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SUMMARY

The probable mechanism underlying the effect of uridine in potentiating the bio-
logical activity of an antileukemic agent, arabinosylcytosine, is described. Only uri-
dine, among other nucleosides, was capable of increasing the radioactivity in spleen
after concurrent administration with ara-C-*H. Uridine did not augment the radioac-
tivity in spleen when given in conjunction with other labeled nucleosides. Enzymatic
studies with a dialyzed splenic supernatant from BDF, mice bearing advanced Leu-
kemia L1210 disclosed that ara-C-*H was phosphorylated with uridine 5’-triphosphate
at twice the initial rate as compared to adenosine 5’-triphosphate at equinolar concen-
trations. The presence of an enzymatic system in spleen was indicated with which uri-
dine 5’-triphosphate is the active phosphate donor. This system is capable of phos-
phorylating deoxycytidine, but not cytidine. The effects of uridine on the biological
activity of ara-C are thus considered a consequence of increased phosphorylation of

ara-C in the presence of uridine 5’-triphosphate.

INTRODUCTION

Previous studies (1, 2) have shown that
Urd,? administered in conjunction with a
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*The following abbreviations have been used:
Urd, uridine; ara-C, 1-B-p-arabinofuranosylcyto-
sine; dThd, thymidine; ara-U, 1-B-p-arabino-
furanosyluracil; PEP, phosphoenolpyruvate; Cyd,
cytidine; dCyd, deoxycytidine; ATP, adenosine
5'-triphosphate, disodium salt; UTP, uridine 5'-
triphosphate; dUrd, deoxyuridine; ara-CMP, 1-
B-p-arabinofuranosylcytosine  5’-monophosphate;
ara-CDP, 1-B-p-arabinofuranosylcytosine 5'-di-
phosphate; ara-CTP, 1-B-p-arabinofuranosyleyto-
sine 5'-triphosphate; Ado, adenosine; Guo, guano-
sine, dGuo, deoxyguanosine; U, uracil; dAdo,
deoxyadenosine; UDPG, uridine diphosphoglu-
cose; dUMP, deoxyuridylic acid; UMP, uridylic
acid; UDP, uridine 5'-diphosphate; TTP, thymi-
dine §'-triphosphate; GTP, guanosine 5'-triphos-
phate; ITP, inosine 5'-triphosphate; CTP, cyti-
dine 5'-triphosphate; dATP, deoxyadenosine 5'-
triphosphate; dCTP, deoxycytidine 5'-triphos-
phate; dUTP, deoxyuridine 5'-triphosphate; CDP,
cytidine 5’-diphosphate.
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suboptimal dose of ara-C, resulted in pro-
longed survival of BDF, mice bearing
Leukemia L1210 in comparison with ad-
ministration of the suboptimal dose of
ara-C alone. No potentiation occurred
when Urd was replaced by dThd, ara-U,
or several other uracil metabolites. In nor-
mal BDF,; mice, inclusion of Urd with an
optimal dose of ara-C in the daily regimen
resulted in toxicity (2). Urd also enhanced
the toxicity of a toxic dose of ara-C. In
normal mice, an increase of 117% in
radioactivity of spleen was observed 60
min after concurrent administration of
Urd and ara-C-*H as compared with ara-
C-H alone (2). Lesser increases were also
observed in marrow, and to a slight degree
in thymus, but not in blood, liver, kidney,
or brain.

