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ABSTRACT

Acivicin [L-taS.SS^a-amino-S-chloro^.S-dihydro-S-isoxazole-
acetic acid; NSC 163501] is a fermentation-derived amino acid
antibiotic antagonistic to L-glutamine which exhibits potent on-

colytic properties. We have developed a variant of P388 leukemia
resistant to acivicin (P388/ACIA) and compared its properties
with those of the parent line (P388/S). An examination of the
enzymes utilizing L-glutamine revealed that the basal specific
activities of L-asparagine synthetase and L-glutaminase were 1-
to 3-fold higher in the parent line. The activities of carbamoyl
phosphate synthetase II, L-asparagine synthetase, formylglyci-
namide ribonucleotide amidotransferase, and guanosine mono-

phosphate synthetase were about equally inhibited in the two
cell lines, while there was a partial inhibition of 5-phosphoribosyl-
1-pyrophosphate amidotransferase, fructose-6-phosphate ami
dotransferase, and L-glutaminase activities, found only in the

sensitive line. Cytidine triphosphate synthetase activity was not
inhibited in either line. There was no difference in the dose
response or restitution of L-glutamine utilizing enzyme activities
between the two lines. Acivicin treatment produced a 2- to 3-
fold augmentation of the L-glutamine pools only in the sensitive
line. Drug injection induced increased 5-phosphoribosyl-1 -pyro-

phosphate levels in both lines. Acivicin perturbed guanosine
nucleotide pools only in the sensitive line, indicating that the
primary mechanism of action of acivicin in P388 leukemia may
be directed at guanosine monophosphate synthetase. Transport
studies demonstrated a restricted uptake of acivicin by the
resistant cells. These studies suggest that the transport of
acivicin and L-glutamine plays an important role in determining

the sensitivity or resistance to acivicin in these tumors.

INTRODUCTION

L-Glutamine is an important amino acid involved in the biosyn

thesis of a large number of essential metabolites (16). Thus,
antagonists of L-glutamine which can inhibit crucial biochemi
cal reactions catalyzed by L-glutamine have been of interest
in cancer chemotherapy (7). Among L-glutamine antagonists,
acivicin [L-(aS,5S)-a-amino-3-chloro-4,5-dihydro-5-isoxazole-

acetic acid (NSC 163501 )] is one of the most potent inhibitors of
various L-glutamine-utilizing reactions in purine and pyrimidine

biosynthesis. On the basis of potency of inhibition of key reac
tions by acivicin, Neil ef al. (14) have proposed that acivicin
toxicity is primarily directed at XMP aminase and CPS II.2 In
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addition, Loh and Kufe (12) have suggested CTP synthetase as
the primary target resulting in the depletion of pyrimidine deox-

yribonucleotide triphosphate pools and thus explaining the effect
of acivicin on DNA synthesis. Recently, Aoki ef a/. (1) have
demonstrated in vivo inactivation of CPS II in rat hepatoma by
acivicin and have suggested that this effect could result in a
greatly reduced capacity of the biosynthetic pathway for provid
ing precursors of pyrimidine nucleotides to cancer cells.

Acivicin is undergoing Phase I and Phase II clinical trials and
has demonstrated manageable neurological and myelosuppres-

sive toxicities which are dose and schedule dependent (6,8,15).
In the present study, we have selected a variant of P388 leukemia
resistant to acivicin (P388/ACIA) and have examined the mech
anisms of sensitivity and resistance to acivicin.

MATERIALS AND METHODS

Chemicals. L-[4-14C]Aspartic acid (50 mCi/mmol), L-[l/-14C]aspartic
acid (216 mCi/mmol), sodium [14C]bicarbonate (57.5 mCi/mmol),
deoxy[2-14C]uridine (39 mCi/mmol), and [2-14C]thymidine (60 mCi/mmol)

were obtained from Amersham/Searie Corp. (Arlington Heights, IL).
[cantx>xy-14C]Orotic acid (41.3 mCi/mmol), [carboxy-14C]orotidine 5'-
monophosphate (30.7 mCi/mmol), [2-14C]uridine (52.4 mCi/mmol), and
deoxy[2-14C]cytidine (32 mCi/mmol) were purchased from New England
Nuclear (Boston, MA). Orotidine-5'-phosphate pyrophosphorylase and
orotidine-5'-phosphate decarboxylase (0.32 lU/mg protein), PRPP, and

L-aspartic acid were products of Sigma Chemical Co. (St. Louis, MO).
[a-3H]Acivicin (specific radioactivity, 23 mCi/mmol) was a kind gift from

Dr. Patrick McGovern, The Upjohn Co. (Kalamazoo, Ml). All other chem
icals were of the highest quality obtainable commercially.

