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SUMMARY

The biological activities of 1-2'-deoxy-2’-fluoro-g-p-arabinofur-
anosyl)-5-fluorouracil (2'F-ara-FU), 1{3’-deoxy-3’-fluoro-g-o-ar-
abinofuranosyl)-5-fluorouracil (3’ F-ara-FU) and 1-8-p-arabinofur-
anosylthymine (ara-T) were compared in human cytomegalovirus
(HCMVY-infected and noninfected human fibroblasts. 2'F-ara-FU
inhibited HCMV plaque formation (EDso, 16 um for AD 169 strain)
at lower concentrations than 3’F-ara-FU (EDso, 100 um for AD
169). These nucleoside analogues are expected to be phospho-
rylated to their 5’-phosphate forms by celiular thymidine kinase
in HCMV-infected cells. The thymidine kinase activities in the
virus-infected and noninfected cells were compared. Cellular
thymidine kinase was increased in the virus-infected cells and
showed better phosphorylation of 2’F-ara-FU than did 3’F-ara-

FU. HCMV DNA polymerase was purified using affinity column
chromatography, and the inhibitory effect of the 5’-triphosphate
derivatives of 2'F-ara-FU (2'F«ara-FUTP) and 3'F-ara-FU (3'F-
ara-FUTP) against viral and host DNA polymerase « was exam-
ined. No significant difference in the effectiveness of inhibition
was observed between viral DNA polymerase and host polymer-
ase a. However, viral polymerase incorporated 2’'F-ara-FUTP
into newly synthesized DNA, whereas polymerase a did not
utilize 2'F-ara-FUTP as a substrate. Thus, viral polymerase
differs from host polymerase « in its recognition and utilization
of 2’F-ara-FUTP. This difference may be important to the design
of selective antiviral agents for HCMV.

HCMYV is a member of the herpesvirus groups and is an
important human pathogen. Primary infection usually is
asymptomatic; however, congenital cytomegalovirus and post-
transfusion mononucleosis are two consequences of primary
infection. Following primary infection, the virus is latent but
reactivation may occur in immunosuppressed patients (1).
HCMYV is a major problem in organ transplant and acquired
immunodeficient syndrome. Therefore, effective chemotherapy
for HCMYV is an important goal of research in antiviral chemo-
therapy. A few nucleoside analogues have been reported to be
effective anti-HCMV compounds (2-4). The nucleoside ana-
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logues that have antiviral activity are initially phosphorylated
in the infected cell. The phosphorylated nucleosides are then
capable of inhibiting viral metabolic enzymes (5). However, it
is difficult to develop selective antiviral chemotherapy for
HCMYV because HCMV does not produce viral specific TK (6,
7). Other human herpesviruses induce a viral specific TK which
is the basis of the selective antiviral activity of many nucleoside
analogues (8, 9).

It is known that pyrimidine nucleoside analogues that have
a fluorine atom in the sugar moiety, such as FMAU, FIAU and
FIAC, are highly effective against HCMV (2, 4). These com-
pounds inhibited viral DNA and protein synthesis (4). Another
nucleoside analogue, ara-FU, has been reported to be a possible
bifunctional inhibitor of HCMYV replication (10, 11). The mono-

ABBREVIATIONS: HCMV, human cytomegalovirus; TK, thymidine kinase; FMAU, 1-(2’-deoxy-2’-fluoro-g8-p-arabinofuranosyl)-5-methyluracil; FIAU,
14(2'-deoxy-2’-fluoro-g-p-arabinofuranosyl)-5-iodouracil; FIAC, 1{2’-deoxy-2’-fluoro-3-o-arabinofuranosyi)-5-iodocytosine; ara-FU, 1-8-p-arabinofur-
anosyl-5-fluorouracil; ara-FUMP, 1-8-p-arabinofuranosyl-5-fluorouracil 5’-monophosphate; ara-FUTP, 1-8-p-arabinofuranosyt-5-fluorouracil 5’-tri-
phosphate; 2'F-ara-U, 12’ -deoxy-2’-fluoro-g-p-arabinofuranosyljuracil; 3'F-ara-U, 1+(3’-deoxy-3’-fluoro-g-p-arabinofuranosyli)uracil; 2’ F-ara-FU, 1-
(2’-deoxy-2’-fluoro-S-o-arabinofuranosyl)-5-fluorouracil;, 3’F-ara-FU, 1+(3’-deoxy-3'-fluoro-g-p-arabinofuranosyl)-5-fiuorouracil; 2’F-ara-FUMP,
1-(2’-deoxy-2’ -fluoro-8-p-arabinofuranosyl)-5-fluorouracil 5’-monophosphate; 3’F-ara-FUMP, 1-(3’-deoxy-3’-fluoro-8-p-arabinofuranosyl)-5-fluorou-
racil 5'-monophosphate; 2'F-ara-FUTP, 1-(2’-deoxy-2’-fluoro-8-p-arabinofuranosyl)-5-fluorouracil 5’-triphosphate; 3'F-ara-FUTP, 143’-deoxy-3’-
fluoro-S-D-arabinofuranosyl)-5’-fluorouracil 5’-triphosphate; FMAUTP, 1-(2’-deoxy-2’-fluoro-8-p-arabinofuranosyi)-5-methyluracil 5'-triphosphate;
ara-T, 1-g-o-arabinofuranosyithymine; ara-TTP, 1-8-p-arabinofuranosyithymine 5’-triphosphate; HPLC, high performance liquid chromatography;
HFs, human fibroblasts; moi, multiplicity of infection; 2-ME, 2-mercaptoethanol; EDTA, ethylenediaminetetraacetate; PMSF, phenyimethyisulfonyl
fluoride; DTT, dithiothreitol; HSV, herpes simplex virus.
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phosphate form of ara-FU (ara-FUMP) inhibits thymidylate -

