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Several 5-alkyl derivatives of 1-B8-p-arabinofuranosyluracil (araU) were tested
for antiherpesviral activity and inhibitory action on cell growth in human embry-
onic lung fibroblasts. 1-8-D-Arabinofuranosylcytosine, 9-8-p-arabinofuranosylad-
enine, and 5-iododeoxyuridine (IUdR) were included as reference materials.
Among the 5-alkyl derivatives of araU, arabinosylthymine was the most active,
followed by 5-ethyl- and 5-propyl-araU. 5-Ethyl-araU was as active as IUdR and
more active than 9-8-p-arabinofuranosyladenine against herpes simplex virus
(HSV) type 1 and did not inhibit cell growth at a concentration as high as 1,000
pg/ml. 5-Butyl- and 5-methoxymethyl-aral, as well as araU, exhibited relatively
low activity. The araU derivatives tested were as active against HSV WT-34, an
isolate from a patient with keratitis, as against HSV type 1. Against an IUdR-
resistant isolate, HSV WT-20, arabinosylthymine was less inhibitory than IUdR.
Deoxyribonucleic acid synthesis in HSV type 1l-infected cells was markedly
inhibited by arabinosylthymine, IUdR, and 5-ethyl-araU, whereas cellular deoxy-
ribonucleic acid synthesis in uninfected cells was significantly inhibited by IUdR

but not by arabinosylthymine or 5-ethyl-araU.

Recently, several investigations concerned
with antiviral compounds have focused on dis-
covery and development of nontoxic antiviral
substances. Selective inhibition of herpes sim-
plex virus (HSV) by some thymidine analogs,
such as 5-ethyl-deoxyuridine (8), 5-methoxyme-
thyl-deoxyuridine (3, 14), 5’-amino-2’,5’-dideoxy-
5-iodouridine (6), 5-propyl-deoxyuridine, and 5-
propynyloxy-deoxyuridine (7), has been re-
ported. In addition, Gentry and Aswell (9)
reported that 1-B-D-arabinofuranosylthymine
(araT) completely inhibited HSV replication
without effect on growth of BHK cells. Selective
inhibition of HSV by 5-alkyl deoxyuridine ana-
logs was also confirmed by Cheng et al. (4, 5).
The selectivity appears to depend upon the fact
that the above compounds can be phosphoryl-
ated by the virus-induced deoxypyrimidinenu-
cleoside kinase but not by cellular thymidine
kinase (1, 2, 4, 15).

We have synthesized 5-alkyl derivatives of 1-
[B-D-arabinofuranosyluracil (araU) and tested
them for antiherpesviral activity (16). In this
communication, inhibition of both HSV repli-
cation and cell growth by these derivatives was
compared with that by several other nucleoside
analogs possessing antiviral activity. It is of spe-
cial interest that newly synthesized 5-ethyl-
araU, as well as araT, effectively inhibited HSV

type 1 (HSV-1) replication without any signifi-
cant inhibition of the host cell growth and cel-
lular deoxyribonucleic acid (DNA) synthesis.

MATERIALS AND METHODS

Cells and viruses. Human embryonic lung fibro-
blast (HEL-F) cells, kindly supplied by T. Kuwata,
Chiba University, were used in this study. Eagle basal
medium with Earle salts (GIBCO) supplemented with
10% fetal bovine serum and 0.08% NaHCO; was used
as growth medium, and Eagle basal medium supple-
mented with 2.5% fetal bovine serum was used as
maintenance medium. HSV-1 strain VR-3 and HSV
type 2, strain MS (HSV-2), were kindly supplied by S.
Yamazaki, National Institute of Health of Japan. Two
isolates of HSV from patients with herpes keratitis
(HSV WT-20 and HSV WT-34) were kindly supplied
by T. Kurimura, Tottori University School of Medi-
cine. These viruses were propagated in HEL-F cells.
The culture fluids of HSV-infected HEL-F cells were
titrated and stored at —80°C until use.

