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Newly synthesized allyloxymethyl purine and pyrimidine acyclonucleosides [Fig. 1, comp.
1-6] were tested in Syrian hamster, six days after heterotransplantations of Kirkman-Rob-
bins hepatoma and compared with ThS, ThSP and PMT [Fig. 1, comp. 7-9]. 48 hours after
intraperitoneal (i.p.) administration of AMT and ThS in a dose of 80 mg per kg body weight,
these compounds reduced tumor weight by 42%, while AMU (in the same dose) by 30%.
The inhibition of tumor weight is accompanied by a decrease in dThd and dGuo kinase
activities in tumor cytosol by AMU (36% and 33%, respectively) by AMT (59% and 53%,
respectively) and by ThS (58% and 55%, respectively). AMU, AMT and ThS are phosphory-
lated in vivo by kinases present in cytosol of growing hepatoma to mono, di and triphos-
phates, but allyloxymethyl residue of AMU and AMT is first hydrated to hydroxypropoxy-
methyl residue, having CH,OH group. The lack of phosphorylation of PMT in vivo (having
saturated propoxymethyl residue) and phosphorylation of ThSP (when used as a substrate
for dNMP kinase) only to ThS diphosphate suggested that AMU, AMT and ThS triphos-
phates are responsible for the inhibition of dTMP and dGMP synthesis.

Introduction methyl purine and pyrimidine ACN’s, obtained by
Ozierow et al., (1991) and three newly synthesized
thymine ACN’s obtained by Dramifiski (Rutkow-
ski and Draminski, 1991). In this work we un-
dertook a research on dNMP synthesis in growing
hepatoma subjected to the action of newly synthe-

sized ACN’s both in vitro and in vivo, on their me-

High activity of dThd and dGuo kinases in
mammalian tumors (Sakamoto et al, 1993), cyto-
static properties of pyrimidine acyclonucleosides
inhibiting the growth of experimental tumors by
reducing the synthesis of dTMP and dGMP
(Greger and Dramiiski, 1989), and inhibition of

virus replication by ACN’s containing unsaturated
residue (Hayashi et al., 1988) were the reasons for
undertaking a study on newely syntesized purine
and pyrimidine ACN’s, containing unsaturated
residue attached to IN of the pyrimidine or to 9N
of the purine. The study comprised six allyloxy-

Abbreviations: ACN, acyclonucleoside; dAdo, 2’deoxya-
denine; dGuo, 2’deoxyguanosine; dCyd, 2’deoxycytidine;
dThd, 2’deoxythymidine; dN, 2’deoxynucleoside; dNMP,
2’deoxynucleoside-5’-monophosphate; dNDP, 2’deoxy-
nucleoside-5’-diphosphate; dNTP, 2’deoxynucleoside-5'-
triphosphate.
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tabolism and supposed mechanism of their cyto-
static activity.

Material and Methods
Chemicals

['*C] dN’s and [*’P]y ATP were obtained from
Amersham corp.[England]. Unlabelled dN'’s,
dNMP’s, dNDP’s and dNTP’s were purchased
from Sigma Chemical Company (USA) and from
Boehringer (Mannheim, Germany). Other rea-
gents used were highest quality commercially
available products from Fluka A.G., Loba-Chemie
(Wien), Koch-Light Lab. and POCh (Gliwice, Po-
land). Allyloxymethyl purine and pyrimidine
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ACN’s (Fig. 1, comp. 1-6) were obtained by
Ozierov (Ozierov et al., 1991), Th5 and ThS5P
(Fig. 1, comp. 7,8) by Draminski (Rutkowski and
Dramiinski, 1991). PMT (Fig. 1, comp. 9) was ob-
tained by the same method as ACN’s by use of 1-
propanol instead allyl alcohol. Pure material has
melting point at 135-136 °C, UV, 1H-NMR and
mass spectra confirm the structure of 1-propoxy-
methylthymine.