synthetase, and the triphosphate derivative (ara-FUTP) in-
hibits viral DNA polymerase (10, 11).

However, there have been no reports describing the compar-
ative effect of the thymidine analogues possessing a fluoro
sugar moiety. We are interested in arabino nucleoside analogues
which possess an electron-withdrawing substituent not only at
the C-5 position of the uracil but also on sugar moiety as
candidates for anti-HCMYV activity. We now report the synthe-
sis of 2’F-ara-FU, 3’F-ara-FU, and their 5’-triphosphates (2’F-
ara-FUTP, 3'F-ara-FUTP). These nucleosides were studied to
compare their antiviral activity in HCMV-infected cells. In this
study, we also examined the ability of the TK to phosphorylate
the nucleosides and the ability of 2’F-ara-FUTP and 3’F-ara-
FUTP to inhibite the activity of viral and « DNA polymerases.

Materials and Methods

Compounds and chemicals. 2'F-ara-U and 3'F-ara-U were pre-
pared using the procedures reported previously (12, 13). The 5-fluoro
analogues of 2’F-ara-U and 3'F-ara-U were synthesized by the reaction
of F, in acetic acid at room temperature which afforded 2’'F-ara-FU
and 3'F-ara-FU. These fluoro arabino nucleosides were phosphorylated
by the procedure described in the literature (14, 15).

ara-T was purchased from Sigma Chemical Co. (St. Louis, MO). ara-
TTP was kindly provided by Dr. Mineo Saneyoshi, Faculty of Phar-
maceutical Sciences, Hokkaido University, Japan. The purity of all
nucleosides and nucleotides was determined by HPLC analysis. The
analytical HPLC system consisted of two HPLC pumps, model M-45
and M-510, a model 481 UV detector (267 nm), a model U6K universal
injector, and an automatic gradient controller, model 680, from Waters
Associates (Milford, MA). The separation was performed on a Waters
M-9-ODS-3 stainless steel column (25 cm length X 9.4 mm, id.). A
solvent program with appropriate solvent system using a flow rate of
4.00 ml/min was used for analysis. All of the analogues showed >99%
purity. Unlabeled deoxyribonucleotides were purchased from Sigma.
[*H]dTTP (15.2 Ci/mmol), [*'H]dGTP (7.8 Ci/mmol), and [v-**P]ATP
(3.0 mCi/mmol) were obtained from New England Nuclear (Boston,
MA). Activated DNA was used as a template primer for DNA poly-
merase assays. The salmon sperm DNA was activated as reported
previously (16). Phosphocellulose (P-11), DEAE-cellulose (DE-22), and
DEAE-cellulose paper (DE-81) were purchased from Whatman Inc.
(Clifton, NJ). Single-stranded DNA cellulose was purchased from
Pharmacia (Uppsala, Sweden). Proton magnetic resonance spectra ("H-
NMR) were recorded at 300 MHZ on a Bruker AM-300 spectrometer.
Mass spectra were measured with a Hewlett-Packard 5395A gas-chro-
matograph mass spectrometer using the direct insertion probe method.
UV absorbance was measured with a Beckman DU-7 spectrophotom-
eter. All other reagents were analytical grade.

