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enzyme inhibitors. On the basis of this rationale, Collins and
Stark (1) synthesized PALA3as a transition-state inhibitor of
aspartate transcarbamylase, an early enzyme in the pathway
of de novo pyrimidine nucleotide biosynthesis (Chart 1).
Drugs that inhibit this pathway have proved useful in the
treatment of a number of human tumor types. Examples are
fluorinated pyrimidines and antifolates (9), which interfere
with pyrimidine nucleotide biosynthesis at the level of thy
midylate synthetase, and 6-azauridine (4), which inhibits
orotidylate decarboxylase. Aspartate transcarbamylase was
felt to be a good target for an antimetabolite since its
substrates, carbamyl phosphate and aspartate, or the sub
strates of carbamyl phosphate synthetase, bicarbonate and
glutamine, are all normal metabolites in other reactions and
therefore should not accumulate to toxic levels. PALA was
shown to be a potent inhibitor of aspartate transcarbamyl
ase from Escherichia coli (1), mouse spleen (6), and SV4O-
transformed baby hamster kidney cells (17). PALA is com
petitive with respect to carbamyl phosphate and has a K of
about 10@ M for mammalian enzymes.4 Swyryd et a!. (17)
showed that PALA was cytotoxic to a number of mammalian
cell lines in vitro and that the biological effects of PALA
could be completely reversed by additions of uridine to the
culture medium. Yoshidaeta/. (18) studied the pharmacoki
netics of PALA and its inhibition of aspartate transcarbamyl
ase and the de novo pathway in mice. Parenteral or p.o.
administrationof PALA resultedinpersistentinhibitionof
aspartate transcarbamylase in spleen and jejunum. Antipro
liferative activity in vivo was demonstrated by a complete
blockade by PALA of isoproterenol-induced DNA synthesis
in the submaxillary gland.

In this paper we show that PALA has antitumor activity
against transplanted tumors in mice, particularly against
Lewis lung carcinoma, a solid tumor that is refractory to
most established chemotherapeutic agents.

MATERIALS AND METHODS

Drugs. PALA, as the tetrasodium salt, was synthesized by
the method of Swyryd et a!. (17). It was completely soluble
in aqueous medium (up to at least 150 mg/mI) and was
dissolved in 0.85% NaCI solution. Solutions of PALA were

3 The abbreviations used are: PALA, N-(phosphonacetyl)@L-aspartic acid;

ILS, increased in median life-span.
4 T. D. Kempe, E. A. swyryd, M. Bruist, and G. R. Stark. Stable Mutants of

Mammalian Cells that Overproduce the First Three Enzymes of Pyrimidine
Nucleotide Biosynthesis, submitted for publication to Cell.
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SUMMARY

N-(Phosphonacetyl)-L-aspartate (PALA) is an analog of
the transition state for the aspartate transcarbamylase reac
tion and has been reported previously to be a potent and
specific inhibitor of de novo pyrimidine nucleotide biosyn
thesis. It is now shown that PALA has considerable antitu
mor activity against certain transplantable tumors in mice.
PALA, unlike other antimetabolites, was less effective
against ascitic leukemias than against two solid tumors,
616 melanoma and Lewis lung carcinoma. Another solid
tumor, Ridgway osteogenic sarcoma, which is sensitive to
many established chemotherapeutic agents, did not re
spond to PALA. Daily or intermittent treatment with PALA
did not significantly increase the life-span of mice bearing
i.p. leukemia L1210. The survival time of mice bearing i.p.
P388 leukemia was prolonged by PALA treatment by up to
64%. In a number of experiments mice bearing i.p. B16
melanoma survived 77 to 86% longer than did controls
when treated with PALA (490 mg/kg) on Days 1, 5, and 9.
Lewis lung carcinoma, a tumor refractory to most estab
lished antineoplastic agents, was highly sensitive to PALA.
Treatment on Days 1, 5, and 9 following s.c. implantation of
Lewis lung carcinoma was curative to 50% of the mice. If
treatment was delayed until s.c. Lewis lung tumors had
reached about 500 mg, PALA neither cured the mice nor
produced significant tumor regression. However, extensive
delay of tumor growth and prolongation of survival were still
observed.

