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Abstract—A number of antiherpesviral 5-substituted derivatives of 1-f-p-arabinofuranosyluracil (araU)
were significantly resistant to phosphorolysis by rat liver extract (S-9), but were gradually deglycosylated
in a 2% enterobacteria cell suspension. The relative order of the resistance conferred by the different
C-5 substituents was: 5-propynyl > 5-(E)-2-bromovinyl > 5-(E)-2-chlorovinyl > 5-methyl > 5-iodo.
The 2'-fluoro derivatives of araU were completely resistant to phosphorolysis by both liver extract and
enterobacteria, whereas the corresponding ribofuranosyl and 2’-deoxyribofuranosyl nucleosides were
easily phosphorolysed by S-9, and were immediately cleaved in a 1% enterobacteria cell suspension.
These findings suggest that antiherpesviral 5-substituted araU analogues can be relatively stable in vivo,
when injected intravenously, and that degradation of 1--p-arabinofuranosyl-5-(E-2-bromovinyl)uracil
(sorivudine) following oral administration is due primarily to the action of enterobacteria.
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pyrimidine phosphorylase

BV-araU|| (sorivudine) has potent and selective
antiviral activity against herpes simplex virus type 1
and varicella-zoster virus in cell culture [1-3]. Oral
BV-arall, giving high blood concentrations in
humans [4], is effective in the treatment of patients
with herpes zoster [5, 6], and was approved for the
treatment of zoster in Japan in 1993. BVDU, the
deoxyribonucleoside congener of BV-araU, and
other 2'-deoxyuridine analogues are easily phos-
phorolysed to their corresponding bases.

A large amount of the inactive base BVUra was
found in the plasma following either i.v. or oral
administration of BVDU in mice [7] andi.p. injection
in rats [8]. The degradation is attributed to two
distinct phosphorylases, thymidine phosphorylase
(EC2.4.2.4) and uridine phosphorylase (EC 2.4.2.3)
[9-11]). Such metabolic cleavage of antitumor and
antiherpesviral nucleosides strongly affects their
biological activity and therapeutic usefulness [8, 11].
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| Abbreviations: BV-araU, 1-B-D-arabinofuranosyl-5-
(E-2-bromovinyl)uracil; araT, 1-8-D-arabinofuranosyl-
thymine; aralU, 1-8-D-arabinofuranosyluracil; CV-araU,
1- B-D-arabinofuranosyl-5-(E-2-chlorovinyl)uracil; Pry-
araU, 1-B-D-arabinofuranosyl-5-(1-propynyluracil; I-
aral, 1-B-p-arabinofuranosyl-5-iodouracil; FMAU, 1-(2-
deoxy-2-fluoro- 8-D-arabinofuranosyl)-S-methyluracil; F-
BV-araU, 5-(E-2-bromovinyl)-1-(2-deoxy-2-fluoro-f-p-
arabinofuranosyl)uracil; BVDU, 5-(E-2-bromovinyl)-2'-
deoxyuridine; IDU, idoxuridine; riboT, 1-§-D-ribo-
furanosylthymine; BV-riboU, 5-(E-2-bromovinyl)uridine;
BVUra, S5-(E-2-bromovinyl)uracil; and TEAA, tri-
ethylammonium acetate buffer, pH7.0.
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Moreover, BVUra increases the 5-fluorouracil
concentration of the blood by inhibiting the
catabolism of 5-fluorouracil, resulting in a marked
enhancement of the action of this anticancer agent
[12]. Considerable amounts of BVUra also have
been found in the plasma and urine of dogs [13],
monkeys [14], and humans [4] following oral
administration of BV-araU, although the levels of
BVUra detected are much lower than those found
after administration of BVDU. In contrast, no
deglycosylated metabolite of BV-aralU wasdetectable
in the plasma and urine of mice after oral and i.v.
administration, when assayed by HPLC [7], and only
a minimal amount of BVUra was detected after i.v.
administration of BV-araU in monkeys [14].

To determine the metabolic stability of BV-
ara-U and other antiherpesviral araU derivatives,
we investigated their phosphorolysis by activated rat
liver extract, S-9, a 9000 g supernatant prepared
from the liver of rats pretreated with phenobarbital
and 5,6-benzoflavone, and enterobacteria. The
phosphorolytic cleavages of some of the cor-
responding S-substituted uridine, 2'-deoxyuridine
and 2'-fluoro-araU analogues were compared.