Synthesis of 2'F-ara-FU and 3’F-ara-FU. A freshly prepared
solution of F; in glacial acetic acid (31.8 ml, 0.013 M, 1.10 mmol) was
added to 92.0 mg (0.373 mmol) of 2'F-ara-U. The reaction mixture was
stirred at room temperature for 15 min. The glacial acetic acid was
removed on a rotary evaporator at 50°. The residue was redissolved
twice in ethanol and the solvent was removed along with residual acetic
acid to give a white foam in the flask. Treatment of this material with
0.5 ml of concentrated NH,OH in 5 ml of methanol at room temperature
for 18 hr afforded the product. The crude product was purified by
column chromatography (2.5 X 15 cm, Merck Kieselgel 60, 70-230
mesh, methanol in chloroform) which gave a white foam (78.0 mg,
0.0295 mmol, 78.6%) of 2’F-ara-FU. The m.p., 166-167°, was similar
to the reported m.p. of 167-168° (13). NMR (*H, CD;0D, TMS internal
standard) é (ppm) 8.1 (d, 1H, Jsc.s¢ = 6.8 Hz, H-6), 6.20 (m, 1H, J,
= 16 Hz, J1-» = 3.7 Hz, H-1’), 5.06 (m, 1H, Jo ¢ = 52.24 Hz, Jy o =
3.7 Hz, H-2’), 4.36 (m, 1H J3 5 = 19.6 Hz, J,- 5 = 4.7 Hz, H-3'), 3.94
(m, 1H, H-4’), 3.74 — 3.93 (complex m, 24, H-5’ and H-5"). Mass

calculated for CoH,oN;OsF2: 264.05; found: 264.10 (M*, 17.3% relative
intensity), for CoHgN,OsF: 244.04; found 244.05 (M* — HF, 1.1%
relative intensity).

Similarly, 3'F-ara-FU was prepared from 3'F-ara-U using 1.1 mol
eq of F, in acetic acid solution, in 62.93% chemical yield as a viscous
oil. NMR (*H, CD;OD, TMS internal standard) é (ppm) (7.9 (d, 1H,
Jo.c,ar =6.0 HZ, H-6), 6.04 (m, lH, H-l'), 4.90 (m, IH, Ja'p =51.85 Hz,
Jz'y = Js'_.' =25 HZ, H-3') 4.36 (m, IH, Ja'_p' =139 HZ, Ju =25 Hz,
Jl',z' =38 HZ, H-Z') 4.14 (m, IH, Jsu' = 2.43, Jq"y =49 HZ, H-4'),
3.74 — 3.96 (complex m, 2H, H-6’ and H-5"). Mass calculated for
CoH,oN2OsF;: 264.05; found: 264.15 (M*, 4.4% relative intensity), for
CgHgN;OsF: 244.04; found: 244.05 (M* — HF, 5.0% relative intensity).
HPLC analysis, using a C-18 reverse phase column with HPLC grade
water:methanol (10:90, v/v) changing to water:methanol (50:50, v/v)
during 10 min using the gradient program, indicated both products had
a purity of greater than 99%.

General procedure for phosphorylation of 2’F-ara-FU and
3’F-ara-FU. 2'F-ara-FU or 3'F-ara-FU (0.079-0.082 mmol) in tri-
ethyl phosphate (0.8 ml) was phosphorylated with phosphorus oxy-
chloride (20 gl, 0.22 mmol) under cooling at —20°. The reaction mixture
was stirred for 18 hr at room temperature and then mixed with
saturated aqueous sodium bicarbonate (2 ml) and chloroform (2 ml).
The aqueous phase was washed with chloroform and then diluted with
distilled water for a final volume of 30 ml. The solution was applied to
a column of DEAE-cellulose (2.5 X 30 cm, bicarbonate form), which
was eluted with a linear gradient from water (1 liter) to 0.25 (M
triethylammonium bicarbonate (pH 8.0, 1 liter). The desired 5’-mono-
phosphate was eluted when the concentration of eluent was 0.15-0.18
M. The combined fractions were evaporated at 35° to dryness, followed
by co-evaporation with 50% aqueous ethanol six times and with dry
ethanol to remove residual triethylammonium bicarbonate and trieth-
ylamine. After measuring UV and homogeneity by thin layer chroma-
tography, this 5’-monophosphate was converted to the 5’-triphosphate
in the following manner. The 5’-monophosphate (0.029-0.060 mmol,
as triethylammonium salt) in anhydrous dimethylformamide (2 ml)
was added to N,N’-carbonyldiimidazol (0.27—0.142 mmol; 5 equimo-
lar) and the mixture was stirred at room temperature for 2 hr. Methanol
(4.5-8.7 ul; 4 equimolar to N,N’-carbonyldiimidazole) was added to the
reaction mixture to decompose the excess reagent. The solution was
stirred for 30 min at room temperature. A solution of tri-N-butylam-
monium pyrosphosphate (287-600 ul) in dry dimethylformamide was
added to the reaction mixture and stirring continued for 14 hr at room
temperature. Activated charcoal (>3 g) was added to the reaction
mixture and was stirred for 1 hr. The mixture was diluted with distilled
water and filtered over a Celite pad and washed well with water. The
residue was eluted with 50% aqueous ethanol containing 1% ammonium
hydroxide. The eluate was evaporated to dryness and residual nucleo-
tide was further purified by DEAE-cellulose column chromatography.
The nucleotide mixture in 10 ml of water was applied to a column of
DEAE-cellulose (2.5 X 30 cm, bicarbonate form). Elution was per-
formed with a linear gradient from water (1 liter) to 0.5 M triethylam-
monium bicarbonate (pH 8.0, 1 liter). The 5’-triphosphate was eluted
when the concentration of eluent was 0.38—0.46 M. The fractions
containing 5’-triphosphate were combined and evaporated to dryness
under reduced pressure. These triphosphate derivatives of 2’F-ara-FU
and 3'F-ara-FU were further analyzed by HPLC using a C-18 reverse
phase ODS-Magnum-9 column with PIC-A in 75-80% methanol as
solvent indicated both nucleotides had a purity of greater than 99%.