Antiherpesviral experiments. HEL-F cells
grown in plastic microplates (Linbro Scientic Co. Inc.,
model FB 16-24 TC) were infected with 30 50% tissue
culture infective doses of HSV. After 30 min, the viral
inoculum was removed, and 0.5 ml of test compound
prepared in maintenance medium was added to the
appropriate well. Test compounds were diluted in 0.5
logio dilutions, with 1,000 ug/ml being the maximal
concentration used. The plates were incubated at
37°C. After 3 days, the virus-induced cytopathogenic
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effect in each well was determined by microscope
examination and compared with that of infected and
uninfected control cells in the same plate. The effec-
tiveness of each compound against a particular strain
of HSV was evaluated numerically by using a modified
virus rating procedure (18, 19). Antiviral activity was
also expressed as the minimal discernible virus-inhib-
itory concentration of the compound at which cyto-
pathogenic effect was depressed more than 50%.

Inhibition of cell growth. HEL-F cells were
plated in a 35-mm plastic petri dish at 10° cells per
dish. After 12 h, the cells were refed with fresh growth
medium containing an appropriate amount of test
compound. After an additional 4-day incubation, cells
from duplicate plates were dispersed by trypsin, and
the cell number was determined with a hemocytome-
ter. Percent inhibition was calculated as follows: inhi-
bition (percent) = [1 —(cell number increase in test
culture/cell number increase in control culture)] X
100%.

DNA synthesis and cellular uptake of [*H]thy-
midine. Confluent monolayers of HEL-F cells grown
in a 35-mm plastic petri dish were infected with HSV-
1 and supplemented with maintenance medium con-
taining appropriate amounts of a test compound 1 h
after infection. Fifty microliters of a 5-4Ci/ml amount
of [*H]thymidine (41 Ci/mmol; The Radiochemical
Centre) was added to each plate at 2 h postinfection,
and after 10 h of incubation, the medium was removed.
The cells (in duplicate) were washed three times with
ice-cold phosphate-buffered saline and dissolved in 0.5
ml of 2.8% NH,OH; total radioactivity incorporated
into cells was determined by liquid scintillation count-
ing. Cells from a duplicate were treated with 1 ml of
6% cold trichloroacetic acid, and trichloroacetic acid-
insoluble radioactivity was counted. For examination
of cellular DNA synthesis, exponentially growing cells
from 2-day-old cultures were used, and 50 pl of a 20-
1Ci/ml amount of [*H]thymidine was added 1 h after
drug treatment. After 10 h of incubation, total radio-
activity and trichloroacetic acid-insoluble radioactiv-
ity were measured. In another experiment, 10 uCi of
[*H]deoxyguanosine (2.3 Ci/mmol; The Radiochemi-
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cal Centre) per ml was used instead of [*H]thymidine.
Trichloroacetic acid-insoluble material obtained by
the above method was dissolved in 0.5 ml of 0.3 N
KOH and allowed to stand for 18 h at 37°C. The
alkaline solution was neutralized with 6 N HCI and
treated with trichloroacetic acid. Radioactivity from
the alkali-resistant and trichloroacetic acid-insoluble
fraction (DNA fraction) was determined.

Compounds. 5-Ethyl-, 5-propyl-, and 5-butyl-araU
were synthesized as described elsewhere (16). araT
and 5-methoxymethyl-araU were prepared from ribo-
sylthymine and 5-methoxymethyl-uridine, respec-
tively, via 2,2’-anhydro derivatives by the method of
Hampton and Nichol (10). 1-B8-p-Arabinofuranosylcy-
tosine (araC) and 5-iododeoxyuridine(IUdR) were
commercial products of Yamasa Shoyu Co., Ltd. 9-8-
D-Arabinofuranosyladenine (araA) was purchased
from P-L Biochemicals, Inc.