INTRODUCTION

The rational design of effective antineoplastic agents has
long been an important goal in medicinal chemistry and
biochemical pharmacology. Rational design has led to the
development of some of the most effective of the clinically
active antitumor agents, such as 5-fluorouracil, cyclophos
phamide, and melphalan. However, most of the clinically
effective agents are still being developed by empirical
screening or by â€œenlightenedempiricismâ€•(5), such as the
synthesis of congeners of established agents.

In 1948, Pauling (12) proposed that analogs of transition
state intermediates would be highly specific and potent
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of a prolate ellipsoid, assuming unit density: 1/2 x major
diameter in mm x (minor diameter in sq mm). Tumor meas
urements were taken 3 times/week.

0

= 03P-O-C-NH2

carbamyl phosphate + L-aspartate

PALA was evaluated over a broad dosage range including
toxic dose levels against i.p.-implanted leukemia L1210 on 2
treatment schedules: daily on Days 1 to 9 and every 4th day
on Days 1, 5, and 9 (data not shown). There was no signifi
cant prolongation of life-span in any of the treated groups.
The maximum ILS was 17% in mice treated daily with 200 or
100 mg/kg. 5-Fluorouracil, as a positive control, produced
67% ILS.

The survival time of mice bearing ascitic P388 leukemia
was prolonged significantly by PALA treatment (Table 1).
Maximally tolerated doses of PALA administered daily or
every 4th day resulted in 55 and 64% ILS, respectively.

Administration of a large dose of PALA on Day 1 was less
effective than more prolonged treatment. In repeat experi
ments (data not shown) activity against P388 leukemia was
confirmed but was lower; the maximum ILS achieved was
35 to 45% with daily PALA treatment and 25 to 30% with
treatment every 4th day.

PALA was administered intermittently (every 4th day for 3
days) to mice bearing transplanted solid tumors. The life
span of mice inoculated i.p. with B16 melanoma was in
creased by 77% following administration of PALA, 490 mgI
kg, on Days 1, 5, and 9 (Table 2). Prolongation of survival
was seen with 2 lower doses as well. In 2 repeat experiments
(data not shown), the optimal dose of PALA, 490 mg/kg,
produced 86% ILS in mice bearing i.p. B16 melanoma.

Table 1

-. COO -
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@O3P-H,C.,,

0_C CH
- â€œN C00

H

PALA
possible transition-state intermediate

_COo-
H2N CH2

_C,, ,,CH0-' N â€œ-@o@
H

carbamyl-L-aspartate
Chart 1. Reaction catalyzed by aspartate transcarbamylase and the rela

tionship of PALA to the transition-state intermediate.

prepared at the beginning of each experiment and were
kept in amber bottles at 4Â°for up to 9 days. The compound
is stable under these conditions.4 Cyclophosphamide, ad
riamycin, and 5-fluorouracil were supplied by the Drug De
velopment Branch, National Cancer Institute, Bethesda,
Md. These drugs were dissolved in 0.85% NaCI solution for
injection into animals . Cyclophosphamide solutions were
prepared immediately before injection. Drug solutions were
administered i.p. to tumor-bearing mice in a volume of 0.01
ml/g body weight.

Animals and Tumors. C57BL/6 x DBA/2 (hereafter called
B6D2F3) male mice, 6 to 8 weeks of age (18 to 25 g), were
used in all chemotherapy experiments except for those
involving Ridgway osteogenic sarcoma in which male AKR
x DBA/2 (hereafter called AKD2FI) mice of the same weight

and age were used. Groups of 6 to 10 mice were housed in
plastic cages and were given pelleted feed and water ad
libitum. L1210 and P388 leukemias were maintained by
continuous i.p. passage in syngeneic DBA/2 female mice.
B16 melanoma and Lewis lung carcinoma were carried s.c.
in syngeneic C57BL/6 male mice. Standardized protocols of
the Drug Research and Development Program, National
Cancer Institute (3), were followed for continuous passage
of the tumors and for implantation of tumors into B6D2FI
mice for chemotherapy experiments. L1210 and P388 leuke
mias were implanted i.p. at 10@and 106viable cells/mouse,
respectively. B16 melanoma was also implanted i.p. [0.25
ml of a 1/5 (w/v) tumor brei]. Lewis lung carcinoma was
implanted s.c. (10@viable cells) or iv. (10@viable cells) as
previously described (11). Ridgway osteogenic sarcoma
was implanted s.c. using trochar fragments of non necrotic
tissue.