The structures of synthesized analogues are shown in Fig. 1. UV, R,
and yields of the products are summarized in Table 1.

Cells and Viruses. The viruses used in the in vitro assay system
were HCMV strains AD 169 and 3556 (a clinical isolate from the
University of Alberta Hospital) passed in HFs two times. The cells
were HFs, passage 15-30. Viral DNA polymerase was purified from
HFs infected with HCMV AD 169.

Effect of the analogues on virus replication. Monolayers of
HFs in 24-well plates (Falcon, Oxnard, CA) were infected with 40-70
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Fig. 1. Structures of 2'F-ara-FU, 3'F-ara-FU, and their 5’ -triphosphates.

TABLE 1
Physical data of 2'F- and 3'F-ara-FUMP and -FUTP
Compound W0 WAeinH:0 RS Yield from nucleoside
nm nm %

2’'F-ara-FUMP 266.5 233.0 0.22 727
2'F-ara-FUTP 266.5 235.0 0.06 348
3’F-ara-FUMP 268.0 249.5 0.25 36.1
3'F-ara-FUTP 268.5 2395. 0.06 228

* Thin layer chromatography was performed on a Whatman M6KF silica gel plate
(1 x 3 inches) using solvent system n-butyl alcohol:acetic acid:H;0, 4:1:1.

plaque-forming units per well. After a 1-hr adsorption period at 37°,
media were removed and the cultures were overlaid with 1 ml of 0.5%
agarose in media containing the inhibitors. After an incubation period
of 8 days (AD 169) or 12 days (3556) at 37°, the plaques were counted
microscopically.

Effect of the analogues on cell growth. Appropriate concentra-
tions of drugs were added to the culture of HFs in six-well plates
(Falcon) at 6 hr after seeding. After the incubation period of 72 hr at
37°, trypsinized cells were counted with a hemocytometer.

Phosphorylation of the analogues by TK. Crude enzyme extracts
were prepared from HCMV AD 169-infected HFs (moi, 1.5) and from
noninfected HFs. In the case of infected cells, monolayers of HFs were
harvested at 48 hr after infection. HCMV-infected cells or noninfected
cells (7.7 X 10° cells) were homogenized with a sonicator in 1 ml of 50
mM Tris-HCI (pH 7.8) containing 20% glycerol, 10 mM 2-ME, and 50
mM KCIl. After centrifugation in an Eppendorf centrifuge for 10 min,
the supernatant containing the enzyme was stored at —70° until use.
3P transfer assays were performed as reported previously (17). A total
volume of 100 ul of reaction mixture, which contained 63.5 mMm Tris-
HCI (pH 17.8), 5 mM MgCl,, 10 mM NaF, 0.5 mM [y-PPJATP (10 uCi/
mmol), 60 uM substrate (nucleoside), and the crude enzyme (35 ug of
protein), was incubated at 37°. After incubation, 100 ul of 2 N HCI
were added to the reaction mixture which was then boiled for 12 min.
This was followed by the addition of 800 ul of 1 mM K.PO, and 400 ul
of precipitation reagent (1 N perchloric acid:80 mM ammonium molyb-
date:0.2 M triethyl amine-HCI, pH 5.0, in a ratio of 4:2:1) to the reaction
tubes. The mixture was centrifuged in an Eppendorf centrifuge for 10
min and the radioactivity present in a 700-ul aliquot of the supernatant
was determined by liquid scintillation counting (LKB, 1215 Rackbeta).