Development of P388 Leukemia Resistant to Acivicin in Vivo. Male
C57BL/6J x DBA/2J F, (hereafter called B6D2F,) mice were implanted
i.p. with P388 leukemia (10e cells/mouse) and treated with acivicin at 5.4

mg/kg/day i.p. on Days 1 to 9. When ascites became grossly eminent,
tumor cells were aspirated and implanted i.p. into new host mice, which
were again treated as described above. Resistance to acivicin developed
gradually between the tenth and 30th transplant generations in acivicin-

treated mice (3). The resistant line (P388/ACIA) was stable as it retained
resistance to acivicin after serial passage in untreated mice.

Mice bearing s.c. or i.p. implants of the tumor (P388/S or P388/ACIA)
were given injections of 0.9% NaCI solution (saline) or acivicin (doses
given in the legends), and at specified times, mice were sacrificed, and
tumors were promptly removed and homogenized for 10 sec with a
Polytron homogenizer at 4Â° in 1 volume of buffer consisting of 30%

dimethyl sulfoxide, 5% glycerine, 0.1 M Tris-HCI (pH 7.4), 0.1 M KCI, 0.2

mM EDTA, and 2 mw dithiothreitol. The homogenate was centrifugea at
12,000 x g for 3 min, and the supematants were immediately used for
the enzyme determinations. All procedures were performed at 4Â°.

L-Asparagine synthetase, L-glutamine synthetase, formylglycinamidine
ribonucleotide synthetase, and fructose-6-phosphate amidotransferase

activities were assayed according to the methodology reported earlier
(5, 9). Pyrimidine salvage enzymes, thymidine kinase, undine kinase,
deoxyuridine kinase, deoxycytidine kinase, and cytidine kinase, were
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analyzed according to the techniques reported previously (10).
CPS II. CPS II activities were measured by determination of the

incorporation of NaH14CO3 into A/-[14C]carbamoyl-L-aspartate. To 1500-

n\ Eppendorf test tubes were added 10 /J of 50 mw 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid buffer, pH 7.2, containing 62.5 mw ATP,
75 HIMMgCI2,37.5 mw KCI, 37.5 mM L-aspartic acid, 8.2 mM L-glutamme,
and 12.5% glycerin; 5 M' of either 4-(2-hydroxyethyl)-1-piperazineeth
anesulfonic acid buffer or 0.05 M 5-chloro-4-oxo-L-norvaline; and 10 n\
of tumor supernatant. After addition of 5 /J of NaH14CO3 (1 mCi/ml) to

the underside of the lids, vessels were centrifugea at 12,000 x g for 1
sec to mix reactants and incubated at 37Â°for 15 min. The reaction was
terminated by heating at 95Â°for 2 min, after which 50 pi of 2 N HCI were
added to dissipate unreacted 14C-labeled bicarbonate. Endogenous
ATCase quantitatively converted the newly formed [14C]carbamoyl phos
phate to W-[14C]carbamoyl-L-aspartate which was analyzed by immersing

the vessels in vials containing 15 ml of Aquasol and counted at 85%
efficiency in a Beckman LS-230 scintillation spectrometer. CPS II activity

was taken as the difference in counts obtained in reaction vessels lacking
and containing the u-glutamine antagonist, 5-chloro-4-oxo-L-norvaline.

Dose Response of Inhibition of Enzyme Activities in P388/S and
P388/ACIA Tumors after Acivicin Treatment. Mice bearing 10-day-old

s.c. nodules of P388/S or P388/ACIA were treated with acivicin i.p. in
the following doses (5, 10, 25, 50, 100, 200, 250, and 500 mg/kg; 10
animals/group). Four hr later, the animals were sacrificed, and tumors
were homogenized as outlined in the enzyme assay section. The relative
inhibition of carbamoyl phosphate synthetase and L-asparagine synthe-

tase was determined.
Percentage of Restitution of Enzyme Activities after a Dose of

Acivicin. Mice bearing 10-day-old s.c. nodules of P388/S or P388/ACIA

tumors were treated with 250 mg of acivicin or saline i.p. Groups of 10
animals were sacrificed at the following times (2, 4, 24, 48, 72, and 96
hr) and homogenized as described previously, and the crude extracts
were assayed for carbamoyl phosphate synthetase and L-asparagine

synthetase activities.
Influence of Acivicin on t-Glutamine Concentration in Tumors, in

Vivo. Groups of 5 mice each bearing s.c. transplants of P388/S or P388/
ACIA were given injections i.p. of a dose of acivicin (250 mg/kg) or saline.
The animals were sacrificed 4 hr later, and tumors were excised, flash
frozen on dry ice, and extracted with 10% sulfosalicylic acid. The extract
was centrifuged at 12,000 x g for 3 min, and the supernatant was
adjusted to pH 2.6 to 2.8 with lithium hydroxide, filtered through 0.22-
nm filters, and frozen at -20Â°. Amino acid analysis was performed on a