Animals and subcellular fraction preparation

A group of four female Syrian hamsters (weigh-
ing 70-90 g) were used for each experiment. Kirk-
man-Robbins hepatoma, one of the fast growing
tumors, was maintained as a subcutaneous
transplant and was transplanted at 10 days’ in-
tervals. The most intensive growth of tumor oc-
curred 6-10 days after transplantation. From the
12-14-th day regressive changes took place and
within 2-3 days the tumor was eliminated (Star-
zyk et al., 1969). For the in vitro experiments, six
days after the heterotransplantations the animals
were sacrificed by sectioning the cervical spinal
cord, tumors were excised and homogenized at
0 °C in Potter-Elvehjem apparatus in 25 mm Tris[(-
hydroxymethyl)aminomethane]-HCl buffer (pH
7.4), containing 250 mm sucrose, 25 mm KCl and 5
mMm MgCl,. Nuclei and mitochondria were spun
down at 10 000 x g for 20 min and cytozol obtained
from the resulting supernatant after centrifugation
at 105 000 x g for 60 min (Beckman L5-65) was
used for the experiments. For the in vivo experi-
ments, six days after tumor transplantation the an-
imals were given i.p. respective ACN’s (80 mg per
kg of body weight), 48 hours later they were sacri-
ficed and cytosol from tumor, obtained as above,
was used for the enzyme activity assays.

Chemicals and enzyme assays

dN kinase activities and dTMP kinase activities
were assayed as described previously (Greger and
Draminski, 1989). The phosphorylation of ACN’s
were performed in conditions matching all dN ki-
nase activities, using 0.2 mm ACN (as substrate)
and 10 mm [*P]y ATP (as 3P phosphate donor),
0.5 u Ci per sample. After incubation in a water
bath (37 °C, 40 min), the reaction was terminated
by immersion of the tubes in boiling water for 2
min. Denatured protein was removed and phos-

phorylation products were separated by thin layer
ascending chromatography (silica gel plates,
Merck Kiselgel, 60F, 0.2 mm) at room temperature
in 1-propanol:conc.ammonia water = 22:17 (v/v),
with Rf for ACN of 0.6-0.8, ACN monophos-
phates of 0.21-0.26, ACN diphosphates of 0.18—
0.20 and ACN triphosphates of 0.03-0.05. The
spots from gel plates were counted in a Packard
Tricarb 1600 scintillation counter, using toluene
scintillator. Enzyme activities were expressed in
um of dNMP formed per min per mg of protein
(ie U/mg of protein) in case of dN kinase activity
determination or in um of ThS diphosphate formed
per min per mg of protein, in case of dTMP kinase
activity determination. Protein was assayed by
Bradford’s method (Bradford, 1976).

HeLa cells culture was grown in Eagle’s medium
enriched with bovine serum, containing genta-
mycin and Hepes (pH 7.0). The growth of culture
was estimated by calculating the number of cells
before and after addition of ACN’s.

Results and Discussion

The influence of nine ACN’s on the growth of
Kirkman-Robbins hepatoma and the dN kinases
activities present in cytosol of growing tumor,
were investigated in a series of experiments.
AMU, AMT and ThS administered i.p. in animals
six days after the tumor transplantation in a dose
of 80 mg per kg body weight, reduced tumor
weight by 30% £8% (AMU) and by 42% +11%
(AMT, ThS) (SD for four experiments). Table I
(Influence of ACN presented in Fig. 1 on dN ki-
nase activities in vitro and in vivo) presents the
activities of dN kinases in experiments in vitro and
in vivo. None of the investigated ACN’s inhibits
the activities of dN kinases in vitro, except for
AMT which inhibits the synthesis of dTMP by
38%. AMU, AMT and ThS inhibit the synthesis of
dTMP and dGMP in vivo, and the percentage of
inhibition of dThd and dGuo kinases activities by
AMT (59% and 53%, respectively) and by ThS
(58% and 55%, respectively) is practically the
same. The inhibition of dTMP and dGMP synthe-
sis by AMU is lower by about a half (36% and
33%). Similar effects are exhibited by the same
compounds at the concentration of 0.5 umol per
ml of medium (i.e 91 ug of AMU, 98 ng of AMT
and 115 pg of ThS) for the growth inhibition of
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Table I. The Infuence of ACN’s presented in Fig. 1 on dN kinases activities (U/mg of protein x 107%) in cytosol of
growing hepatoma. /n vitro: 6 days after tumor transplantation in the presence of 0.2 mm of ACN; in vivo: 6 days
after tumor transplantation the animals were given respective ACN’s (80 mg/kg body weight) and 48 hours later
enzyme activities were assayed. Control: dN kinases activities in cytosol of 6-8 days old hepatoma.