DNA polymerase purification. HCMV DNA polymerase was
purified from HFs infected with HCMV AD 169 at a moi of approxi-
mately 3. The virus-infected cells were harvested 72 hr after infection,
when 90% of cells showed cytopathic effect. Cells (3.1 g) were homog-
enized as described previously (18). The resulting homogenates were
centrifuged at 22,000 xg for 120 min. The 12 ml of supernatant were
mixed with 12 g of phosphocellulose in buffer A (20 mM Tris-HCl, pH
7.8, 1 mMm EDTA, 10 mM 2-ME, 20% glycerol) containing 0.1 M KCl,

Mechanism of Inhibition of HCMV by 2'F-ara-FU 303

and then eluted with a linear gradient from 0.1 M to 0.6 M KCl in buffer
A. Viral polymerase activity was eluted at 0.34 M KCIl, and cellular
polymerase a, 8, and v activities were eluted at 0.26 M, 0.45 M, and 0.3
M, respectively. Viral polymerase fractions were combined and dialyzed
against buffer A containing 0.1 M KCl and 0.5 mM PMSF, and then
applied to a single-stranded DNA cellulose column (0.8 X 5 cm) to
remove any vy polymerase contaminating the viral polymerase. After
washing with buffer A containing 0.1 M KCl, the column was eluted
with a KCI linear gradient from 0.1 M to 0.6 M in buffer A. The
polymerase y eluted at 0.28 M KCl whereas the viral polymerase eluted
at 0.35 M KCl. No activities corresponding to a and 8 polymerase were
detected. The combined fractions of viral polymerases had a specific
activity of 10,600 units/mg of protein and were dialyzed against buffer
B (100 mM Tris-HCI, pH 7.8, 4 mM MgCl,, 10 mM 2-ME, 30% glycerol,
and 0.5 mM PMSF) containing 50 mM KCl. The dialyzed sample was
applied to 5'-AMP Sepharose (0.6 X 5.5 cm), which has been shown to
function as an affinity column for 3’ to 6’ exonuclease (19). Since
HCMYV DNA polymerase has 3’ to 5’ exonuclease activity (20), this
column was expected to bind the HCMV DNA polymerase. The column
was washed with buffer B containing 50 mM KCl and then eluted with
KCl linear gradient from 50 mM to 0.5 M in buffer B. Viral polymerase
activity was eluted at 0.22 M KCI. The 3’ to 5’ exonuclease activity
coeluted with the polymerase activity. Final fractions were dialyzed
against buffer A containing 150 mM KCl and 60% glycerol, and were
stored at —20°. This sample had a specific activity of >8,600 units/mg
of protein, 450-fold greater than the crude extract. From 3.1 g of
infected cells, 200 units of enzyme were recovered. Cellular DNA
polymerase a was partially purified from noninfected HFs of 70-80%
confluent log-phase culture using sequential column chromatography
with phosphocellulose, DEAE-cellulose, and single-stranded DNA cel-
lulose. The final sample had a specific activity of 24,340 units/mg of
protein and did not contain other DNA polymerase activities.

Assay for DNA polymerase activity. The standard mixture for
the assay of viral DNA polymerase contained 50 mMm Tris-HCI, pH 7.8,
4 mM MgCl,, 0.5 mM DTT, 100 mM ammonium sulfate, 100 uM dATP,
dGTP, dCTP, and [*H}dTTP (2.4 uCi/nmol), 2.5 ug of activated DNA,
and the purified enzyme in 25 ul. Incubation was carried out at 37° for
20 min. The reaction mixture was chilled, and 20-ul samples were
transferred to DE-81 paper disks. Disks were washed with 5% Na,HPO,
six times, washed twice with water, and finally washed with ethanol
and dried. Radioactivity retained on the paper was measured. Assay
mixtures for DNA polymerase « utilized the same reagents as described
above for viral polymerase except that the 100 mM ammonium sulfate
was omitted. Viral polymerase can be differentiated from host cell a
polymerase by measuring the activity in the presence or absence of 100
mM ammonium sulfate in the assay mixture (20). Polymerase 8 and v
activities were measured utilizing an assay system described previously
(21). One unit of activity was defined as the amount of enzyme that
incorporated 1 nmol of deoxyribonucleoside monophosphates into DNA
in1hr.