RESULTS

Antiherpesviral activity in HEL-F cells.
A typical experiment on the activities of 5-alkyl
derivatives of araU against HSV-1 is shown in
Table 1. Their activities against HSV-1 and
HSV-2 were compared with those of several
other known antiviral nucleoside derivatives
(Table 2). The compounds listed in Table 2 did
not cause visible cytotoxicity in HEL-F cells
even at the highest concentration used (1,000
pg/ml, except that of araA was 100 pug/ml as a
result of its relatively low solubility). Among 5-
alkyl derivatives of araU, 5-methyl-araU (araT)
was the most active against HSV-1, followed by
5-ethyl- and 5-propyl-araU. 5-Butyl- and 5-
methoxymethyl-araU, as well as araU, exhibited
relatively low activities.

Only 1 pg of araT per ml was required to
prevent HSV-induced cytopathogenic effect dis-
tinctly, and at 3.2 ug/ml the compound com-
pletely inhibited development of cytopathogenic

TABLE 1. Effect of 5-alkyl derivatives of araU on HSV-1 infection in HEL-F cells

Concn of araU derivatives

CPE®

(ng/ml)

g
c

araT

5-Ethyl-araU 5-Propyl-araU 5-Butyl-araU

1,000
320
10

b bR WNO O
bR WNO O
AW OOO0OOO

W~ OO0 O0OQ

- AN~ OOOC
kAN~ OO0OO0O
AW OOOC
oW OOO
bR WN - O
b oW~ O

VR®
MIC (ug/ml)*

1.1
100

2.8
1.0

2.1
3.2

1.6
32

1.0
100

? Graded from 0 (normal cells) to 4 (complete destruction of cells) 3 days after infection with HSV-1. Score
of cytopathogenic effect (CPE) in virus control (cells with virus but without drug) was 4.
® VR, Virus rating; MIC, minimal inhibitory concentration; see text.
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TABLE 2. Comparison of the activities of 5-alkyl
derivatives of araU with those of other antiviral
agents against HSV-1 and HSV-2 in HEL-F cells®

Anti-HSV-1 Anti-HSV-2

Compound
pod mgl‘)'“/ VR MIC (ug/ml)

araC 3.2 032 30 0.32
araA 18 10 19 10
IUdR 24 32 22 3.2
5-Ethyl-deoxyuri- 2.1 32 19 10

dine
araU 1.1 100 1.2 100
araT 2.8 1.0 26 1.0
5-Ethyl-araU 21 32 10 100
5-Propyl-araU 1.6 32 09 320
5-Butyl-araU 1.0 100 0.1 >1,000
5-Methoxy- 09 100 03 1,000

methyl-araU

® VR, Virus rating; MIC, minimal inhibitory concen-
tration.

effect induced by HSV-1 infection. The minimal .

inhibitory concentrations against HSV-1 and
HSV-2 were only a little higher than that of
araC. It should be noted that antiherpesviral
activity of araT in HEL-F cells seems to be
much lower than that in BHK cells reported by
Gentry and Aswell (1, 9) and that araT was
active against HSV-2 as well as against HSV-1
in HEL-F cells, although HSV-2 was reported
not to respond as strikingly to araT in BHK cells
as did HSV-1 (9). A newly synthesized com-
pound, 5-ethyl-araU, was as active as 5-ethyl-
deoxyuridine and IUdR and more active than
araA against HSV-1. However, 5-ethyl-araU had
relatively low activity against HSV-2. In addi-
tion, 5-alkyl derivatives of both 1-8-D-xylofura-
nosyluracil and 2,2’-anhydro-uridine were syn-
thesized and tested for antiherpesviral activity.
These compounds were much less active than
the corresponding arabinoside derivatives, and
their virus ratings were less than 0.9.

The compounds active against HSV-1 were
then tested for activity against two isolates of
HSV, HSV WT-20 and HSV WT-34. As shown
in Table 3, araC and araA were active against
the isolates as well as against HSV-1 and HSV-
2. On the other hand, araT and the other araU
derivatives were less inhibitory than IUdR
against HSV WT-20, which is resistant to IUdR
(11), although the thymidine analogs were as
active against HSV WT-34 as against HSV-1.

