of the EBV DNA in
the replicating linear form, while the EBV TK™ L5 clone, also derived from
P3HRI cells, is latently infected with EBV and does not produce viral particles.
The EBV DNA exists as a supercoiled form in L5 cells. Cells were grown at 37°C
in a 5% CO, humidified incubator. The culture medium was HEPES-buffered
RPMI 1640 supplemented with 100 pg of kanamycin per ml and 10% dialyzed
fetal bovine serum. Dialyzed serum was used so that small molecules would not
interfere with the nucleoside studies performed.

Exposure of H1 cells to compounds. H1 cells were maintained in a logarithmic
phase of growth for 2 days prior to the initiation of treatment. The H1 cells were
seeded into 24-well tissue culture plates at a density of 2 X 10° cells per ml in 2
ml of fresh medium with or without the compound to be examined for antiviral
activity and were then incubated at 37°C for 5 days. After the period of drug
exposure, the cells were pelleted and washed by centrifugation at 2,000 rpm in a
tabletop centrifuge. Slot blot analysis of these cell samples was used to determine
the inhibitory effect of the compounds on EBV DNA.

EBYV DNA detection. The slot blot assay was performed as described previously
(12), with some modifications. A total of 4 X 10° HI cells were treated with
different compounds at various concentrations for the time indicated and were
lysed in 400 pl of 10 mM Tris-HCI (pH 7.5) solution by freeze-thawing three
times in an ethanol-dry ice bath. The cell lysate was treated with RNase A at a
final concentration of 50 wg/ml at 37°C for 30 min. The lysate was then treated
with proteinase K at a final concentration of 100 wg/ml at 55°C for 2 h. An equal
volume of 20X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) was
added to each sample. After heating for 10 min in a 100°C water bath, the
samples were spotted onto a positively charged nylon membrane using a mani-
fold connected to a vacuum system. The samples were denatured on the mem-
brane by washing them with 0.4 N NaOH-10 mM EDTA (pH 8.2). Then, the
[a-*?P]dCTP-labeled EBV EcoRI C fragment was used as a probe for DNA
hybridization. Autoradiographic results were analyzed by Personal Densitometer
SI (Molecular Dynamics, Inc., Sunnyvale, Calif.).

Western blotting. Cell pellets (10° cells) were lysed with 30 ul of lysis buffer
(0.05 M Tris-HCI [pH 6.8], 1% sodium dodecyl sulfate [SDS], 0.5% mercapto-
ethanol, 20% glycerol, 0.1% bromphenol blue) and boiled for 5 min. The samples
were electrophoresed on an SDS-7.5% polyacrylamide gel. The proteins were
electroblotted onto a nitrocellulose membrane using the Bio-Rad Transblot
apparatus method as described by the manufacturer. The membrane was treated
with blocking buffer (phosphate-buffered saline [PBS] with 1.5% Triton X-100
and 5% dry milk) for 1 h. The membrane was incubated overnight at 4°C with a
monoclonal antibody to EBV TK, a gift from J.-Y. Chen, College of Medicine,
National Taiwan University. After three 10-min washes in PBS with 0.15%
Triton X-100 at room temperature, the membrane was incubated with anti-
mouse immunoglobulin G (IgG) conjugated with peroxidase (Sigma, St. Louis,
Mo.) at room temperature for 1 h. The membranes were washed three more
times as described above, followed by exposure to a Western blot chemilumi-
nesence reagent for 2 min (NEN Life Science Products, Boston, Mass.). The
membranes were placed on X-ray films, which were exposed to the light. After
development, the exposed bands were quantified by using a scanning densitom-
eter.