Studies of other investigators, on inter-
actions of ara-C with the metabolism of
uracil derivatives, do not provide evidence
for a distinct role for Urd in sparing either
the antileukemic action or toxicity of
ara-C. While Urd, ara-U, and dThd each
inhibited deamination of ara-C in a cul-
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ture of carcinoma cells contaminated with
mycoplasmata (3), the latter two com-
pounds failed to spare the antileukemic
activity of ara-C (2). Furthermore,
chromatographic fractionation of spleens
following administration of ara-C and Urd
indicated that repression, or inhibition, of
deamination was unlikely as the major
mechanism by which Urd exerted a sparing
action on utilization of ara-C in mice. No
distinet variations in the patterns of pulse
labeling with kidney and blood were noted
with the use of both regimens which might
have conceivably indicated relative differ-
ences in the degree of deamination,

More recently, Yushok (4) reported that
Urd promoted phosphorylation of hexoses
and decreased respiration in ascites cells.
The significance of phosphorylation of
ara-C for therapeutic activity was sug-
gested by Chu and Fischer (5), who ob-
served a markedly decreased conversion of
ara-C to the corresponding 5’-phosphate
esters in a subline of L5178Y cells re-
sistant to ara-C.

These considerations led us to study re-
lationships between uracil derivatives and
phosphorylation of ara-C.

MATERIALS AND METHODS

1-B-p-Arabinofuranosylcytosine  hydro-
chloride and ara-U were provided by the
Cancer Chemotherapy National Service
. Center. Nucleosides, and nucleotides as
- sodium salts, were purchased from P-L
Biochemicals, Inc. ATP, PEP, and Tris
buffer were purchased from Sigma Chemi-
cal Co. Ara-C-*H and Cyd-*H were pur-
chased from Schwarz BioResearch Inc. and
dCyd-*H was purchased from New Eng-
land Nuclear Corp. The AG 50W-X8 (CI-,
200400 mesh) and AG 1-X8 (CI-, 200~
400 mesh) resins were purchased from Bio-
Rad laboratories. Chromatographic col-
umns were monitored at 280 my with a
Gilson Medical Electronics absorption
meter. All inorganic chemicals were pur-
chased from J. T. Baker Chemical Co. All
chemicals used for determination of radio-
activity were purchased from Packard In-
strument Co., Inc. except for dioxane,
which was purchased from Fisher Scientific

Co.

Male BDF,; mice (19-25g) obtained
both from Laboratory Supply Co. and from
the colony at Microbiological Associates,
Inc., were maintained on Purina Labora-
tory Chow and water ad libitum. For the
study on the effect of Urd on localization
of labeled nucleosides (20 mg/kg of body
weight) in spleen, an aqueous solution con-
taining either 2 uC of the *C-labeled
nucleoside or 5 uC of the 3H-labeled
nucleoside was injected subcutaneously in
the right scapular region in normal male
BDF, mice. A second group of mice was
similarly injected except that Urd (480
mg/kg) was administered subcutaneously
in the left scapular region immediately be-
fore injection of labeled nucleoside. Mice
were sacrificed by cervical dislocation after
45 min, at which time maximal localiza-
tion of ara-C occurs (2). Spleens were
processed for determination of radioac-
tivity by the method described previously
2).