Inhibition of growth of HEL-F cells. As
already mentioned, cytotoxicity of araT and the
other compounds tested was not observed in
HEL-F cells in stationary phase. Their inhibi-
tory action on growth of HEL-F cells was then
examined (Fig. 1). araC was the most growth
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inhibitory, and araA and IUdR also inhibited
growth significantly. In marked contrast to these
compounds, araT only slightly inhibited cell
growth; at 50 ug of the compound per ml growth
was inhibited only 10%. This observation agrees
with the reports by Aswell et al. (1) and Miller
et al. (15). araT did not completely inhibit cell
growth at concentrations as high as 1,000 pg/ml.
Other araU derivatives, 5-ethyl-, 5-propyl- and
5-methoxymethyl-araU, as well as araU, did not
inhibit growth at all even at a concentration as
high as 1,000 pg/ml.

For most of the compounds listed in Table 2,
antiviral indexes were determined. The antiviral
index was defined as 50% cell growth-inhibitory
dose divided by the minimal inhibitory concen-
tration against HSV-1 (see Table 4). An antiviral
index < 1 was found for araC and araA, and
both compounds are concluded to inhibit growth
of HEL-F cells more effectively than replication

TABLE 3. Effect of antiviral compounds on two
isolates of HSV*

Anti-HSV WT-20 Anti-HSV WT-34

Compound
Pe VR MIC (ug/ml) VR M’gl‘)‘“/
araC 3.5 01 34 0.1
araA 2.1 10 19 10
IUdR 1.5 32 2.3 3.2
5-Ethyl-deoxyuri- 0.6 320 2.0 3.2
dine
araT 0.8 100 2.7 1.0
5-Ethyl-araU 0 >1,000 22 3.2

“ VR, Virus rating; MIC, minimal inhibitory concen-
tration.
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Fi1c. 1. Inhibition of growth of HEL-F cells by
araA, araC, IUdR, and araT. HEL-F cells were
plated at 10° per dish. After 12 h of incubation, growth
medium was replaced by fresh medium containing
various concentrations of the following antiviral sub-
stances: araA (); araC (O); IUdR (@®); araT (A).
Cell numbers (in duplicate) were counted after an
additional 4 days of incubation, and growth inhibi-
tion was calculated as described in the text.
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TaBLE 4. Comparison of the antiviral index of 5-
alkyl-araU with those of other antiviral substances

Compound IDso (ug/ml)* An":;a,,l n-
araC 0.004 0.013
araA 1.2 0.12
IUdR 8.0 2.5
araT 150 150
5-Ethyl-araU >1,000 >313
5-Propyl-aralU >1,000 >31.3
5-Butyl-araU >1,000 >10
5-Methoxymethyl-araU >1,000 >10

% IDso, Concentration required to inhibit growth of
HEL-F cells by 50% (see Fig. 1).

® Determined by dividing the IDs by the minimal
inhibitory concentration against HSV-1 (see Table 2).

of HSV-1. IUdR showed a modest antiviral in-
dex. A markedly higher antiviral index was ob-
tained for araT. The highest safety margin was
displayed by the new araU derivative, 5-ethyl-
araU. This implies that 5-ethyl-araU, as well as
araT, could inhibit viral replication without any
actual inhibition of cell growth.

DNA synthesis and cellular uptake of
[*H]lthymidine. HSV-1-infected HEL-F cells
were treated with araT, 5-ethyl-araU, or IUdR,
and the amounts of [*H]thymidine incorporated
into cells and trichloroacetic acid-insoluble ma-
terials were determined (Fig. 2A). Both uptake
of [*'H]thymidine into cells and DNA synthesis
were stimulated by infection with HSV-1 as
much as 12-fold. Stimulation of DNA synthesis
may be due to the formation of viral DNA (17).
Uptake of [*H]thymidine into HSV-1-infected
cells was reduced by about 64% by 3.1 ug of araT
per ml, whereas incorporation into DNA was
almost completely inhibited (about 98%). 5-
Ethyl-araU, as well as IUdR, also markedly in-
hibited DNA synthesis in the virus-infected
cells. It is noteworthy that araT inhibited incor-
poration of [’H]thymidine into DNA more effec-
tively than IUdR, but the former inhibited the
uptake of the precursor into infected cells less
effectively than IUdR. The antiviral activity,
therefore, correlates with the degree of inhibi-
tion of viral DNA synthesis rather than with the
degree of inhibition of cellular uptake of [°H]-
thymidine.