In situ gel lysis method. For analysis of the EBV linear and supercoiled DNA,
we used an in situ gel lysis method. The procedure for in situ gel analysis was as
described by Gardella et al. (15). Loads were normalized by counting cells at the
end of the drug treatment period and exactly 2 X 10° cells were resuspended in
60 pl of solution that contained 15% Ficoll, 1X Tris-borate-EDTA (TBE), 2 pul
of 10-mg/ml RNase A, and 0.25% bromphenol blue solution. These samples were
incubated for 30 min at room temperature and then applied to the gel. This
discontinuous agarose gel is designed to permit only viral DNA (both circular
and linear) to enter the body of the gel (15). The gel was electrophoresed at 15
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V for 3 h, and then the voltage was increased to 100 V for 48 h at 4°C. The
nucleic acids in the gel were transferred to a nylon membrane by the usual
Southern blotting procedure (42).

EBV TK purification. The cloned EBV TK gene, which was derived from
P3HRI1 cells, was a gift from J. Y. Chen, College of Medicine, National Taiwan
University (22, 33). Approximately 100 ng of PET-TK B1B plasmid was used to
transform competent cells, the BL21(DE3)/pLysS expression host, by the stan-
dard procedure of Sambrook et al. (42). Once the insert was shown to be present
in one of the colonies, a large-scale induction was performed using isopropyl-p-
D-thioglucopyranoside with shaking at room temperature for 15 h. The bacterial
preparation was centrifuged at 6,000 X g for 30 min at 4°C. The pellet was
resuspended in lysis buffer containing 25 mM Tris-HCI (pH 8.0), 50 mM glucose,
10 mM EDTA, and lysozyme at 200 wg/ml. The mixture was kept on ice for 30
min and sonicated using a Branson Sonifier (80% duty cycle; output, 7; four 10-s
bursts). The solution was centrifuged for 30 min at 15,000 rpm in a Beckman
J21M centrifuge using a JA20 rotor. The pellet was resuspended in lysis buffer
containing 50 wM thymidine and then sonicated to resuspend it. The bacterial
lysate was brought to 75% ammonium sulfate (AmSO,) by the slow addition of
750 g of solid salt per liter while stirring in the cold room. The suspension was
centrifuged at 15,000 rpm for 15 min at 4°C, the supernatant was decanted, and
the pellet was redissolved in buffer A’ (Tris-HCI [pH 7.5], 10 mM; dithiothreitol
[DTT], 2 mM; glycerol, 10%). The solution was dialyzed against 500 ml of buffer
A’ for 2 h, with two changes of buffer at 4°C. The conductivity of the sample was
measured, and the ionic strength was adjusted to be lower than that of buffer A.
The sample was loaded onto a TK affinity column and eluted as described by Lee
and Cheng (25) using various ionic strengths and thymidine concentrations. The
EBV TK eluted in buffer E, which contained 400 mM Tris-HCI (pH 7.5), 300 pM
thymidine, 2 mM DTT, and 10% glycerol. CHAPS {3-[(3-cholamidopropyl)-di-
methylammonio]-1-propanesulfonate} was added to a final concentration of 0.6
mM to stabilize the enzyme.

Cellular kinase purification. The TK and mitochondrial deoxypyrimidine ki-
nase (dPydK) enzymes were affinity purified from human chronic lymphocytic
leukemia cells by methods described previously (34) and on the same column as
described above (25, 34).

TK assay. The TK activity was determined essentially as described by Cheng
and Ostrander (4) and Lee and Cheng (25). The TK assay mixture contained 0.12
M Tris-HCI (pH 7.5), 1.8 mM ATP-Mg,, 20 pM dThd, 6.8 mM sodium fluoride,
71 U of creatine phosphokinase, 8.8 mM creatine phosphate, 0.07% bovine
serum albumin, and 0.1 wCi of ["*C]dThd (55 mCi/mmol) and purified TK in a
final volume of 100 wl. The reaction mixture was incubated at 37°C, and then 50
wl of reaction mixture was spotted onto Whatman 2.3-cm anion-exchange DE81
disks to stop the reaction. The disks were then immediately dropped into 95%
ethanol (5 ml/disk) and washed three times for 5 min each time. The disks were
dried and inserted into scintillation vials, and 5 ml of Safe Scint (American
Bioanalytical, Natic, Mass.) was added to each vial. The amount of dThd con-
verted to dTMP was quantitated by radiospectrometry using a Beckman LS 100C
or LS 5000TD apparatus. [°H]-L-I-OddU was used in a similar manner as dThd
for kinase assays except that the disks were washed in 1 mM ammonium formate.
To improve the counting efficiency of the tritiated analogue, the disks were dried
and placed in scintillation vials containing 1 ml of 2 mM NaCl and 0.2 N HCI,
which eluted the isotope from the ion-exchange paper, and 10 ml of scintillation
fluid was added.