Beckman 121 M amino acid analyzer using lithium citrate buffers (17).
Influence of Acivicin on PRPP Levels. Groups of 10 mice bearing

s.c.-implanted P388/S or P388/ACIA were treated with acivicin (250 mg/

kg). Mice were sacrificed 4 hr later, and tumors were excised, flash
frozen on dry ice, and homogenized in 1 volume of cold 3% HCIO4.
Following a 15-sec centrifugation at 12,000 x g, supernatants were

rapidly neutralized by the addition of 100 /il of 1 M KH2PO< and approx
imately 10 >il of 40% KOH. PRPP measurements were conducted by
adding 5 >i\ of neutralized tumor supernatant and 5 n\ of [carboxy-14C]

orotate (50 /iCi/ml) to the bottoms of Eppendorf vessels. The reaction
was initiated by the addition of 20 pi of 0.05 MTris-HCI, pH 8.4, containing
0.01 M MgCl;,, yeast orotate phosphoribosyltransferase, and orotidine-
5'-monophosphate decarboxylase (2.56 units/ml), and at the same time,

a 5-/il droplet of 40% KOH was deposited on the underside of the lid of

the vessel. The resultant assembly was closed rapidly and incubated
overnight at room temperature. At the end of this incubation, the PRPP-
dependent liberation of 14CO2was quantified as described above. PRPP

standards, 10 /IM to 10 mM, were constituted in 0.05 M Tris-HCI, pH 8.4,

and delivered as 5 /*! in lieu of tumor supernatant (2).
Effect of Acivicin Treatment on the Nucleotide Concentrations.

Groups of 5 mice bearing s.c. transplants of P388/S or P388/ACIA were
given injections i.p. of acivicin (250 mg/kg). Animals were sacrificed 4 hr
later, and tumors were quickly excised and flash frozen on dry ice. The
tumors were then homogenized (1:4, w/v) in 5% perchloric acid and

immediately neutralized with 40% KOH, and an aliquot was analyzed on
a Waters high-pressure liquid Chromatograph (Waters Associates, Mil-
ford, MA) using a Whatman Partisil 10-SAX column preequilibrated with

5 mM potassium phosphate buffer, pH 2.8. After an isocratic elution at 1
ml/min for 10 min, a linear gradient was applied with the starting buffer
and 0.1 M potassium phosphate, pH 4.8, for 40 min at 2 ml/min. Under
these conditions, the following nucleotides exhibited a retention time
(given in min) of CMP (9.5), AMP (12.7), UMP (15.0), GMP (16.5), UDP
(22.0), CDP (20.8), ADP (23.3), GDP (28.1), UTP (29.0), CTP (30.6), ATP
(32.8), and GTP (36.0).

Transport Studies. For the transport studies, mice were implanted
i.p. with P388/S or P388/ACIA (1 x 10" cells/mouse). Five days later,

cells were aspirated from the peritoneum of mice and washed twice with
10 ml each of Hanks' balanced salt solution. The cells were then
equilibrated with Dulbecco's phosphate-buffered saline containing 5.6

mM glucose at 37Â°at a concentration of 3 x 106 cells/ml. The techniques

for performing uptake studies were essentially the same as reported
earlier (10). Briefly, [3H]acivicin or i_-[U-14C]glutamine was added to cell
suspensions to yield a final concentration of 10 to 100 /<M with ['H]-
acivicin or 1 to 10 mM with L-[C/-14C]glutamine, and at appropriate times,

900-/J aliquots of the cells were transferred to microcentrifuge tubes

containing 600 n\ of Versilube F50 siticene oil. Incubations were termi
nated by centrifugation of cells through the oil at 12,000 x g for 1 min in
an Eppendorf centrifuge. The cell pellets were solubilized in 15 ml of
Aquasol prior to scintillation counting. Data were corrected for entrapped
extracellular drug using 14C-inulin as a marker.

Exchange of f>-sH]Acivicin by Tumor Cells in Vitro. Cells were

prepared as detailed under transport studies. To an aliquot of cell
suspension (1 x 107 cells/100 /il) Â¡nEppendorf test tubes, 1 //Ci of [Â«-
3Hlacivicin was added to the cell suspension, and at the same time, 5 //I
of 40% KOH were deposited on the underside of the lid to trap any 3H-

labeled water generated. The tubes, after capping, were incubated at
37Â° for 60 min. Radioactivity in the KOH droplet was determined by

scintillation spectrometry.