The growth of s.c. implanted Lewis lung carcinoma and
Ridgway osteogenic sarcoma was monitored by measure
ment of perpendicular diameters with vernier calipers. Tu
mor weight in mg was estimated by the formula for volume

Effect of PALA on life-span of mice inoculated i.p. with P388
leukemia

a Positive control, 5-fluorouracil, 20 mg/kg i.p. daily, Days 1 to 9.
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Table 2

a Survivors on Day 60 were free of visible tumor at autopsy.

b Positive control for B16 was adriamycin, 3 mg/kg i.p., Days 1 , 5, and 9; positive control for Lewis lung was

cyclophosphamide, 150mg/kg, i.p., Day1 only.

Table 3
Effects of PALA (early treatment) on tumor growth and survival of mice bearing s.c. Lewis lung carcinoma

Lewis lung carcinoma cells (106)were implanted s.c.

a Difference in days for mean tumor weight (excluding tumor-free survivors) to reach 3 g

compared to untreatedcontrol group.
6 Tumor weight inhibition:

100 ( i meantumor weight of treated group on Day19)
meantumor weight of controls on Day19

excludes tumor-free survivors.
r Excluding long-term survivors.

d Deaths before the time of death of untreated controls.

e Long-term survivors without palpable tumors on Day 95.

Lewis lung carcinoma localized in the lungs following iv.
inoculation (11) also responded to PALA treatment (Table
2). There was a 60% increase in median survival time with 1
tumor-free survivor in the group that received PALA at a
dose of 490 mg/kg on Days 1, 5, and 9.

Early treatment with PALA of mice implanted s.c. with
Lewis lung carcinomayielded 5 of lOtumor-free mice at 490
and 343 mg/kg (Table 3). At these dose levels there was a
14- to 17-day delay in the growth of tumors in those animals
that developed tumors with a resultant 49 to 59% prolonga
tion of survival time (Table 3; Chart 2). Using the parameter
of tumor growth inhibition, PALA inhibited tumor growth
(as measured on Day 19) by >95% in those animals that
were not cured. PALA was as effectiveas cyclophospha
mide, which was used as a positive control, with respect to
both inhibition of tumor growth and tumor-free survivors. 5-
Fluorouracil, the most effective of the established antime

tabolites in this tumor system (9), resulted in a lesser inhibi
tion of tumor growth with no prolongation of median sur
vival time at a dose that was toxic to 3 of 10 mice.

In order to determine whether PALA would retain activity
against an advanced tumor, treatment was delayed until 8
days after s.c. inoculation of Lewis lung carcinoma, when
the tumor mass was about 500 mg. The results of 2 experi
ments are shown in Table 4 and Chart 3. In the 1st experi
ment (Chart 3A), the same schedule used in previous exper
iments (every 4th day for 3 days) was used. Neither signifi
cant tumor regression nor long-term survivors were ob
tamed following PALA treatment on this schedule. How
ever, there was a considerable delay in tumor growth (Chart
3A) and a significant prolongation of survival time which
was comparable to the effects of early PALA treatment
(Chart 2) on tumor growth and survival of animals that
developed tumors. PALA was somewhat more effective than
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dence of toxicity in mice receiving 3 doses of PALA at @490
mg/kg, a 2nd experiment was designed to determine
whether extended PALA treatment would further delay tu
mor growth or bring about tumor regression. In the 2nd
experiment shown in Table 4 and in Chart 3B, mice were
treated with PALA every 4 days beginning on Day 8 and
continuing until either progressive weight loss or progres
sive tumor growth was observed. As in the previous experi
ment, the dose of 490 mg/kg, given 3 times, delayed tumor
growth by about 17 days with a corresponding increase in
life-span. Toxicity was reached when this dose was admin
istered 5 times. A delay in tumor growth of 26 days and
partial regressions in 2 of 9 animals were observed. Mean
tumor weight reached a nadir (two-thirds of the pretreat
ment level) at 20 days after initiation of therapy. The dose of
343 mg/kg was administered 6 times before progressive
weight loss precluded further treatment. In this group there
was no appreciable tumor regression, but tumor growth
was delayed by 26 days and life-span was prolonged by
102%. Mice receiving a 240-mg/kg dose of PALA showed no
weight loss even after 7 doses. However, there was progres
sive tumor growth beginning after the 5th dose. One animal
with a progressively growing tumor was sacrificed on Day

Limitofpalpat.on 28, and the tumor was implanted in another group of mice

to determine whether resistance to PALA had arisen. The
tumors proved to be as sensitive to PALA as in previous
experiments. Thus, genotypic resistance to PALA had not
been induced.