Results

Antiviral and anti-cellular activity. The nucleoside an-
alogue concentrations which reduced plaque numbers to 50%
(EDsy) and 90% (EDgo) for the viruses tested are shown in
Table 2. 2'F-ara-FU was the most effective antiviral agent of
the three compounds tested against HCMV. The clinical isolate
(3556) was more susceptible than the AD 169 strain to the
three compounds tested. As shown in Table 2, 2’F-ara-FU was
more toxic to cell growth than the other compounds. That is,
this compound inhibited cell growth by 50% (IDso) at 50 uM.
However, inhibition of cell growth was not observed with
concentrations less than 20 uM for 2’F-ara-FU, a concentration
which inhibited the virus plaque production by more than 50%.

Phosphorylation of the nucleoside analogues by cel-
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TABLE 2
Anti-HCMYV and anti-cell growth activity of the nucleoside
analogues

An-HCMV
Against:
Anti-cell growth
Compound AD 169 3656 against HFs

ED»I ED“J ED;{ ED»' 'D”h

uM ) uM
2'F-ara-FU 16 50 8 16 50
3'F-ara-FU 100 >100 65 >100 >100
ara-T 40 >100 22 >100 >100

*EDgo and EDy, represent the concentrations of compound that reduced the
number of plaques by 50% and 90%, respectively, when compared with the virus
control culture containing no compound. The data for AD169 and 3556 are the
mvdtnsofﬂreeexmwandtwoexmnems respectively.

® IDy, is the concentration of compound which inhibited the cell growth by 50%
when compared with that of the culture containing no compound. The data are the
mean values of two experiments.

3.O—A —‘E

PHOSPHORYLATED NUCLEOSIDE, nmole

| 1 1 1 | 1 J
20 40 60 20 40 60

INCUBATION TIME, min

Fig. 2. Phosphorylation of thymidine (®), 2'F-ara-FU (O), 3'F-ara-FU (),
and ara-T (A) by TK of HCMV-infected cells (A) and noninfected cells (B).

lular TK. It is known that, although HCMYV does not code for
TK, it can increase cellular TK activity (6, 7). The phospho-
rylation of these nucleosides was examined and the data are
shown in Fig. 2. TK activity in viral infected cells was increased
severalfold in comparison with noninfected fibroblasts. 2'F-
ara-FU was phosphorylated to 1.45 nmol during 70 min incu-
bation by the TK from virus-infected cells, whereas 3’F-ara-
FU and ara-T were phosphorylated to less than 1.0 nmol during
the same incubation period (Fig. 2A). In contrast, noninfected
confluent fibroblasts contained little TK activity, and the rate
of phosphorylation was very low for all nucleosides (Fig. 2B).
Inhibition of DNA polymerases by 5’-triphosphate de-
rivatives of the nucleoside analogues. The 5’-triphos-
phates of 2’F-ara-FU and 3’F-ara-FU were synthesized, and
their inhibitory effects against HCMV and « polymerases were
studied. Both polymerases were inhibited by ara-TTP and 2’F-
ara-FUTP, but 3'F-ara-FUTP did not inhibit either polymer-
ase. The inhibition effects were analyzed by using Lineweaver-
Burk plots and the apparent inhibition constants (K;) were

calculated. Competitive inhibition of dTTP incerporation into
DNA by the three analogues using HCMYV polymerase is shown
in Fig. 3. All compounds exhibited competitive inhibition with
dTTP in both polymerases. The K; values were determined by
replotting the apparent K,, as shown in the inset of Fig. 3. The
values obtained are summarized in Table 3. The K,, values for
dTTP of viral and a polymerase were 3.9 uM and 1.74 uM,
respectively. The 2’F-ara-FUTP had a K; value of 3.00 uM for
viral polymerase and 0.70 uM for polymerase a. The 3’F-ara-

1/ (pmole/min)

_—— 1 .

0.1
1/dTTPy M

Fig. 3. Representative Lineweaver-Burk plots showing inhibition by ara-
TTP (A), 2’F-ara-FUTP (B), and 3'F-ara-FUTP (C) in HCMV DNA poly-
merase. The reaction mixture (total 25 ul) contained 50 mm Tris-HCI, pH
7.8, 4 mm MgCl,, 0.5 mm DTT, 100 mm ammonium sulfate (for viral
polymerase), 2.5 ug of activated DNA, 100 um each of dATP, dGTP, and
dCTP and various concentrations of [°*H]dTTP (860-890 cpm/pmol),
0.36 unit of enzyme, and ara-TTP or 2'F-ara-FUTP at 0 uM (@), 5 um
(4), and 10 um (O). In the case of 3'F-ara-FUTP, 0 um (@), 10 um (A),
and 20 um (O) concentrations were used. Incubation was for 20 min at
37°. The inset demonstrates the method for the determination of K.