Control AMU AMUF AMT AMC AMA AMG PMT ThS ThSP
In vitro
dAdo kinase 89+1.0 9.1+1:1 8.7£0.9 92+12 94+13 9.0£1.0 8.6+0.9 8.8+1.0 91+1.2 92413
dGuo kinase 30.8+2.7 29.8+2.6 32.0+£3.0 27.7+£25 29.7+28 33.0£3.1 31.8+27 304%25 332%32 29.6%2.7
(10%, NS)
dCyd kinase 1.2+0.2 1.1£0.2 1.0+£0.9 1.3%£0.3 1.3£0:3 1.4£04 1.1£0.2 1.2+0.3 1.4£0.3 1.3£0.3
dThd kinase 91.1£10.2 90.6£9.9 93.0%£12 572+52 90.8+10 89.8+9.6 822+84 90.3£9.7 73180 92.0+11
(37%, (9.8%, NS) (19.8%,NS)
p=0.05)
In vivo
dAdo kinase 82+09 8.6x1.2 89+13 9.0+1.3 9.0£1.2 835£12 8.8+1.2 21+13 8.0£1.2 92+14
dGuo kinase 31.6+2.8 21.1+1.8 29.8+22 14613 302+25 29.0+2.0 32.0+3.0 33.6+32 141+1.2 31.8%£3.0
(33%, (53.7%, (55.2%,
p=0.05) p=0.002) p=0.002)
dCyd kinase 1.0+£0.2 0.8+0.1 1.3+0.3 1.1+£0.2 1.2+0.2 0.9+0.2 1.4+0.3 1.1+0.2 1.4+£04 1.2£0.3
dThd kinase 90.6+9.3 58.0£4.6 92.0%11 36.6£2.6 91.6+11 89.3+9.2 93.0+12 91.8+11 38.1£2.8 90.2%9.5
(36%, (59.2%, (58%,
p=0.02) p=0.002) p=0.002)

Each value: the mean + SEM for four experiments. In parentheses percent of inhibition, NS — mean non significant
(ie p<0.05), p values were calculated using Student’s t-test.
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HeLa cells of 40%+9%, 60%*12% and
65% £13%. respectively (SD for eight experi-
ments) (Modrzejewska et al.,, 1994).

Aiming at elucidating differences between the
activities of ACN’s in vitro and in vivo, phosphory-
lation of AMU, AMT and ThS, catalyzed by ki-
nases present in cytosol of growing hepatoma was
investigated. For reasons which will be explained
later the investigation comprised also ThSP and
PMT, despite the fact that these compounds do
not exhibit any activity in vivo (Table I). The re-
sults of phosphorylation of five ACN’s mentioned
above are presented in Table II (The phosporyla-
tion of ACN by kinases present in cytosol of six
days growing hepatoma). AMU, AMT and Th5
are phosphorylated to mono, di and triphosphates.
The highest phosphorylation of AMU, AMT and
ThS obtained by a method used for determination
of dThd kinase activity allows to presume that the
synthesis of AMU, AMT and ThS5 monophos-
phates is catalyzed by dThd kinase. This fact is
confirmed by other authors who found that phos-
phorylation of pyrimidine ACN’s in vivo is mainly
catalyzed by this enzyme (Neyts and De Clerq,
1994; Wang et al., 1994). If phosphorylation of Th5,
containing two CH,OH groups in the residue, is
comprehensible, then phosphorylation of AMU
and AMT may take place only when allyloxy-
methyl residue binding uracil (AMU) or thymine
(AMT) is hydrated in vivo. Hydration of
allyloxymethyl residue (-CH,-O-CH,-CH=CH,)
to hydroxypropoxymethyl residue
(-CH,-O-CH,-CH,-CH,0OH) containing CH,OH
group, transforms AMU and AMT into substrates
for appropriate kinase. The fact that AMU and
AMT phosphorylation is catalyzed with (almost)
5-fold (AMU) and 3-fold (AMT) lower activity, as