PALA treatment had little effect on the growth of estab
lished Ridgway osteogenic sarcoma (Chart 4). Treatment
was delayed until tumors had reached a weight of 1 to 2 g.
At this stage of disease, 5-fluorouracil produced partial
regression. Maximally tolerated doses of PALA decreased
the rate of tumor growth only to a slight extent. Neither
PALA nor 5-fluorouracil increased the median life-span of
animals in this experiment.

Lewis lung carcinoma cells (106)were implanteds.c.DoseSurvival
time(mg/kg/TumorTumor

wt(days)PartialExperi
injectionSchedulegrowthinhibi Toxicregres
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a single 200-mg/kg dose of cyclophosphamide in delaying
tumor growth in this experiment. Life-span was prolonged
to a similar extent by PALA and cyclophosphamide. Delayed
treatment with 5-fluorouracil had only a slight effect on
tumor growth and did not prolong life-span.

Since there was no appreciable weight loss or other evi
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Chart 2. Effects of early administration of PALA on the growth of s.c.-
implanted Lewis lung carcinoma. â€¢,untreated control; A, 5-fluorouracil, 60
mg/kg, Days 1, 5, and 9; U. cyclophosphamide, 150 mg/kg, Day 1; & PALA,
490 mg/kg, Days 1, 5, and 9; 0, PALA, 343 mg/kg, Days 1, 5, and 9; 0, PALA,
240 mg/kg, Days 1, 5. and 9. Curves plotted out to median survival time.

DAYS POSTIMPLANT

Table4
Effects of PALA (delayed treatment) on tumor growth and survival of mice bearing s.c. Lewis lung carcinoma

a.b See footnotes to Table 3.

e Deaths with tumors <1 g and no evidence of metastatic disease on autopsy.

d Partial regression to 50% of tumor weight at beginning of therapy.

I. Q4D, every 4 days.
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Chart 4. Effects of delayed administration of PALA on growth of s.c.-
implanted Ridgway osteogenic sarcoma. â€¢,untreated control; A, 5-fluorou
racil, 60 mg/kg, Days 20, 24, and 28; & PALA, 490 mg/kg, Days 20, 24, and
28;0,PALA,343mg/kg,Days2O,24,and28;0,PALA,240mg/kg,Days20,
24, and 28. Curves plotted to median survival time.

PALA against experimental tumors appears to be unique.
L1210 and P388 leukemias and Ridgway osteogenic sar
coma, tumors that respond dramatically to treatment with
most established agents (9, 14), are relatively or completely
insensitive to PALA. On the other hand, Lewis lung carci
noma, which is refractory to known agents with a few ex
ceptions, namely, cyclophosphamide, nitrosoureas, fluori
nated pyrmidines, and bleomycin (9), is quite sensitive to
PALA. The B16 melanoma, implanted i.p. as in this study,
responds to a number of established drugs, particularly to
alkylating agents, drugs which bind to DNA, and mitotic

Limit of palpation
spindle poisons (9). PALA is the most active of the antime
tabolites against this tumor.

It is possible that PALA would be still more effective on
treatment schedules other than those used in these studies.
Administration of PALA every 4th day in the studies with the

I@ I I I I I solid tumors was chosen because of superiority of this
10 20 30 40 50 60 70 schedule against P388 leukemia in the experiment shown in

DAYS POSTIMPLANT Table 1 . However, activity of PALA against P388 leukemia
Chart3. Effectsof delayedadministrationof PALAonthegrowthof s.c.- was not highly reproducible; this intermittent treatmentimplanted Lewis lung carcinoma. A, treatment schedule limited to every 4th

dayfor3days.â€¢,untreatedcontrol;A, 5-fluorouracil,60mg/kg,Days8,12, schedule resulted in only borderline activity in repeat exper
and 16; U, cyclophosphamide. 200 mg/kg, Day 8; & PALA, 490 mg/kg, Days iments. Schedule dependency studies in both B1 6 mela
8, 12, and 16; 0, PALA, 343 mg/kg, Days 8, 12, and 16; 0, PALA, 240 mg/kg,
Days 8, 12, and 16. B, treatment every 4th day until progressive weight loss of noma and Lewis lung carcinoma should be carried out.
>3 9. ., untreated control; U, cyclophosphamide, 200 mg/kg, Day 8; & It has not been determined yet why some tumors are
PALA, 490 mg/kg. Days 8. 12, and 16; A, PALA, 490 mg/kg, Days 8, 12, 16, sensitive to PALA and others are resistant. The cytotoxic
20,and24;0, PALA,343mg/kg.Days8,12,16,20,24,and28;0, PALA,240
mg/kg, Days 8, 12, 16, 20, 24, 28, and 32. Curves plotted out to median effects of PALA in tissue culture can be completely reversed

survival time. by uridine (17), suggesting that those tumors most capable
of obtaining sufficient pyrimidine nucleotides from exoge