RESULTS

Sensitivity or Resistance to Acivicin in Vivo. The native
murine P388 lymphocytic leukemia (P388/S) is sensitive to aciv-

Tabte!
Effect of treatment with acivicin on the survival of mice bearing i.p. -transplanted

P388/S or P388/ACIA tumors

Groups of 10 mate B6D2F, mice weighing 22 to 25 g were given injections i.p.
of 1 x 10* cells of P388/S or P388/ACIA tumor. Twenty-four hr later, treatment
was started. Animals were fed with Purinachow and water ad libitum. Weight and
mortalities were recorded daily.

P388/SP388/ACIAAcivicin

dose
(mg/kg

i.p.)TreatmentscheduleMedium

survival
time

(days)Medium

survival
time

ILS" (days)ILS

16
8
4
2
1

160

Control

QD1-9
QD1-9
QD1-9
QD1-9
QD1-9

Q4D 1, 5, and 9

10.0

20.0
21.0
18.5
16.6
15.0

24.5

100
110
85
60
50

145

12.0

9.0
13.0
10.0
12.5
12.0

15.0

Toxic
8

-17
4
0

25

80402010Q4D1,Q4D1,Q4D1,Q4D1,5,and95,
and95,
and95,
and 918.017.016.013.08070603012.013.515.013.50122512

" ILS, increased life span; QD1-9, treatment daily (Days 1 to 9); Q40 1, 5, and

9, treatment every 4 days (Days 1,5, and 9).
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Table 2
Influence of acivicin treatment on the activities ol L-glutamineutilizing enzymes from P388/S and P388/ACIA

B6D2F, mice bearing s.c. tumors were treated with saline or acivicin (250 mg/kg) for 4 hr. Tumors were excised,
homogenized,and assayed for enzyme activities.

Enzyme activity (nmol product formed/mg protein/hr)

EnzymesCPSII

L-Asparaginesynthetase
Formylglycinamide ribonucleotide

amidotransferase
GMP synthetase
PRPPamidotransferase
Fructose-6-phosphateamidotrans

ferase
L-Glutaminase
CTP synthetaseSaline6.6

Â±0.4"

0.2 Â±0.0
0.7 Â±0.17.2

Â±0.8
4.5 Â±0.2
3.9 Â±0.22.4

Â±0.3
15.3 Â±1.6P388/SAcivicin0.7

Â±0.1b
0.1 Â±O.O"
0.1 Â±O.O63.6

Â±0.3"
2.8 Â±0.1b
1.8Â±0.4"1.8

Â±0.2"

15.0 Â±1.0%

of in
hibition88.8

68.2
82.153.5

37.5
53.225.9

0Saline6.8

Â±0.3
0.5 Â±0.0
1.8Â±0.17.7

Â±0.6
2.7 Â±0.2
2.4 Â±0.13.4

Â±0.3
11.4 Â±0.5P388/ACIAAcivicin0.8

Â±0.1"
0.1 Â±O.O6
0.3 Â±0.0*5.7

Â±0.3Â°

2.7 Â±0.4
2.6 Â±0.23.4

Â±0.4
15.2 Â±1.4%

of in
hibition88.0

76.5
85.821.0

0
000'

Mean Â±S.E.
"p<0.01.

Table 3
Dose response of inhibition of enzyme activities in P388/S and P388/ACIAtumors

after acivicin treatment
Groups of 10 male B6D2F, mice bearing s.c.-implanted tumors were given

injections i.p. of a specified dose of acivicin. Four hr later, tumors were excised
and assayed for enzyme activities as detailed in 'Materials and Methods." Basal
activities in saline-treatedcontrols are indicated in Table 1.

% of inhibitionof enzymeactivitiesDose

of
acivicin
(mg/kg)5

10
25
50

100
200
250
500CPSIIP388/S66.0

Â±9.0Â«

75.3 Â±5.2
81.3 Â±9.5
85.0 Â±9.6
90.5 Â±4.7
90.3 Â±6.8
92.0 Â±8.4
95.0 Â±9.0P388/ACIA79.3

Â±15.7
92.0 Â±13.1
92.8 Â±5.8
92.8 Â±8.2
92.0 Â±3.7
95.9 Â±7.7
96.1 Â±12.0
98.0 Â±12.7L-Asparagine

synthetaseP388/S61

.9 Â±8.9
71.9 + 7.3
73.6 Â±5.8
78.1 Â±2.8
73.9 Â±4.4
73.9 Â±1.5
71.9 Â±8.8
79.9 Â±7.3P388/ACIA83.0

Â±10.3
87.2 Â±14.5
89.8 Â±4.7
90.3 Â±5.9
89.4 Â±8.9
88.1 Â±11.7
88.3 Â±7.2
88.2 Â±1.6

a Mean Â±S.E.