MATERIALS AND METHODS

Compounds. The following pyrimidine nucleosides
were used: araT, BV-araU, CV-araU, Pyr-araU, I-
araU,FMAU,F-BV-araU, thymidine, IDU, BVDU,
BV-riboU, and riboT. These nucleosides and the
corresponding bases were synthesized in our
Chemistry Laboratory. Synthesized compounds were
identified by NMR and mass spectrometry, and the
purity was determined to be 98% or greater by
HPLC.
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Phosphorolytic reactions by rat liver extract and
enterobacteria cells. Stock solutions of test compounds
were prepared at a concentration of 10mM in
dimethyl sulfoxide. For the determination of
phosphorolysis by rat liver extract, 40 uL of the stock
solution was mixed with 0.4 mL of S-9 (Kikkoman,
Noda, Japan) and 3.56 mL of 10 mM phosphate-
buffered saline, and then incubated at 37° for 4 hr.
Portions of the reaction mixture were taken at
different times and boiled for 3 min in order to stop
the reaction, and proteins were removed by
centrifugation at 1500 g for 10 min. The supernatant
was filtered through a 0.45-um membrane filter. For
degradation by enterobacteria, a cell suspension of
Klebsiella pneumoniae (ATCC 8329), an entero-
bacterium with particularly strong pyrimidine
phosphorylase activity, was prepared in 55mM
phosphate buffer (pH 7.0), as described previously
[15]. A portion of the stock solution of a test
compound was combined with K. preumoniae cell
suspension (1.1% or 2.2%) and dimethyl sulfoxide
at a ratio of 1:18:1. The mixture was incubated at
37° for 4hr. At different intervals, 0.5mL of the
reaction mixture was removed and filtered through
a 0.45-um membrane filter to remove the bacterial
cells.

HPLC analysis. Each material obtained from the
reaction mixture was assayed by HPLC using a
Hitachi L-6000 System and an Inertsil ODS-2 column
(4.6 mm i.d. x 250 mm; GL Sciences Inc., Tokyo).
Ten microlitres of each filtered sample of reaction
mixture was injected onto the column, and eluted
at a flow rate of 1 mL/min. The following mobile
phases were used to detect various pyrimidine
nucleosides and their correspc. g bases; riboT
and thymine; 50 mM TEAA, thymidine, araT, and
thymine; 50 mM TEAA for 20 min followed by 1%
acetonitrile in 50 mM TEAA, FMAU and thymine;
a linear gradient from 50mM TEAA to 5%
acetonitrile in 50 mM TEAA over 20 min, Pry-araU
and 5-propynyluracil; IDU, I-araU, and S-iodouracil;
5% acetonitrile in S0mM TEAA, BVDU and
BVUra; a linear gradient from 5% acetonitrile to
15% acetonitrile in 50 mM TEAA over 20 min, BV-
araU, BV-riboU, and BVUra; CV-araU and 5-
chlorovinyluracil; 15% acetonitrile in 50 mM TEAA,
F-BV-araU, and BVUra; 20% acetonitrile in 50 mM
TEAA. The eluate was monitored with a UV-
detector set at 265 nm except for detection of 5-
iodouracil compounds for which the detector was
set at288 nm. Test compounds and the corresponding
bases were identified from the retention time of the
authentic compounds in each HPLC condition. The
concentration of compounds was estimated from the
standard curves obtained by using authentic
compounds. The detection limit for all compounds
in the HPLC analysis was about 1 M in the reaction
mixture. The rate of deglycosylation in the reaction
mixture was expressed as the percentage of
phosphorolysis on a molar basis: the concentration
of each specific base relative to the total con-
centrations of base and unchanged nucleoside.
Each experiment was repeated to confirm the
reproducibility of the test.

RESULTS
Deglycosylation by rat liver extract. As shown in
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Fig. 1. Deglycosylation of antiviral araU analogues and the
corresponding uridine and 2’-deoxyuridine derivatives by
rat liver extract (S-9). Drugs were incubated with S-9 at a
final concentration of 0.1mM at 37°. The rate of
phosphorolysis (%) is presented as conversion of the
nucleoside tested to the corresponding base, determined
by HPLC, on a molar basis. Each point shows the mean
of two determinations. Key: (A) araT (O), BV-araU (A),
CV-araU (O), and Pry-araU (¢); (B) thymidine (O),
BVDU (A), IDU (), riboT (@), and BV-riboU (A).

Fig. 1A, araU analogues were fairly resistant to
phosphorolysis by rat liver extract. Even araT, the
least resistant among the aralJ analogues tested, was
cleaved only 3% after 4 hr of incubation. Substitution
of halogenovinyl or propynyl for the methyl group
at the C-5 position of araT increased the resistance.
Approximately 1% of BV-araU was degraded to
BVUra after 24 hr of incubation with rat liver extract
(data not shown). Although the differences were
very small, the relative order of resistance to
deglycosylation by rat liver extract for the different
5-substituted araU analogues was: Pry-araU > BV-
araU = CV-araU > araT. The amount of 5-iodo-
uracil detected following incubation of I-araU with
rat liver extract was also very small (1.8% of the
amount of nucleoside used was detected as 5-
iodouracil following 4 hr of incubation). However,
the rate of phosphorolysis of I-araU could not be
determined, because the recovery of I-araU from
the reaction mixture decreased markedly with time
during the incubation. No corresponding base was
found after 4 hr of incubation of Pry-aral. FMAU
and F-BV-araU, the 2’'-fluoro-araU analogues,
were completely resistant to deglycosylation by rat
liver extract (data not shown). On the other hand,
the corresponding 2’-deoxyuridine and uridine
derivatives were very susceptible to phosphorolysis
by rat liver extract (Fig. 1B). Substitution at the C-5
position of thymidine with iodine increased the rate
of phosphorolysis, while substitution with FE-2-
bromovinyl had no effect on the rate of degradation.