Determination of K,,, and V,,,,.,. To determine the K,,, and relative V,,, for the
EBV TK with dThd and the L-nucleoside analogues, we used reaction conditions
that were similar to those for the standard TK assay. The substrate concentra-
tions varied from 6.25 to 100 uM for dThd, 0.5 to 4 uM for L-FMAU, and 6.25
to 100 uM for L-I-OddU. Lineweaver-Burk plots were used to determine the K,
and V,,,, values.

HPLC analysis of phosphorylate metabolites. Separation of cellular metabo-
lites was performed by high-pressure liquid chromatography (HPLC) using a
Perkin-Elmer system with a Whatman Particil SAX column (3). A gradient of
potassium phosphate buffer from 0.03 to 300 mM (pH 6.6) at a flow rate of
1 ml/min was employed. When isotopic L-nucleosides were used, an in-line
Packard 150TR Radiation Detector with National Diagnostics Monoflow 5 scin-
tillation fluid was mixed at a rate of 4 ml/min. The amount of radiation under the
metabolite peak was used to determine the picomoles of phosphorylated metab-
olites generated.

RESULTS

L-I-OddU inhibits EBV replication. In EBV lIytic replicating
cells, such as H1 cells, the majority of EBV DNA exists in the
linear form, whereas in EBV latent cells, such as L5 cells, the
supercoiled form of EBV DNA is the major form detected
(Fig. 2A). After treatment with 1 pM L-I-OddU or L-Br-
0ddU, only the linear form of EBV DNA was greatly de-
creased in H1 cells, with no apparent effect on the supercoiled
form of EBV DNA in these cells (Fig. 2A, lanes 3 and 4).

To examine the effect of 1 uM L-I-OddU and L-Br-OddU
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FIG. 2. (A) Detection of linear and circular EBV DNA in cells with or
without L-I-OddU and L-Br-OddU. Lanes: 1, H1 cells with no treatment; 2, H1
cells plus dimethyl sulfoxide (DMSO); 3, H1 cells plus 1 uM L-I-OddU; 4, H1
cells plus 1 M L-Br-OddU; 5, L5 cells with no treatment; 6, LS cells plus
DMSO; 7, L5 cells plus 1 uM L-I-OddU; 8, L5 cells plus 1 puM L-Br-OddU; 9,
CEM cells with no treatment (CEM cells are human T cells which do not contain
any EBV genome). (B) Western blotting by anti-EBV TK antibody. Lanes: 1, H1
cells with no treatment; 2, H1 cells plus DMSO; 3, H1 cells plus 1 uM L-I-OddU;
4, H1 cells plus 1 pM L-Br-OddU; 5, L5 cells with no treatment; 6, L5 cells plus
DMSO; 7, L5 cells plus 1 uM L-I-OddU; 8, LS cells plus 1 pM L-Br-OddU; 9,
CEM cells with no treatment. The TK protein is marked at 69 kDa and a human
protein (HP) that has bound nonspecifically to this antibody serves as a load
control.

on the replication of EBV, cell extracts of treated and un-
treated H1 and L5 cells were electrophoresed and blotted onto
nitrocellulose membranes. Using a monoclonal antibody, EBV
TK was detected in H1 cells but was below detection in drug-
treated H1 or latently infected L5 cells or in the negative
control CEM cells (Fig. 2B).