Table 4
Restitutionof enzyme activities after a dose of acivicin

Groups of 10 mate B6D2Ft mice bearing s.c. tumors were given injections i.p.
of acivicin (250 mg/kg) or saline.At appropriate times, tumors were removed and
assayed for enzyme activities according to the technique described in "Materials
and Methods." At zero time, CPS II activity in P388/S and P388/ACIA was 6.6 Â±

0.4 and 6.8 Â±0.3 nmol of carbamoyl phosphate formed per mg protein per hr,
respectively, and t-asparagine synthetase activity in P388/S and P388/ACIA was
0.2 Â±0.0 and 0.5 Â±0.0 nmol of L-asparaginesynthesized per mg protein per hr,
respectively.

% of restitution of enzymeactivitiesTime

after dos
ing (hr)2

4
8

24
48
72
96CPSIIP388/S12.3

Â±0.5*

18.8 Â±3.3
28.0 Â±6.4
33.8 Â±7.3
37.7 Â±6.7

100.0 Â±6.1
100.0 Â±6.2P388/ACIA18.0

Â±3.3
24.6 Â±3.2
24.1 Â±4.1
30.7 Â±4.6
84.3 Â±5.6
91.8 Â±6.0

100.0 Â±7.0L-Asparagine

synthetaseP388/S30.8

Â±3.0
31.9 Â±5.3
38.8 Â±5.7
45.9 Â±5.5
48.5 Â±4.4
56.3 Â±10.8
74.8 Â±4.4P388/ACIA29.5

Â±3.2
32.8 Â±1.1
40.0 Â±2.8
42.2 Â±2.4
42.1 Â±2.3
50.2 Â±2.6
76.3 Â±9.6

â€¢Mean Â±S.E.

icin therapy, whereas the resistant variant selected under in vivo
conditions is nonresponsive to acivicin treatment (3). The treat
ment of mice bearing i.p.-implanted tumor with acivicin produced

a maximum increase in the life span of 145 in mice bearing P388/
S leukemia, while no such increase was observed in mice bearing

P388/ACIA tumor (Table 1).
Influence of Acivicin Treatment on the Activities of L-Glu-

tamine Utilizing Enzymes from P388/S and P388/ACIA Lines.
To understand the mechanisms of resistance to acivicin in vitro
and in vivo, a resistant variant of P388 leukemia to acivicin was
developed. Initially, we elected to examine the specific activities
of the several L-glutamine-requiring enzymes in the sensitive and
resistant lines. CPS II, L-asparagine synthetase, and formylgly-

cinamide amidotransferase were inhibited equally in both lines
(68 to 88% control), whereas PRPP amidotransferase, fructose
6-phosphate amidotransferase, and L-glutaminase were only

inhibited in the sensitive line (38,53, and 25% of control, respec
tively). CTP synthetase was not inhibited in either tumor, whereas
GMP synthetase demonstrated a greater inhibition in the sensi
tive line (53 versus 21% of control) (Table 2).

Dose Response of Inhibition of CPS II and L-Asparagine
Synthetase in Acivicin-sensitive and -resistant Tumors. To
bring forth differences in the enzyme-inhibitory profile in the 2
lines by acivicin, CPS II and L-asparagine synthetase were ex

amined, since they were potently inhibited at a dose of acivicin
(250 mg/kg). As shown in Table 3, there was no significant dose-
response relationship in the inhibition of the enzymes examined.
The lowest dose of the acivicin tested, 5 mg/kg, inhibited the
specific activity of the enzymes more than 50%. This is rather
interesting, since treatment of mice with acivicin (5 mg/kg) had
no therapeutic benefit to mice bearing P388/ACIA, although CPS
II and L-asparagine synthetase were significantly inhibited.

Restitution of Enzyme Activities following Therapeutic
Dose of Acivicin. To select the in vivo frequency of treatment
with acivicin, the restitution of enzyme activities was examined
following the administration of a therapeutic dose of acivicin at
250 mg/kg. As is shown in Table 4, the restitution of CPS II
activity was complete at 72 hr, whereas L-asparagine synthetase

activity was not completely restored even at 96 hr. The overall
time course of the activities of the enzymes is similar in the
sensitive and the resistant lines.

Salvage Pathway Enzymology. Although acivicininhibitssev
eral L-glutamine-requiring steps in the de novo purine and pyrim-

idine biosynthetic pathways, the elucidation of the specific activ
ities of the purine and pyrimidine salvage enzymes could indicate
its role, if any, on the mechanism of sensitivity or resistance of
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Tables
Influence ot acivicin on pyrimidine salvage enzymes

Groups of 10 male B6D2F, mice bearing s.c. tumors were given injections i.p. of saline or acivicin (250 mg/kg). Four hr later, tumors were
removed and assayed for enzyme activity as detailed in "Materials and Methods."