In the study on the effects of various
nucleosides and nucleotides on the localiza-
tion of ara-C-*H in spleen, equimolar con-
centrations of nucleosides and nucleotides
comparable to Urd (480 mg/kg) were in-
jected as described above. After 45 min,
normal mice were sacrificed by cervical
dislocation and radioactivity was deter-
mined in spleen. In the study on the locali-
zation of ara-C-°*H with increasing
splenomegaly, BDF, mice bearing either
Leukemia L1210 or a resistant subline
(AW-75) of Leukemia L1210 (6) were
used. For studying Leukemia L1210, each
mouse was inoculated subcutaneously in
the right inguinal region with 6.2 million
splenic cells obtained from DBA/2 mice 7
days after inoculation with Leukemia
L1210. The resistant subline (AW-75) was
obtained from CDBA mice 7 days after
inoculation with the AW-75 subline and
each mouse was inoculated subcutaneously
with 5.7 million cells in the right inguinal
region. Each subsequent day, three mice
from each leukemic group were injected
subcutaneously in the right scapular region
with ara-C (20 mg/kg) containing 5 uC
of ara-C-*H. After 45 min, the mice were
sacrificed by cervical dislocation and radio-
activity in spleen was determined.
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Phosphorylation of ara-C-*H in witro
was studied using the supernatant (2000 g
for 10 min) of a 30% homogenate (0.25 M
sucrose, Potter-Elvehjem homogenizer with
Teflon pestle) of pooled spleens from BDF,
mice bearing advanced (7 days) Leukemia
L1210. Incubation mixtures (1.5 ml, pH
6.4) contained: ATP, 2.25 umoles; PEP,
1125 umoles; NaF, 15 pmoles; MgCl;, 3.5
pmoles; ara-C-*H (2 uC) 7.5 X 10-* umole;
0.2 ml supernatant (4.48 mg protein) ; and
0.05 M Tris acid maleate buffer. After in-
cubation at 37° for varying intervals, the
mixture was heated for 2 min in boiling
water. After centrifugation, the supernatant
was chromatographed on columns (1 X 8
cm) of AG 1-X2 (CI, 200-400 mesh).
Ara-C was eluted by 50 ml of distilled
water, ara-CMP by 50 ml of 0.005 x HCI,
and di- and triphosphates by 150 ml of
0.1x HCIL The elution scheme was de-
vised with the use of appropriate refer-
ence standards. Radioactivity was deter-
mined in 0.5 ml of each fraction, and
corrections for quenching were found to be
unnecessary when the solvent system of Tye
and Engel (7) was used. Further enzymatic
studies were conducted following recen-
trifugation (10%¢g for 1 hr) and dialysis of
the resulting supernatant in 7 liters of
tris (hydroxymethyl) aminomethane (Tris)
buffer, pH 7.2, changed twice during 72
hr. The Beckman Model L-2 ultracentri-
fuge with the Type 40 rotor was used for
the high speed centrifugation. Each super-
natant was stored at —15° until used.
Protein determinations were done by the
method of Lowry et al. (8).

RESULTS

As expected from the previous study
(2), localization of ara-C in vivo was in-
creased by Urd (Table 1). However Urd
did not increase the localization of the
other naturally occurring nucleosides. The
uptake of Cyd-*C and dUrd-*C was de-
creased by 30% after concurrent admin-
istration of Urd. Since Urd increased
localization neither of dCyd-*H nor of
other labeled nucleosides, in spleen, the
effect of Urd appeared to be restricted to
ara-C.
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When other nucleosides were substituted
for Urd at equimolar quantities, none of
the other naturally occurring nucleosides
increased the localization of radioactivity
in spleen to the same extent as Urd (Table
2). Several of the other uracil derivatives
increased the localization of radioactivity
when given in conjunction with labeled
ara-C, but generally not to the same ex-
tent as Urd. On the other hand, UTP,
when administered in conjunction with
labeled ara-C, produced an even greater
increase in the localization of radioactivity
in spleen than Urd. These results indi-
cated that UTP is probably involved in
the effect of Urd in increasing the localiza-
tion of ara-C-2H in spleen.

When the extent of labeling in spleen of
untreated BDF, mice bearing Leukemia
L1210 was studied, the concentration of
radioactivity in the spleen tripled, after
injection of ara-C-®H, with increasing
splenomegaly during the two days preced-
ing death of the remaining mice (Fig. 1).
In an analogous study, with mice bearing
a subline resistant to the action of ara-C,
the AW-75 subline of Leukemia L1210 (6),
the concentration of radioactivity in the
spleen did not increase with the advent of
splenomegaly. Chu and Fischer (5) re-
ported that a clone of L5178Y cells, re-
sistant to growth inhibition by ara-C, was
defective in the conversion of ara-C and
dCyd to the corresponding 5’-phosphate
esters. Chromatographic fractionation of
the radioactive constituents in spleens, 45
min after administration of ara-C-*H to
mice bearing 7-day-old Leukemia L1210,
using Reichard’s column (9) as described
previously (2), disclosed that 60% of the
recovered radioactivity was attributable
to ara-CMP. A similar study disclosed that
only 14% was attributable to ara-CMP in
spleen from BDF, mice bearing a 10-day-
old AW-75 resistant subline of Leukemia
L1210. Another study indicated that Urd
was no longer capable of increasing the
localization of radioactivity in spleen of
mice bearing the AW-75 resistant subline
of Leukemia L1210. Thus, the possibility
that the effects in vivo of Urd and UTP in
increasing the radioactivity in the spleen
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TasLE 1
Effects of Urd on localization of nucleosides in normal spleen