Deglycosylation by enterobacteria cells. Thymidine,
riboT, and IDU were almost completely cleaved in
a 1% K. pneumoniae cell suspension within 15 min
(Fig. 2A). Thymidine, in particular, was completely
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Fig. 2. Deglycosylation of araU, 2’'-deoxyuridine, uridine,
and 2'-fluoro-arall derivatives by enterobacteria cells.
Compounds were incubated in a 1% (A) or 2% (B) K.
pneumoniae cell suspension at a final concentration of
0.5 mM at 37°. The rate of phosphorolysis (%) is presented
as conversion of the nucleoside tested to the corresponding
base, determined by HPLC, on a molar basis. Each point
shows the mean of two determinations. Key: (A) thymidine
(0), IDU (), BVDU (A), riboT (@), and BV-riboU
(A); (B) araT (O), I-araU (), BV-araU (A), CV-araU
(0), Pry-araU (@), FMAU (@), and F-BV-araU (A). The
asterisks (*) indicate bases detected in the reaction mixtures
at 0 time. See also text.

cleaved after as little as Smin of incubation (data
shown). Despite the fact that for the O-time assay
the reaction mixture was prepared on ice, 2-11% of
the total amount of compounds tested could be
detected as the specific bases due to the rapid
phosphorolysis. All 2’-deoxyuridine and uridine
derivatives tested were completely cleaved after
4hr of incubation, although the initial rate of
phosphorolysis of BVDU and BV-riboU was slightly
slower than that of the thymine nucleosides. When
the phosphorolysis occurred this rapidly, no marked
difference in the rate of phosphorolysis of 2'-
deoxyuridine and uridine derivatives, with the same
base, could be detected. In contrast, araT and BV-
araU were relatively resistant to degradation in the
1% K. pneumoniae cell suspension (data not shown).

A clear difference was seen in the rate of
phosphorolysis of aralU analogues when tested in a
2% K. pneumoniae cell suspension with different
substituents at the C-5 position (Fig. 2B). The
relative rates of phosphorolysis were calculated by
dividing the rate of phosphorolysis of aralU analogues
by the rate of generation of BVUra at the 30 min
incubation. The relative rates for I-araU, araT, CV-
araU, BV-araU, and Pry-araU were 4.8, 2.5, 1.6,
1.0, and 0.3, respectively. Replacement of the C-5
methyl group of araT with iodine caused a marked
increase in the rate of deglycosylation, whereas
substitution with halogenovinyl or propynyl lowered
the rate of phosphorolysis. FMAU and F-BV-araU
were completely resistant to phosphorolytic cleavage
under these conditions.

DISCUSSION

Our study demonstrates that antiherpesviral
S-substituted araU derivatives are generally resistant
to phosphorolysis by rat liver extract, in contrast to
the corresponding ribo- and deoxyribofuranosyl
nucleoside analogues. However, in enterobacteria
cell suspensions, araU analogues were phos-
phorolysed. Some differences were seen in the rate
of phosphorolysis of araU analogues with different
substituents at the C-5 position. The relative order
of resistance to phosphorolysis for different
S-substituted araT analogues was: propynyl > E-2-
bromovinyl > E-2-chlorovinyl > methyl > iodo.
Also of interest, a large amount of 5-propynyluracil
was recovered from the urine of humans after oral
administration of Pry-araU*, a novel oral anti-
varicella-zoster virus drug [16]. Thus, enterobacteria
and mammalian pyrimidine phosphorylases both
determine the metabolic fate of antiherpetic
pyrimidine nucleosides, especially when drugs are
administered orally.

Since incubation of BV-araU with the contents of
rat cecum resuited in the formation of BVUTra, the
phosphorolytic cleavage of BV-araU, unlike BVDU,
was suggested to be caused by the action of
enterobacteria [17]. As shown in the present study,
only a very small amount of BVUra was formed by
incubation of BV-araU with rat liver extract, whereas
a significantly greater amount of BV-aralU was
degraded to BVUra during incubation with an
enterobacteria cell suspension. In our previous
pharmacokinetic studies, very little BVUra was
detected in the plasma of germ-free rats after
oral administration of BV-araU, but considerable
amounts of BVUra were found in specific pathogen-
free rats [15]. These in vitro and in vivo observations
are very consistent, and indicate that the formation
of BVUra after oral administration of BV-araU in
conventional animals and humans is due primarily
to the effects of enterobacteria. This conclusion is
supported by the observation that little degradation
of BV-araU to BVUra can be detected following
i.v. administration in humans.t Taken together, i.v.
administration of BV-araU, and other araU
analogues, can minimize the formation of the
corresponding inactive base and could significantly
improve the therapeutic efficacy of these compounds.
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