Nucleosidekinase
(nmol product formed/mg protein/hr)

Nucleosidephosphorylase
(nmol product formed/mg protein/hr)

P388/SPrecursorThymidine

Uridine
Deoxyundine
Deoxycytidine
CytidineSaline4.1

Â±0.8a

196.7 Â±15.9
11.6 Â±2.0
12.5+1.4

105.8 Â±7.6Treated

withacivicin5.30

Â±0.6
209.7 Â±12.5

7.4 Â±0.8"
16.8+1.0
95.0 Â±5.6P388/ACIASaline4.2

Â±0.3
235.8 Â±12.5

6.1 Â±0.9
14.6 Â±0.5
95.5 Â±7.0Treated

withacivicin4.7

Â±0.3
187.3 Â±5.9"

6.1 Â±0.6
16.0 Â±1.1
90.3 Â±2.4P388/SSaline15.5

Â±1.5
139.7 Â±17.1
62.5 Â±4.9Treated

withacivicin11.4

Â±0.9
122.8 + 9.8
18.8 + 4.9P388/ACIASaline3.7

Â±0.2
57.3 Â±3.5
18.8 Â±1.2Treated

with
acivicin3.9

Â±0.5
44.5 Â±5.7
15.7 Â±1.0

" Mean + S.E. with 10 samples/group.
"p<0.01.

Tabte6
Influenceot acivicin treatment on L-glutaminepools in tumors in vivo

Groups of 5 male B6D2F, mice bearing s.c. tumors were treated i.p. with saline
or acivicin(250 mg/kg) for 4 hr, tumors were then removed,and L-glutaminepools
were determinedaccording to the technique detailed in the text.

Treatment (nmol L-glutamine/gtumor)

Tumor Saline Acivicin

P388/S
P388/ACIA

425.2 Â±11.6"

319.4 Â±8.2
1044.6 Â±1.3
459.8 Â±10.1

* Mean + S.E.

the tumor lines. A greater ability to anabolize exogenous pyrim
idine and purine nucleosides could contribute to resistance to
acivicin in the P388/ACIA line. The ability of the homogenates of
the sensitive and resistant lines to phosphorylate pyrimidine
nucleosides and deoxynucleosides is shown in Table 5. The
enzymes responsible for phosphorylating thymidine, undine.
deoxyuridine, deoxycytidine, and cytidine exhibited similar activ
ities in the sensitive and resistant lines. Additionally, acivicin
treatment did not alter the specific activity of the enzymes in the
tumor lines examined. Similarly, nucleoside phosphorylases were
examined, and once again, no significant differences between

the lines were noticeable.
Influence of Acivicin Treatment on u-Glutamine Pools in

Tumors, in Vivo. Since the pattern of inhibition of the specific
activities of L-glutamine-requiring enzymes did not completely

explain the mechanism of resistance to acivicin in the resistant
tumor line, it was felt to be of interest to examine the intratumoral
pool sizes of L-glutamine in vivo, since the latter may compete

for the cellular uptake of acivicin. As shown in Table 6, 4 hr
following acivicin treatment, there is approximately a 2-fold in
crease in the concentration of L-glutamine in the sensitive line

and only a minor increase in the resistant variant.
Effect of Acivicin Treatment on the PRPP Pools in Tumors.

Since acivicin inhibits several steps in the utilization of PRPP, we
have examined the intratumoral PRPP pools. It was of no sur
prise to detect enhancement of PRPP pools in the tumor follow
ing treatment with acivicin. However, unexpectedly, we noted a
10-fold increase in the pool in the resistant variant and a 3-fold

increase in the sensitive variant (Table 7). The importance of this
effect is as yet unclear.

Influence of Acivicin on the Nucleotide Content of P388/S
and P388/ACIA Leukemia. Four hr following treatment with

Table 7
Influence of acivicin on nucleotide content of P388/S and P388/ACIAleukemia

Groups of 5 mice, each bearing the appropriate tumors, were treated with 0.9% NaCI solution or acivicin
(250 mg/kg). Animals were killed 4 hr after drug administration, and the tumors were removed and analyzed
for nucleotide content as described in "Materials and Methods."