Formation of L-I-OddU metabolites in cells. The metabo-
lism of L-I-OddU in EBV replicating cells (H1 cells) and EBV
latently infected cells (L5) was examined. [*H]-L-I-OddU was
incubated with these cell lines at 1 and 2 pM for 24 h. The
acid-soluble fractions were extracted, and the L-I-OddU me-
tabolites were separated by HPLC. The major metabolite of
[*H]-L-1-OddU was found to be L-I-OddUMP in H1 cells,
along with some putative L-I-OddUDP and L-I-OddUTP

TABLE 1. Phosphorylated metabolites of L-I-OddU
after 48 h of treatment

L-I-OddU phosphorylated metabolites

Cell L-1-OddU (pmol/10° cells + SD)*
line concn (M)
L-1-OddUMP L-I-OddUDP? L-1-OddUTP?
H1 0.25 042 1.0 0.06 = 0.02 0.02 = 0.01
0.50 1.03 = 0.14 0.10 = 0.01 0.03 = 0.01
1.00 1.64 = 0.17 0.14 = 0.03 0.02 = 0.01
L5 1.00 ND¢ ND ND
2.00 ND ND ND

“ These numbers represent an average of three experiments.

 These are putative L-I-OddUDP and L-I-OddUTP values since authentic
markers were not available.

¢ ND, not detected (i.e., below the detection limit).

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 2. Phosphorylation of L-I-OddU and
dThd by various kinases

Phosphorylation rate

Enzyme and compound (% = SD) to dThd

EBV TK
L-I-OddU 251.5 £35.0
dThd 100.0
Human mitochondrial dPydk
L-1-0OddU ND”
dThd 100.0
Human cytosolic TK
L-I-OddU ND
dThd 100.0

“The concentrations of L-I-OddU and dThd were each 10 wM. The enzyme
activities used were 4, 1.7, and 0.1 nmol/min for EBV TK, cytosolic TK, and
mitochondrial dPydK, respectively. The enzyme sources were as described in
Materials and Methods. EBV was from a bacterial vector, and the human
enzymes were from chronic lymphocytic leukemic cells. Enzyme protein levels
from the affinity column were too low to be measured with the Bio-Rad protein
assay.

? ND, not detected.

metabolites which need to be verified. However, when 2 uM
[?H]-L-I-OddU was added to the cells, no metabolites were
detected in L5 cells under the same conditions. The amount
of the mono- and diphosphate metabolites formed in H1 cells
increased in a dose-dependent manner; however, the amount
of L-I-OddUTP formed was not proportional to the amount of
drug added (Table 1).

L-I-OddU is a selective substrate for EBV TK. The prefer-
ential phosphorylation of L-I-OddU in H1 cells indicated that
the L-I-OddU may act as a selective substrate for EBV TK.
The phosphorylation of [*H]-L-I-OddU and ["*C]dThd by
EBV TK and the human thymidine phosphorylating kinases
was examined (Table 2). L-I-OddU was phosphorylated at
a 2.5-fold-higher rate than was dThd by EBV TK at 10 uM.
However, L-I-OddU was not phosphorylated by human mito-
chondrial dPydK or cytoplasmic TK. This indicates that L-I-
0ddU is a specific substrate of EBV TK but not a favorable
substrate for cellular kinases.

The K,, values and relative Vs of L-I-OddU and
L-FMAU, another anti-EBV L-nucleoside, toward EBV TK
were determined (Table 3). L-I-OddU had a K, about seven
times higher than that for L-FMAU and about the same as that
for dThd. L-I-OddU showed a relative V. 1.3 times higher
than that for L-FMAU and 3.9 times higher than that for
dThd.

5'-Et-dThd as an EBV TK inhibitor. 5'-Et-dThd (Fig. 1),
which is a selective HSV TK inhibitor (37), was able to inhibit
EBV TK but not human cytoplasmic TK or mitochondrial
dPydK in the concentration range studied (Fig. 3A). These
results indicated that 5'-Et-dThd is also a selective inhibitor of
EBV TK. Detailed kinetic studies were performed using mul-
tiple concentrations of [?HJ-L-I-OddU and 5’-Et-dThd. 5'-Et-