araT might compete with [*H]thymidine for
the thymidine transport and phosphorylation
systems of the infected cells (1); thus, it cannot
be ruled out that the inhibition of [°H]thymidine
incorporation may be due to competition with
added araT. [*H]deoxyguanosine, therefore, was
used as the DNA precursor, and its incorpora-
tion into alkali-resistant trichloroacetic acid-in-
soluble material (DNA fraction) was measured.
All three antiviral substances inhibited incor-
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poration of [*H]deoxyguanosine into DNA in
HSV-1-infected cells (Fig. 3). araT almost com-
pletely inhibited the incorporation, which con-
firms the previous finding with [*H]-
thymidine (Fig. 2A). The data presented here
suggest that the antiviral actions of the three
compounds are primarily due to inhibition of
synthesis of viral DNA. Inhibition of cellular
DNA synthesis by these compounds was also
examined by using exponentially growing HEL-
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Fi1c. 2. Influence of araT, 5-ethyl-araU, and IUdR
(IDU) on uptake of [*HJthymidine into cells and
incorporation into DNA in HEL-F cells uninfected or
infected with HSV-1. (A) Confluent monolayers of
HEL-F cells infected with 3 x 10° 50% tissue culture
infective doses of HSV-1 per plate were supplemented
with maintenance medium containing 3.1 or 12.5 pg
of araT, IUdR, or 5-ethyl-araU (EtAU) per ml, or
medium alone (control). At 2 h postinfection, 0.25 uCi
of [*HJthymidine per plate was added. At 12 h post-
infection, radioactivity of whole cells (open bars) and
trichloroacetic acid-insoluble radioactivity (closed
bars) were determined. (B) HEL-F cells from 2-day-
old cultures were refed with growth medium contain-
ing antiviral substances as described in (A). At 1 h
after the treatment, 1 uCi of [*H]thymidine per plate
was added. After an additional 10 h of incubation,
radioactivities were determined as in (A).
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Fi1c. 3. Influence of araT, 5-ethyl-araU (EtAU),
and IUdR (IDU) on incorporation of *H-labeled 2'-
deoxyguanosine into DNA in HEL-F cells infected
with HSV-1. HEL-F cells were infected with HSV-1
and treated with drug-containing medium as in Fig.
2A. At 2 h postinfection, 0.5 uCi of [*H]deoxyguano-
sine per plate was added. At 12 h postinfection, the
alkali-resistant trichloroacetic acid-insoluble frac-
tion (DNA fraction) was isolated and its radioactivity
was determined.

F cells (Fig. 2B). IUdR markedly inhibited cel-
lular DNA synthesis, whereas 5-ethyl-araU did
not. DNA synthesis was not affected by 3.1 ug of
araT per ml and was only slightly inhibited by
12.5 pg/ml. ’

DISCUSSION

In the present paper, 5-alkyl derivatives of
aralU were tested for antiherpesviral activity.
araT (5-methyl-araU) was confirmed to exhibit
very high activity against HSV-1 and HSV-2 as
‘reported by Gentry and Aswell (9) and Miller et
al. (15). araT was the most effective among the
5-alkyl-araU derivatives tested. 5-Ethyl-araU
was also active against HSV-1 to the same extent
as IUdR and 5-ethyl-deoxyuridine. 5-Propyl-
araU exhibited moderate activity, and 5-butyl-
and 5-methoxymethyl-araU had relatively low
activities. Thus, the antiviral activity of 5-alkyl
derivatives of araU is concluded to decrease with
increase in length of the alkyl group. In addition,
5-propyl-deoxyuridine (7) and 5-methoxy-
methyl-deoxyuridine (14) have been reported to
be highly active against HSV, and it is consid-
ered that 5-alkyl derivatives of araU are gener-
ally less active than the corresponding deriva-
tives of deoxyuridine.