Nucleotidecontent (nmol/g)

CMPCDPCTPUMPUDPUDPG"UTPAMPADPATPGMPGDPGTPPRPP0.9%

NaCI so
lution(control)100

+20a290

+50500
+110430

Â±150280
Â±30730

Â±180830
+210820

Â±13690
Â±701170
+250220
+40250
+50350
Â±6025
Â±4P388/SAcivicin120

+10240
Â±70610

Â±100320
Â±110220

Â±20790
Â±120880

Â±200820
Â±80580
+601500

Â±10080
+40110

Â±30180
Â±2079

Â±8%of

control1208312274781081061008412836C44Â°51C31

6C0.9%

NaCI so
lution(control)110Â±10310

Â±80650
Â±90440

Â±120410
Â±50980
Â±210960

+1401250
Â±80950

Â±1101980
Â±140250

Â±30270
Â±60440
Â±5025
Â±7P388/ACIAAcivicin100

Â±10250
+40600
+70460

Â±100270
Â±40840
+130840

Â±100900
+90950
Â±701980

Â±80180
+50170

Â±40340
+70223
Â±13%of

control91819210466868872100100726377892Â°

3 Mean + S.E.
" UDPG,UDPglucose.
c Differs from 0.9% NaCI solution-treated controls, p < 0.05.

CANCER RESEARCH VOL. 45 JANUARY 1985

210

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2421638/cr0450010207.pdf by guest on 19 M

ay 2023



MECHANISM OF RESISTANCE TO ACIVICIN

acivicin of tumor-bearing mice, tumoral nucleotide pool sizes
were determined (Table 7). Acivicin treatment did not alter the
pool sizes of cytidine, undine, or adenosine nucleotides. How
ever, there was a 2- to 3-fold decrease in the pool sizes of
guanosine nucleotides in the acivicin-treated sensitive line. The
acivicin-resistant variant demonstrated a relatively small de
crease in the guanosine nucleotide pools (Table 7).

Transport Studies, in Vitro. The studies so far did not indicate
a clear-cut mechanism for resistance. Hence, we examined the
transport of acivicin and L-glutamine in the sensitive and resistant
cells to bring forth any differences that might give a clue for the
development of resistance. When the cells were incubated with
[Â«-3H]acivicin, P388/S cells rapidly interiorized the drug, trans
porting 6-fold more drug compared to P388/ACIA (Chart 1). On
the other hand, when the transport of L-[L/-14C]glutamine was

examined, there was a rapid uptake of L-glutamine by the resist

ant cells, whereas fast saturation levels were reached only in the
sensitive cells. In both sensitive and resistant cells, L-glutamine

inhibited acivicin transport in a competitive manner with similar
inhibitory kinetics (K 0.3 to 0.5 mw). In subsequent studies,
acivicin transport was found to be carrier mediated, with a 6-
fold-larger Vâ„¢Â«and a 2-fold-higher Â«â€ž,in the sensitive cells
compared to the resistant cells (Chart 2). Even though L-gluta

mine transport by these 2 cell lines was also carrier mediated,
there was no major difference in the transport characteristics

I.--.) P388/SENS
(awi) P388/AC

B

Q
(â€¢â€”â€¢IP388/SENS
(Ã»-Ã»)P388/AC

12

!Â« 8

Q 4

8 16

TIME OF SAMPLING min

5Ã•
o
z 4 8 12

TIME OF SAMPLING min

Chart 1. Time course of uptake of acivicin and L-glutamine by P388/S (â€¢)and
P388/ACIA (A) cells. The techniques used in this study are detailed in "Materials
and Methods."

m
V

P388/SENSI&-0) P388/AC (*^

Km 0.185 mM 0.082 mM
Vmax' 820 150

Expressed Â»npmol transported/million cells/min

0 0.02 0.04 0.06 0.08 0.10
[S] ACIVICIN [mM]

Chart 2. Effect of varying the concentration of acivicin on its transport by P388/
S (O) and P388/ACIA (A) cells. To the cell suspension (1x10" cells/ml) at 37Â°,
varying amounts of [o-'HJacivicin (6.25 to 100 UM) were added and incubated for

0.2 min, and the incubation was terminated by centrifugation through oil according
to the techniques described in "Materials and Methods."

P388/SENS P388/AC

m 0.9 mM
Vmax* S600

â€¢Expressedas pmol

0.85 mM
660Â°

transported/million cells/min

2468
[S] L-GLUTAMINE [mM]

Chart 3. Effect of varying the concentration of L-glutamine on its transport by
P388/S (O) and P388/ACIA (A) cells. L-[U-'*C]Glutamine (0.25 to 10 mM) was
added to the cell suspension (1 x 10* cells/ml) at 37Â°,incubated for 0.2 min, and
terminated by centrifugatton through oil as stated in "Materials and Methods."

(Chart 3). As expected, acivicin inhibited L-glutamine transport

by these cells in a competitive manner with minor differences in
the inhibitory characteristics between the 2 lines (Kâ„¢2.6 and 3.5
mM; K! 3.2 and 4.9 mw, respectively, in P388/S and P388/ACIA
cells).