compared to ThS phosphorylation, evidences that
AMU and AMT allyloxymethyl residue hydration
maybe the rate limiting reaction of AMU and
AMT phosphorylation. The enzymatic hydration
of unsaturated binding of the ribosyl moiety of S-
adenosyl-L-homocysteine inhibitor was demon-
strated by Jarvi er al. (1991). The lack of this reac-
tion in vivo in case of 1(ethoxymethyl)-6-(phe-
nylselenenyl)pyrimidine ACN’s inhibiting the
reverse transcriptase of HIV 1 was revealed by
Goudgaon et al. (1992), who have also found these
ACN’s not to be phosphorylated in vivo. Recently,
it has also been reported that 1[(2- hydroxy-
ethoxy)methyl]-6-(phenylthio)thymine (HEPT), a
selective inhibitor of the same virus (Tanaka et al.,
1994), does not require phosphorylation in order
to inhibit HIV 1 reverse transcriptase. Conse-
quently, the presence of a hydroxy group in HEPT
is not necessary for its anti HIV activity (Fossey
et al., 1994). In order to confirm our presumptions
that in vivo allyloxymethyl residue of AMU and
AMT is hydrated, phosphorylation of PMT was
subject to a separate investigation. Saturated pro-
poxymethyl residue (-CH,-O-CH,-CH,-CH3) of
PMT after hydroxylation (or hydration) is trans-
formed into hydroxypropoxymethyl residue,
which means PMT becomes a compound identical
with AMT after hydration of allyloxymethyl resi-
due. If such a transformation of PMT really occurs
in vivo, then PMT should exhibit the same or sim-
ilar properties as AMT. Complete lack of both bi-
ological activity in vivo (Table I) and phosphoryla-
tion of PMT (Table II) indicate that this situation
results from the presence of saturated alkyl sub-
stituent in this ACN which does not undergo hy-
droxylation (or hydration) in vivo. Data presented
in Table II also markedly indicate that hydratase

Table II. The phosphorﬁylation of ACN’s (0.2 mm) by kinases present in cytosol of six days growing hepatoma

(U/mg of protein x 10~°).

Substrate ACN*?P monophosphate ~ ACN*’P diphosphate ~ ACN*?P triphosphate ~ Di/tri phosphate ratio
formed formed formed

AMU 11.2+14 0.78+0.12 (6.2%) 0.65+0.12 (5.14%) 1.2

AMT 19.8+2.6 1.47+£0.20 (6.5%) 1.19£0.16 (5.29%) 1.23

ThS 52.0£7.0 3.57+£0.48 (6.1%) 3.11+0.38(5:3%) 1.15

ThSP 0.0 31.8+£3.2 (99.4%) 0.18+0.03 (0.56%) 176.6

PMT 0.0 0.0 0.0 —~

Each value: the mean = SD for eight experiments. In parentheses percent of phosphorylation. Besides AMU, AMT,
ThS and ThSP, none of ACN’s presented in Table I is phosphorylated by kinases of cytosol of growing tumor.
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present in the hepatoma cells catalyzes the hydra-
tion of the allyloxymethyl residue only when this
residue is uracil or thymine-bound.