Without Urd With Urd Percent change in
Nucleoside (cpm/mg spleen) (cpm/mg spleen) cpm/mg spleen
ara-C-*H 88 (90, 85) 155 (150, 159) +76
dCyd-*H 207 (198, 216) 226 (197, 254) +9
Cyd-“C 380 (390, 370) 261 (248, 273) =31
dThd-+C 158 (151, 165) 167 (158, 176) +3
dUrd-#C 326 (332, 320) 234 (203, 265) —28

s Averages (and individual values) are shown for two experiments as described in Materials and Met!:..ds

may be related to phosphorylation of
ara-C was evaluated.

To study phosphorylation of ara-C-°H,
conditions for maximum phosphorylation
of ara-C-*H utilizing ATP as the phos-
phate donor were sought. The primary con-
ditions, as described by Chu and Fischer
(5), were modified by inclusion of PEP to
regenerate ATP and addition of NaF to
inhibit ATPases and phosphatases. Deami-
nation of ara-C-H was negligible in the
incubation system as evidenced by the use
of methods described previously (2).

Phosphorylation studies with the low-
speed supernatant showed that ara-C-*H
was phosphorylated in the presence of
ATP over a wide pH range. Throughout
the range from pH 5.2 to pH 8.5, the per-
centage of conversion varied between 20
and 25% tritiated nucleotides without evi-
dence of a distinct optimum. In these
studies, when ATP was used as the phos-
phate donor, the tritiated nucleotides
formed were primarily ara-CDP and ara-
CTP as characterized by column chroma-
tography. The rate of phosphorylation of
ara-C-*H was linear during the first 30
min, and by 60 min a maximum of 50%

conversion to nucleotide occurred (I"'z. 7).
With substitution of UTP for ATP, . .-
C-H was phosphorylated at twice
initial rate as compared with ATP, and by
60 min the maximum conversion to nuclo-
tide (primarily ara-CMP) was incic .ol
to 75%. Phosphorylation of dCyd-*1iI .t
45 min was slightly enhanced in the pre -
ence of UTP over that observed with AT'.
(Fig. 2). Cyd-*H was phosphorylated o
the same extent as dCyd-*H in the p.cs-
ence of ATP, but only to a slight exteunt [
the presence of UTP.

When other nucleotides were substitut.d
for ATP, ara-C-*H was phosphorylated to
varying extents; TTP and UDP actcd
almost as well as ATP (Table 3). Gi»
and ITP served as phosphate donors (o
some extent, while CTP, dUTP, dA. .,
and dCTP showed little or no capabil iy
The presence of Mg in the incubat.on
mixture was a requirement for pho:phcry:
ation with UTP and ATP. In the care of
ATP, inclusion of PEP in the incub.tion
mixture aided phosphorylation of
C-3H, probably by regeneration of AT,
whereas in the case of UTP, PEP had very

[So ey

TABLE 2
Effects of various nucleosides and nucleotides on the localization of ara~-C-2H in normal splcen

Percent change in Percent change in Percent change in
Compound cpm/mg spleen Compound cpm/mg spleen Compound  cpm/mg spleen
UTP 163+ (127, 198) UMP 91 (89, 93) ara-U 62 (49, 75)
Urd 147 (143, 150) UDPG 78 (49, 107) dGuo 39 (18, 59)
dUrd 131 (122, 140) dAdo 71 (51, 91) Guo 38 (36, 40)
UDP 120 (82, 157) dCyd 71 (68, 75) dThd 0(-7,7)
dUMP 106 (105, 107) Cyd 66 (42, 89) U —6 (—30, 18)