TABLE 3
Kinetic constants for HCMV DNA polymerase and DNA
polymerase o

HCMV DNA polymerase DNA
polymerase a

K KilKn K KifKm

M uM
dTTP 3.90 (Km) 1.74 (Kn)
2'F-ara-FUTP 3.00 0.77 2.00 1.15
3'F-ara-FUTP 18.00 462 24.00 13.79
ara-TTP 1.25 0.32 0.70 0.40
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FUTP exhibited high K; values for both polymerases, particu-
larly for polymerase . A comparison of K;/K,, ratios for all
three compounds demonstrated slightly lower values for viral
polymerase than for polymerase a.

Utilization of the nucleoside 5’-triphosphates as sub-
strates for DNA polymerases. The utilization of 2'F-ara-
FUTP, 3'F-ara-FUTP, and ara-TTP as substrates for HCMV
and a polymerases was studied. A dose response curve was
determined for both polymerases using [*H]JdGTP incorpora-
tion into DNA as an indicator of DNA synthesis. Activated
DNA was used as a template primer. Assays were performed at
37° for 20 min. Fig. 4 shows the effects of the compounds on
the incorporation of [PH]JdGMP into DNA in vitro. In complete
systems which contained dATP, dGTP, dCTP, and an appro-
priate concentration of dTTP as substrate, the incorporation
of the labeled precursor by both polymerases increased in a
manner dependent on the concentration of dTTP. In subse-
quent experiments, 2’F-ara-FUTP, 3’'F-ara-FUTP, or ara-TTP
was substituted for dTTP. In experiments using HCMV poly-
merase, 2'F-ara-FUTP supported in vitro DNA synthesis, but
3’F-ara-FUTP and ara-TTP did not (Fig. 4A). The 2’'F-ara-
FUTP supported DNA synthesis at approximately 35-40% of
the rate of the system using dTTP. In contrast, polymerase «
did not utilize 2’F-ara-FUTP as a substrate in DNA synthesis.
The DNA synthesis by polymerase a was decreased in the
presence of any of the nucleotide analogues (Fig. 4B). The
decrease in DNA synthesis using the polymerase «a system may
be due to suicidal inhibition of this enzyme by the analogues
as reported previously in the HSV polymerase system (22).

Discussion

It has been reported that the thymidine analogue FMAU,
which has a 2’-arabino fluorine atom in the sugar moiety,
effectively inhibited HCMV replication (2, 4). More recently,
Mar et al. (23) reported that the FMAUTP inhibited viral DNA
polymerase and was incorporated into viral DNA but not
cellular DNA. Halogenated pyrimidine nucleosides offer poten-
tial not only as antiviral compounds, but also as possible
radiolabeled scanning agents to detect HSV-infected cells (24).

Mechanism of Inhibition of HCMV by 2'F-ara-FU 305

It is important to know the precise relationship between the
biological activity and the structure of the nucleoside analogues
in order to design better antiviral compounds. Therefore, we
synthesized the two difluoro-arabinofuranosyl-uracils 2’F-ara-
FU and 3’F-ara-FU to investigate their biological activity in
HCMV-infected cells.

Although the synthesis and determination of anti-HSV ac-
tivity of 2’F-ara-FU has already been reported by Watanabe et
al. (13), its anti-HCMYV activity and the mechanism by which
it inhibits viral replication were not investigated. We compared
the anti-HCMV activity and phosphorylation in viral infected
cells for these two di-fluoro analogues. We also studied the
inhibition and utilization of the 5’-triphosphate of these nu-
cleosides by viral DNA polymerase and cellular polymerase a.
The results shown in Table 2 indicate that anti-HCMV activity
and inhibition of cell growth by 2'F-ara-FU and 3'F-ara-FU
are quite different. Cancer cells such as L5178Y and P815 have
low IDs, values for 2’F-ara-FU (13) compared with the HFs
used in our system. This may be based on the extent of
nucleoside utilization in different cells. Since cellular TK activ-
ity is increased in rapidly proliferating cells (25), phosphory-
lation of the nucleoside analogues will increase significantly in
these cells. TK is the key enzyme for activation of nucleoside
analogues. The TK activity in HCMV-infected and noninfected
cells have been compared. The cellular TK activity in HCMV-
infected cells was increased severalfold compared to nonin-
fected cells. HCMV-infected cells phosphorylated 2’'F-ara-FU
more readily than 3’F-ara-FU or ara-T (Fig. 2). The phos-
phorylated product, 2’F-ara-FUMP will inhibit the thymidylate
synthetase (26). Since 2’F-ara-FUMP is converted to its 5’-
triphosphate by cellular thymidylate kinases, the 5’-triphos-
phates of 2’F-ara-FU and 3’F-ara-FU were synthesized to
investigate their effect on DNA polymerases. 2’'F-ara-FUTP
inhibited both viral DNA polymerase and host polymerase a.
FMAUTP inhibits viral DNA polymerase more effectively than
polymerase « (23). In this study with 2’F-ara-FUTP, the K;/
K., ratios for HCMV polymerase were slightly lower than the
K./K,, ratios for polymerase «, indicating that HCMV DNA
polymerase inhibition is not very selective relative to polymer-