If ThS monophosphate quantitatively prevails
among ACN’s monophosphates presented in
Table II, then percentage phosphorylation of
AMU, AMT and Th5 monophosphates to appro-
priate diphosphates is, practically, the same. Simi-
larly, phosphorylation products of AMU, AMT
and ThS diphosphates to corresponding triphos-
phates occur, proportionally, in the same quanti-
ties (Table II). The situation changes when Th5P,
applied similarly as AMU, AMT and ThS in con-
centration of 0.2 mm (Table II), becomes the sub-
strate for ANMP kinase (probably dTMP kinase).
ThS diphosphate which is then formed in quanti-
ties exceeding 9 to 40 times AMU, AMT and Th5
diphosphates formed as a consequence of phos-
phorylation of AMU, AMT and ThS, probably in-
hibits ANDP kinase (or ANMP kinase when Th5P
is phosphorylated to dThS bis-monophosphate)
making the phosphorylation of ThS diphosphate
to ThS5 triphosphate impossible. Inhibition of the
enzyme activity by ACN diphosphates was re-
vealed already in 1990 by Krenitsky ez al. (1990),
who stated that this very acyclovir diphosphate is
the inhibitor of purine nucleoside phosphorylase.
The lack of phosphorylation of ThSP to ThS tri-
phosphate and the remaining results of phosphor-
ylation included in Table II indicate univocally
that among the studied ACN'’s, only these are bio-
logically active which are in vivo phosphorylated
to corresponding triphosphates which probably in-
hibit dTMP and dGMP synthesis. This view is con-
firmed by the idea postulated by other authors
that biologically active ACN’s inhibiting the
growth of tumors or virus replication are their tri-
phosphates (Wang er al, 1994; Balazarini et al,
1994), although other mechanisms of cytostatic ac-
tivity of ACN’s have also been described (Greger
and Dramiiiski, 1989; Goudgaon et al, 1992).
Among the studied ACN’s , AMT is the most
promising one. This compound inhibits the synthe-
sis of dTMP and dGMP in vivo to the same extent
as ThS (Table I), although the phosphorylation of
AMT by kinases present in cytosol of growing tu-
mor results in a 3-fold smaller quantity of AMT
triphosphate as compared with the synthesis of
ThS triphosphate (Table II). A 37% inhibition of
dTMP synthesis by AMT in vitro (Table I) does

not seem to be of great significance. AMT is a
weak competitive inhibitor of dThd kinase (K=
740 uM, Fig. 2), which does not exclude the syner-
gistic effect of AMT and AMT triphosphate on
the synthesis of dTMP. It should be expected that
the final cytostatic effect exerted by AMU, and
especially by AMT and ThS, is correlated, beside
the inhibition of dTMP and dGMP synthesis, with
the inhibition of pyrimidine and purine nucleoside
phosphorylase activity, as it is in case of other
ACN’s (Drabikowska er al., 1987; Naguib er al.,
1993; Bzowska et al., 1994). In the phosphorylation
chain leading from AMU, AMT and ThS to their
biologically active triphosphates, the inhibition of

/v
Ulmg of protein x 1077
2000

1200

-10 -5 0 5 10
1/Smm

Fig. 2. Lineweaver — Burk plot of dThd kinase activity
in cytosol of six days growing hepatoma (@-@-@®-) in the
presence of 0.2 mM (-O-O-O-) and 0.4 mM (-&-&-4-)
AMT. K, calculated from this plot equals 98 um, K,,; at
0.2 mm and 0.4 mm AMT are 124 um and 151 um, respec-
tively. K; at 0.2 mm and 0.4 mm AMT calculated from
these values are 736 um and 742 um, respectively. Re-
gression coefficients (B) and correlation coefficients (r)
values are: for dThd kinase, B = 102.13, r = 0.99; for
dThd kinase in the presence of 0.2 mm AMT, B = 107.00,
r = 0.96; for dThd kinase in the presence of 0.4 mm AMT,
B =152.02, r =0.99.
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phosphorylase activity could significantly facilitate
the first step of phosphorylation. An investigation
on the influence of AMU, AMT and ThS on the
activity of pyrimidine nucleoside phosphorylase
will be the subject of further research.
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