TABLE 3. The K, and V,,,, values of compounds to EBV TK*

Compound Mean K,,, (pM) = SD Mean relative V,,,, = SD
L-I-OddU 5.5 £0.08 3.9 £ 0.25
L-FMAU 0.8*+1.2 3.0 =0.51

dThd 4509 1.00

“ The enzyme used in these experiments was the EBV affinity-purified enzyme
from the PET-TK B1B plasmid described in Materials and Methods. These
numbers represent the average of five experiments.
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FIG. 3. (A) Effect of 5'-Et-dThd on thymidine phosphorylation by EBV ([]), human cytosolic TK (Q), and mitochondrial dPydK (A). The concentration of cold
dThd in the reaction mix was 20 uM. (B) Lineweaver-Burk plots of various L-I-OddU concentrations with or without 5'-Et-dThd (large figure) and the replot (left-side
inset). The K; value of 5'-Et-dThd obtained was 4 wM. The 5’-Et-dThd concentrations tested were 0 uM (@), 7.5 uM (V), 15 pM (+), 30 pM (A), and 60 uM (H).

dThd was shown to exert its action as a competitive inhibitor
with respect to L-I-OddU with a K; value of 4 pM (Fig. 3B).

Inhibition of metabolism and anti-EBYV activity of L-I-OddU
by 5’-Et-dThd. The effect of 5'-Et-dThd on the amount of
L-I-OddU metabolites formed in H1 cells exposed to 2 uM
[’H]-L-I-OddU was examined. When H1 cells were exposed
to L-I-OddU for 24 h, 6.5 pmol of L-I-OddUMP, 1 pmol of
the putative L-I-OddUDP, and 0.1 pmol of the putative L-I-
OddUTP were formed per 10° cells. In the presence of 5 uM
5’-Et-dThd, the amounts of L-I-OddUMP, L-I-OddUDP,
and L-I-OddUTP were reduced to 3 pmol, 0.2 pmol, and
below the detection limit, respectively. When the effect of

5'-Et-dThd on the anti-EBV action of L-I-OddU was exam-
ined, the antiviral activity was reduced in a dose-dependent
manner as measured by the amount of EBV DNA formed
(Fig. 4). However, 5'-Et-dThd, up to a concentration of 100
wM alone, could not inhibit EBV lytic replication (data not
shown).

DISCUSSION

Most biologically active L-nucleosides are monophosphory-
lated by cytosolic deoxycytidine kinase(dCydK) (14, 19, 34, 57),
while L-FMAU can be phosphorylated by cytosolic TK and
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mitochondrial dPydK in addition to dCydK. L-I-OddU is the
first potent L-nucleoside that requires a viral protein to convert
the drug to its active antiviral metabolite in a way that is similar
to that of ACV, based on viral TK and viral polymerase.

To show that the activation of L-I-OddU was related not
only to a viral protein but also to one involving virion replica-
tion, Western blot analysis of protein extracts of H1 and L5 cell
lines was used to visualize viral TK. When cells were treated
with L-I-OddU or L-Br-OddU, the viral TK band of H1 be-
came similar to that of LS. This suggested that the replicating
virus DNA synthesis apparatus may be the target of action of
L-I-OddU or L-Br-OddU. Indeed, L-I-OddU inhibited the
replicating linear form of EBV DNA present in H1 cells but
had no effect on the supercoiled form of EBV DNA associated
with latent infection present in L5 and H1 cells. Although the
patterns of viral DNA and protein in H1 drug-treated cells
changed to resemble that of LS5 cells, the EBV is not truly
latent. When the drugs were removed for 25 days, the linear
viral DNA reappeared, suggesting the presence of a small
amount of replicating virus (28). The virus-specific TK protein
is demonstrable in H1 EBV replicating cells but not demon-
strable in L5 cells (31, 45). The metabolism of tritiated L-I-
0ddU in H1 and LS5 cells showed no phosphorylated metabo-
lites in L5 but showed the formation of monophosphate as well
as very small amounts of the putative di- and triphosphate
forms in H1. Based on this study the EBV TK was suspected to
be the enzyme responsible for the activation of L-I-OddU. All
the other L-nucleosides that we have studied had diphosphate
and triphosphate metabolite pools that were severalfold higher
than the amount of monophosphate metabolite. These pools
also increased in amount in direct proportion to the concen-
tration of compound used. This is not the case with L-I-OddU,
where the amount of triphosphate is low and not proportional
to the drug concentration. Therefore, it is not clear which
metabolite of L-I-OddU is the active form, but the formation
of phosphorylated metabolites is essential for its antiviral ac-
tion. A monoclonal antibody to EBV TK was used in a West-
ern blot analysis of H1 and LS cells treated with L-I-OddU or