Fig. 4. Utilization of 2'F-ara-FUTP, 3'F-ara-
FUTP, and ara-TTP by HCMV DNA

(A) and DNA polymerase « (B). ®, dTTP; @, 2'F-
ara-FUTP; O, 3’F-ara-FUTP; A, ara-TTP. The
reaction mixture contained 50 mm Tris-HCI, pH
7.8, 4 mm MgClz, 0.5 mm DTT, 100 mm ammo-
nium sulfate (for viral polymerase), 2.5 ug of
activated DNA, 100 um each of dATP and dCTP,
10 um [*H}dGTP (240-330 cpm/pmol), and var-
ious concentrations of dTTP or nucleotide ana-
logues. The enzymes used here were HCMV
polymerase (0.36 unit) and polymerase « (0.18
unit). The incubation was for 20 min at 37°.
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ase a (Table 3). On the basis of the results reported for
FMAUTP (23), ara-FUTP (11), and the data for 2’'F-ara-FUTP
in this study, it is believed that the presence of a fluorine
substituent at the C-5 position of the uracil base decreases
affinity for viral DNA polymerase. This suggestion is supported
by the inhibition data available for 5-halogenated (11) or 5-
alkylated® ara-UTPs on HCMV polymerase.

A methyl substituent at the C-5 position of the uracil moiety
seems to be a more effective inhibitor of HCMV polymerase
than a C-5 fluorine substituent. Cellular TK recognizes the
fluoro compounds having an arabino (2’-“up”)-fluoro substit-
uent as 2’-deoxy rather than 2’-hydroxy analogues, since cel-
lular TK in HCMV-infected cells phosphorylates 2’'F-ara-FU
more readily than 3'F-ara-FU or ara-T. Viral DNA polymerase
utilizes 2’F-ara-FUTP as an alternate substrate for DNA syn-
thesis, although the utilization is not as efficient as the natural
substrate. Previous studies have been shown that FIAC can be
incorporated into cellular DNA (27, 28). However, purified
DNA polymerase a does not use FIACTP as a substrate (23).
Therefore, other DNA polymerases such as 8 and/or ¥ may be
able to incorporate FIACTP into cellular DNA.

Watanabe et al. (13) reported that substitution of hydroxy
by fluorine at the 2’-position resulted in selective antiviral
activity. Our study indicated that viral DNA polymerase utilizes
2’F-ara-FUTP as a substrate, whereas cellular polymerase a
does not. In addition, our study indicates the EDs, for HCMV
is significantly lower than the IDs, for cell growth. Since the
K,/K,, ratios for HCMV polymerase and polymerase a are
similar, one of the reasons for the selective antiviral effect
should be based on the selective utilization of 2’F-ara-FUTP
by HCMV DNA polymerase. This may be an important factor
in designing antiviral nucleoside analogues for HCMV which
have favorable therapeutic indices.

Finally, we should mention the recognition of 2’F-ara-FU by
deoxypyrimidine nucleoside phosphorylase. Coderre et al. (26)
have reported that 2’F-ara-FU was not degraded by deoxypyr-
imidine nucleoside phosphorylase. This suggests that this en-
zyme does not recognize 2'F-ara-FU as a 2’-deoxy species even
though viral DNA polymerase or TK recognizes it as a 2’-deoxy
compound. It is interesting that the metabolic and catabolic
enzymes have different recognition mechanisms for the same
substrate. These observations may be useful to future studies
attempting to design nucleoside analogues which are stable to
catabolic enzymes, but selectively utilized by HCMV metabolic
enzymes.
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