¢ Averages (and individual values) are shown for two experiments as described in Materials and Methods,

Mol. Pharmacol. 4, 96-103 (196S)
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sublines of Leukemia L1210
Each point is a value using one mouse.

little effect. Also, PEP itself was ineffec-
tive as a phosphate donor. However, none
of these donors were as effective as UTP

After high-speed centrifugation, followed
by dialysis of the supernatant, UTP was
still three times more effective than ATP

with which 71% conversion to nucleotide as a phosphate donor to ara-C-3H
was achieved. (Table 4).
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Fia. 2. Comparison of phosphorylation in the presence of either ATP or UTP

Incubation mixtures (1.5 ml, pH 6.4) contained: nucleotide, 225 gmoles; PEP, 1125 umoles; NaF,
16 umoles; MgCl, 3.5 umoles; labeled nucleoside (2 xC), 7.5 X 10 umole; Tris acid maleate, 50
pmoles; and 0.2 ml of supernatant (4.48 mg protein). Incubation was for varying intervals at 37°.
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TaABLE 3
Phosphorylation of ara-C-*H with various nucleotides
Incubation mixtures (1.5 ml, pH 6.4) contained: nucleotide, 2.25 umoles; PEP, 11.25 umoles; NaF, 15
umoles; MgCls, 3.5 umoles; ara-C-*H (2 4C), 7.5 X 10~ ymole; Tris acid maleate, 50 umoles; and 0.2 ml of
supernatant (4.48 mg protein). Incubation was for 45 min at 37°.

Percent tritiated Percent tritiated
nucleotides nucleotides
Nucleotide added formed Nucleotide added formed
+UTP 71 +dATP 3
+ATP 48 +dCTP 1
+TTP 44 +dUTP 4
+GTP 35 None 3
+ITP 24 +UTP, —PEP 62
+UDP 43 +ATP, —PEP 26
+CTP 10 4+UTP, —MgCls 15
+UDPG 5 +ATP, —MgCly 6
TABLE 4 Brockman (10) have observed that phos-
Phosphorylation of ara-C-*H by dialyzed phorylation of Urd per se to produce UMP
and undialyzed supernatants is a rate-limiting step in the sequence

Incubation mixtures (1.5 ml, pH 6.4) contained:
ara-CH (2 xC), 7.5 X 10~ umole; MgCly, 3.5
pmoles; Tris acid maleate, 50 umoles; NaF, 15
pmoles; and 0.2 ml of supernatant (2.08 mg of
protein). The concentrations of the indicated phos-
phate donors were UTP, 2.25 umoles; ATP, 2.25
psmoles; PEP, 11.25 umoles. Incubation was for
45 min at 37°.

Percent tritiated
nucleotides formed

Phosphate

. donor in Crude Dialyzed

mcilnbation supernatant, supernatant,

mixture 2000 g 106¢

UTP, PEP 72 69
ATP, PEP 48 31
UTP 62 60
ATP 26 23¢

¢ NaF omitted.

DISCUSSION

Urd in wvivo selectively increased the
localization of ara-C-*H in normal spleen
(Table 1). The results with Cyd and
dUrd indicate that Urd may be a precursor
of these two nucleosides via salvage path-
ways. Furthermore, increased localization
also occurred with several uracil deriva-
tives (Table 2). In the phosphorylation
studies in witro, UTP increased phos-
phorylation of ara-C-H. Anderson and

Urd>UMP—-UDP—UTP. It is considered
likely that Urd is more readily con-
verted to UDP and UTP in vivo than in
vitro and that the phosphorylation of ara-
C-°H is facilitated primarily by the tri-
phosphorylated derivative of Urd rather
than by Urd directly. The effect of UTP on
increasing the phosphorylation of ara-
C-*H was studied in leukemic spleen be-
cause of the high kinase activity. However,
a low speed supernatant of normal spleen
also utilized UTP and ATP in phosphoryl-
ation of ara-C and dCyd, but possessed
only one-fifth of the enzymatic activity
found in leukemic spleen.