L-Br-OddU. There was a decrease in the amount of EBV TK
compared to the untreated control (Fig. 2B).

When affinity column-purified EBV TK was examined for its
ability to utilize L-I-OddU as a substrate, it was phosphory-
lated at a rate 2.5-fold higher than that for dThd. Since purified
cytoplasmic TK and mitochondrial dPydK cannot phosphory-
late L-I-OddU and since EBV TK is an enzyme associated with
virus replication, its selective antiviral activity should be tar-
geted on cells with replicating EBV.

To demonstrate the importance of EBV TK for the acti-
vation of L-I-OddU, another dThd analog, 5'-Et-dThd, was
utilized. We have shown previously that 5'-Et-dThd is a com-
petitive inhibitor of human HSV TK but has no effect on
cytoplasmic TK or mitochondrial dPydK. While 5'-Et-dThd
had no anti-EBV effect alone at 100 wM in H1 cells, the higher
the concentration of 5'-Et-dThd, coincubated with L-I-OddU,
the less the effect of the L-I-OddU on the formation of viral
linear DNA. When purified EBV TK was used to study the
impact of 5'-Et-dThd on L-I-OddU, the Lineweaver-Burk plot
(Fig. 3B) showed that the K,,,,, value of L-I-OddU increased
with increasing concentrations of 5'-Et-dThd, whereas the
Vmax remained unchanged. This observation suggests that
5'-Et-dThd is a competitive inhibitor of L-I-OddU. The
marked decrease of L-I-OddU metabolites in H1 cells that
were coincubated with 5'-Et-dThd demonstrated that EBV
TK is necessary to activate L-I-OddU.

Unlike L-FMAU, which was the first L-nucleoside with po-
tent anti-EBV activity, L-I-OddU is phosphorylated preferen-
tially by EBV TK. These results suggest that L-I-OddU could
serve as a “selective alternate substrate” as described in our
previous study (5) and can explain the good selective thera-
peutic index observed with this compound. While EBV TK
appears to be responsible for the formation of L-I-OddUMP,
further phosphorylation may occur by human dTMP kinase
and NDP kinase to form L-I-OddUDP and L-I-OddUTP, re-
spectively. The L-I-OddUTP formed may then act either as an
alternative substrate of dTTP or as a competitive inhibitor of
EBV DNA polymerase. It is also possible that L-I-OddU may
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function like L-FMAU; a recent report from this laboratory
demonstrated that L-FMAUTP was not a substrate for EBV
DNA polymerase. However, L-FMAUTP could potentially
prevent EBV replication by binding to the EBV polymerase at
a site different than the deoxynucleoside triphosphates, causing
inhibition of chain elongation (“allosteric regulation”) and ex-
onuclease activity (24). However, it is still unclear whether the
active form of L-I-OddU is the mono-, di-, or triphosphate
metabolite because the amounts of di- and triphosphate are
quite low compared to the monophosphorylated form.

In summary, it has been suggested that anti-EBV therapy
could be useful in the clinic for the prevention or therapy of
EBV-associated diseases, including posttransplant lymphoma
and hairy leukoplakia lesions of AIDS patients (10, 11, 17, 41).
Since L-I-OddU is the most effective anti-EBV L-nucleoside
studied to date, its potential should be examined. While its
metabolism and mechanisms of action are still under investi-
gation, L-I-OddU, based on its low toxicity and potent antiviral
effect, warrants further investigation as a specific anti-EBV
chemotherapeutic agent.
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