Susceptibility of HSV to 5-alkyl-araU varied
greatly from strain to strain. HSV-1 was suscep-
tible to both araT and 5-ethyl-araU. One of the
isolates, HSV WT-20, which is resistant to IUdR
(11), was more resistant to araT than to IUdR
and completely resistant to 5-ethyl-araU. In ad-
dition,. 5-ethyl-araU was less effective against
HSV-2 than IUdR or 5-ethyl-deoxyuridin.. al-
though the former was as effective as the latter
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against HSV-1. Deoxypyrimidinenucleoside ki-
nase induced by HSV-1 or HSV WT-34 seems
to act on a wider range of thymidine analogs
than that induced by HSV-2 or HSV WT-20.
Interestingly, pseudorabies virus- or vaccinia vi-
rus-induced deoxypyrimidinenucleoside kinase
was reported to be able to phosphorylate thy-
midine but not deoxycytidine, whereas the ki-
nase induced by HSV could phosphorylate both
thymidine and deoxycytidine (12). In addition,
the data presented here suggest that the degree
of broadness in substrate specificity of HSV-
induced deoxypyrimidine kinase varies from
strain to strain of HSV.

araT was reported to have little effect on
growth of BHK cells (9), LM cells (1), and hu-
man embryo fibroblasts (15). However, it should
be noted that araT inhibited growth of CV-1
cells (15) and mouse leukemia cells, L5178Y
(unpublished data), at 50 ug/ml. In our system,
the growth of HEL-F cells was inhibited 10 and
63% by araT at 50 and 200 pg/ml, respectively.
Surprisingly, 5-ethyl-araU did not influence the
growth of HEL-F cells and L5178Y (unpublished
data) at all even at a concentration as high as
1,000 pg/ml, whereas at a concentration as low
as 3.2 ug/ml the compound reduced HSV-1-in-
duced cytopathogenic effect by 50%. araC and
araA inhibited the growth of HEL-F cells at a
much lower concentration than araT, and anti-
viral indexes of the compounds in HEL-F cells
were <1. Neither araC nor araA can be regarded
as an antiviral substance with low toxicity. An-
tiviral indexes of araT and 5-ethyl-araU were
150 and >313, respectively. Therefore, 5-ethyl-
araU, as well as araT, is concluded to be mark-
edly selective in its anti-HSV-1 activity.

Antiviral activity of araT was proposed to be
associated with an inhibition of viral DNA syn-
thesis by phosphorylated araT, which was not
formed in uninfected cells but was formed in
HSV-infected cells (1, 15). It was shown by Mat-
sukage et al. (13) that arabinosylthymine tri-
phosphate markedly inhibited the action of
DNA polymerase. Inhibition of DNA synthesis
by 5-ethyl-araU selectively observed in HSV-
infected cells (Fig. 2 and 3) and inhibition of
DNA polymerase by 5-ethyl-arabinosyluracil
triphosphate (K. Ono, personal communication)
suggest that the mechanism operative with an-
tiviral activity of 5-ethyl-araU is the same as
that of araT. It is noteworthy that araT, IUdR,
and 5-ethyl-araU inhibited not only incorpora-
tion of [*H]thymidine into DNA of HSV-in-
fected cells, but also that of [°’H]deoxyguanosine
(Fig. 2A and 3). Incorporation of radioactive
precursor into the DNA fraction in HSV-in-
fected cells seems to be mainly due to synthesis
of viral DNA, as DNA synthesis was markedly



VoL. 16,1979 ANTIHERPESVIRAL ACTIVITY OF 5-ALKYL-araU 163

stimulated by infection with HSV (Fig. 2A).
Therefore, it may be concluded that viral DNA
synthesis was markedly inhibited by araT,
IUdR, and 5-ethyl-araU. However, at concentra-
tions inhibiting viral DNA synthesis almost
completely, cellular DNA synthesis in growing
cells was not influenced by araT or 5-ethyl-araU,
although it was markedly inhibited by IUdR
(Fig. 2B). Thus, the significantly higher antiviral
indexes of araT and 5-ethyl-araU may be due to
their selective inhibition of viral DNA synthesis.
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