The actual mechanism of stimulation of
phosphorylation of ara-C-*H by UTP can
only be clarified by purification of the en-
zyme. However, several possibilities can
be eliminated by considering the data.
Since PEP alone in the incubation mix-
ture was inactive in phosphorylation of
ara-C-*H, and UTP was still effective with
the dialyzed supernatant, it is obvious that
UTP acted without regenerating endog-
enous ATP. Also, since UTP was the sole
phosphorylated compound added with the
dialyzed supernatant in the incubation
mixture, it appears that UTP was the di-
rect phosphate danor to ara-C-*H (Table
4), As Cyd-*H and dCyd-*H were each

Mol. Pharmacol. 4, 96-103 (1968)
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converted to 80% nucleotide in the in-
~abztion mixture containing ATP, the
possibility that ATP was unavailable for
“wher phosphorylation of ara-C-*H was
>minated. UTP was a more effective
phosphate donor than ATP for ara-C-*H,
the rate of phosphorylation and the quan-
t'ty of nucleotide being significantly in-
ercased with UTP. Kinetic study of the
nurified enzyme is necessary to delineate
"¢ mechanism.

Since ara-C has not yet been isolated as
a natural constituent (11), it is likely that
+ specific  enzymatic system for phos-
~rorylation of ara-C does not exist and
~ut ara-C is an unnatural substrate for
n existing enzymatic system. As dCyd-®H,
it not Cyd-*H, was phosphorylated in
e presence of UTP (Fig. 2), dCyd kinase
15 probably the enzyme that phosphoryl-
ates ara-C. This observation is substan-
t:ated by the finding of Chu and Fischer
(5) that extracts of cells resistant to the
~ction of ara-C were defective in the con-
cereion of ara-C and dCyd to the cor-
reponding 5-phosphate esters. Studies by
& reeker and Urshel (12) also substanti-

' the observation that ara-C is phos-
~“nrvlated by dCyd kinase. The failure of
tho AW-75 subline to respond to treatment

a~cribed to an insufficiency of phospho-
rylated derivatives of ara-C. Several in-
vetieators (5, 12-14) have indicated the
imnortance of phosphorylation for the
" »=ancutie action. The regimen compris-
ma Urd and ara-C (2) not only provided
mereasedd  quantities of phosphorylated
derivatives of ara-C, but also elevated the
~o-centration of the free agent in spleen.
"“recel (14) has emphasized the desirabil-
iy of providing for increased phosphoryl-
at'on during therapy with ara-C.

While the present study was in progress,
@ novel role in phosphorylatlon was re-
rorted for UTP in comparison with ATP.
Nakamura and Sugino (15) have observed
that UTP was 66% more active than ATP
as & phosphate donor when dCDP was
used as a substrate with a 2800-fold puri-
fied calf thymus nucleoside diphospho-
kinase. Studies in our lahoratory, with a
120-fold purified dCyd kinase from spleens

‘/\Iul Pharmac()l. 4, 96—1.03 ’(1908)
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of mice bearing Leukemia L1210, have
similarly disclosed greater activity with
UTP than ATP.

With respect to the therapeutic efficacy
of ara-C, Chu and Fischer (16) demon-
strated that nucleotides of ara-C inhibited
CDP reductase and that other ribonucleo-
tide reductases are similarly affected (17).
However, as dThd also inhibits CDP re-
ductase (18), though neither exhibiting
antileukemic activity nor sparing the ac-
tion of ara-C (2), the inhibition of reduc-
tases may not entirely account for the
antileukemic activity of ara-C. The thera-
peutic advantage provided by ara-C to-
ward Leukemia L1210 is considered to be
partly due to the comparatively selective
splenic uptake (2). While phosphorylation
of ara-C is apparently mandatory, the
relationship of increased levels of nucleo-
tides of ara-C to the therapeutic activity
have not yet been completely elucidated.
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