Influence of Acivicin on the Metabolism of L-[U-"C]Gluta-
mine to "C02 by the Tumor Cells, in Vitro. Since acivicin is an

L-glutamine antagonist, it was interesting to examine whether
the rate of metabolism of L-glutamine to C02 was similar in the
sensitive and resistant lines. The basal metabolic rates of L-[U-
14C]glutamine in the sensitive and the resistant lines were 15.8

and 11.9 pmol of L-glutamine metabolized per million cells per
min. However, acivicin (14 mu) inhibited the metabolism of L-
glutamine to a 2-fold-greater extent in the sensitive compared to

the resistant cells.
Exchange of [a-3H]Acivicin in Vitro. The 3H exchange in vitro

as a function of the metabolism of this agent was studied next.
3H label in the acivicin molecule was very stable under in vitro
conditions with only 0.01% 3H atom released by the cells (10.2
Â±0.1 and 3.1 Â±0.4 pmol of [a-3H]acivicin exchanged per hr per

million cells of sensitive and resistant cells, respectively). Even
under these conditions, there was 3-fold more exchange by the

sensitive cells compared to the resistant cells.

DISCUSSION

Earlier studies have clearly established that acivicin is an L-

glutamine antagonist (9). The present study was aimed at further
elucidating the mechanism of action of acivicin in P388 leukemia.
Neil et al. (14), on the basis of their in vitro studies, have
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MECHANISM OF RESISTANCE TO ACIVICIN

postulated that the primary lesion of acivicin toxicity is on CTP
synthetase. In the present study, after a therapeutic dose of
acivicin, CTP synthetase activity was not inhibited. In addition,
activities of both pyrimidine and purine biosynthetic enzymes,
namely, CPS II, PRPP amidotransferase, formylglycinamide ri-

bonucleotide amidotransferase, and GMP synthetase, were in
hibited to various degrees. However, acivicin treatment de
creased only guanosine nucleotide pools without affecting pyrim
idine nucleotide levels in the tumor. On this basis, it is more likely
that, in the P388 leukemia system, acivicin toxicity may be
directed primarily towards purine biosynthesis rather than on
pyrimidine biosynthesis and that the inhibition of GMP synthetase
is reflected in decreased guanosine nucleotide pools without
affecting adenosine nucleotide pools. The fact that only partial
inhibition of GMP synthetase was observed after acivicin injection
may be due to dislodging of the inhibitory molecule from the
binding site during the homogenization procedure in which dilu
tion factors are introduced. The real inhibition might be much
greater. Recently, Zhen et al. (18) studied the influence of acivicin
on rat hepatoma 3924A in culture and found that cytidine,
deoxycytidine, thymidine, uridine, inosine, or adenosine did not
protect the tumor cells from cytotoxicity, whereas guanosine or
deoxyguanosine partially protected the cells. Restriction of guan
osine nucleotide pools alone leading to cytotoxicity has recently
been established with other agents, such as tiazofurin (11).

To elucidate the mechanism of resistance to acivicin, we chose
a line of P388 rendered resistant to acivicin by continuous
exposure in vivo. An examination of the activities of several L-
glutamine-requiring enzymes did not reveal differences in the

sensitive and resistant lines. Therefore, we examined several
other parameters which might explain the mechanisms of sen
sitivity and resistance of the tumor lines to acivicin. As one would
expect, acivicin treatment did not significantly perturb the L-

glutamine or nucleotide pools in the resistant line. An enlarge
ment of PRPP pools, on the other hand, might reflect either
increased synthesis or reduced utilization of PRPP due to the
inhibition of purine and pyrimidine biosynthetic pathways. It has
been demonstrated in Ehrlich ascites cells that an increase of
PRPP from 0.1 to 1 mw results in a 9- to 13-fold increase in CPS
II activity (4). Even though in P388/ACIA there was a 9-fold

enhancement of PRPP levels, the basal levels of CPS II were
similar to that observed in the sensitive line. Thus, none of the
above factors could shed light on the mechanism of resistance.

Finally, when we examined the transport characteristics of
acivicin and L-glutamine by these cell lines, major differences

became apparent. Resistant cells demonstrated reduced uptake
of acivicin into the cells. This transport was inhibited by L-
glutamine, indicating that both L-glutamine and acivicin might be

transported into the cells by the same transport system. How
ever, when the transport of L-glutamine was examined, the

resistant cells indicated characteristics of a passive uptake with
out reaching saturation levels, whereas the sensitive cells dem
onstrated fast saturation kinetics in the uptake of L-glutamine.
Even though a clear-cut mechanism for resistance to acivicin in

P388/ACIA could not be shown in the present study, acivicin
transport may play a role in the resistance phenomenon.
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