DISCUSSION nous uridine through the salvage pathway would be least
dependent on de novo synthesis and most refractory to

In comparison with established antitumor agents, espe- PALA. Kempe et a!.4 demonstrated that clones of cultured
cially other antimetabolites, the spectrum of activity of cells with elevated levels of aspartate transcarbamylase are

R. K. Johnson et a!.
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resistant to PALA. Thus, high levels of the target enzyme in
some tumors could also explain a poor response. Other
possibilities such as differences in uptake of PALA could
also explain differential sensitivity of tumors to the drug.

6-Azauridine, a pyrimidine nucleoside analog, has been
studied in experimental systems and in humans (16). Fol
lowing intracellular conversion to the 5'-monophosphate, 6-
azauridine acts as a competitive inhibitor (with respect to
orotidylate) of orotidylate decarboxylase (4). As such it is
the antimetabolite closest to PALA with respect to locus of
action in the metabolic pathway. 6-Azauridine failed to be
come a useful chemotherapeutic agent because inhibition
of the enzyme caused accumulation of orotidylate which
eventually overcame the inhibition by the analog (2). De
creased feedback inhibition of carbamyl phosphate synthe
tase by its allosteric inhibitor, UTP (see Ref. 10 for recent
work and references), which would have been depleted by
inhibition of orotidylate decarboxylase, would be likely to
play a part in the rapid accumulation of orotidylate.

Competitive reversal of PALA inhibition by carbamyl
phosphate should not be as serious a problem as in the case
of 6-azauridine and orotidylate since carbamyl phosphate,
unlike orotidylate, is chemically unstable and is a substrate
for another enzyme, ornithine transcarbamylase. The activ
ity of aspartate transcarbamylase is not sensitive to feed
back inhibition by pyrimidine nucleotides (7). The high af
finity of PALA for aspartate transcarbamylase (K1about 10@
M)4 would require extremely high levels of carbamyl phos

phate (Kmabout 106 M)4to reverse the inhibition. However,
it has been shown in a number of systems that aspartate
transcarbamylase and carbamyl phosphate synthetase exist
as an enzyme complex (15). Thus, even though the intracel
lular levels of carbamyl phosphate may be low, the concen
tration of carbamyl phosphate at the active site of aspartate
transcarbamylase may be high enough to compete effec
tively with PALA. The growth of Lewis lung carcinoma de
spite continued administration of a previously effective
treatment with PALA (Chart 3B) was not reflected in a geno
typic resistance to PALA, at least in the instance we evalu
ated , and could have been due to competitive reversal by
carbamyl phosphate. Further studies are needed to evaluate
this possibility. The accumulation of carbamyl phosphate in
sensitive and resistant cells during inhibition of growth by
PALA in tissue culture is currently under study. It may be
that PALA and an inhibitor of carbamyl phosphate synthe
tase would act synergistically.

PALA has high potential for rational choice of combina
tion chemotherapy regimens. Depletion of pyrimidine nu
cleotide pools by PALA should enhance the antitumor activ
ity of fluorinated pyrimidines and arabinosyl cytosine. The
use of PALA in combination with 6-azauridine would result
in a sequential blockade (13) of de novo pyrimidine nucleo
tide biosynthesis. The recently described glutamine antago
fist , L-[aS, 5SJ-a-amino-3-chloro-4,5-dihydro-5-isoxazole

acetic acid, an effective inhibitor of carbamyl phosphate
synthetase (8), might increase the effectiveness of PALA in
combination for the reasons noted above.

PALA is an example of a transition-state analog. It has a
high degree of activity in certain experimental solid tumors
that are relatively insensitive to other antimetabolites. The
extensive antitumor activity of this drug demonstrates the
importance of efforts to design analogs of transition-state
intermediates for other key enzymes involved in cell prolif
eration.
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