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ABSTRACT

Carboxypeptidase G1 (CPDG1), an enzyme that degrades
folates but not the nonclassical folate antagonists tniazinate
(TZT, Baker's antifol) and 2,4-diamino-5-(3',4'-dichlono
phenyl)-6-methylpynimidine (DDMP), enhanced the antineo
plastic activity of these antifolates. In 6-day cell culture exper
iments with Walker 256 cancinosarcoma, CPDGI at levels up
to 0.54 unit/mI showed very little inhibitory effect on growth.
In the presence of 10@ M DDMP, the growth of Walker 256
cells was similar to that of controls, but in combination with
CPDG1(0.1 unit/mI) 80% growth inhibition was observed. TZT
at a concentration of 10_8 Mdid not affect the growth of Walker
256 cells. The combination of 10_8 M TZT with CPDGI (0.1
unit/mi), however, strongly inhibited cell growth. In expeni
ments with rats beaning Walker 256 cancinosancoma, the ad
ministration of CPDG1(800 units/kg/day) from Day 1 to Day
6 resulted in no significant increase in life span. Administration
of TZT in doses up to 0.05 mg/kg on Day 1 or that of DDMP
up to 15 mg/kg on Days 1, 3, and S had no antitumor effects
as measured by survival of the animals. However, CPDG1(800
units/kg/day) from Day 1 to Day 6 in combination with TZT
(0.05 mg/kg on Day 1) onDDMP (15 mg/kg on Days 1, 3, and
5) resulted in increases of 50 and 30%, respectively, in the
survival of the tumor-beaning animals. These results demon
strate that CPDG1 enhances the antitumon effects of TZT or
DDMP.

INTRODUCTION

CPDG14is a bacterial exopeptidase that has been found to
hydrolyze specifically COOH-tenminalL-glutamic and L-aspartic
acids from folate derivatives and peptides (13, 17â€”20,24, 33).
This property of the enzyme was exploited for depletion of
serum folates (8) as well as to reduce the toxic effect of high
doses of MTX administered to mice (9). The enzyme isolated
from Pseudomonas stutzeri inhibited the growth of a variety of
cell lines such as LS178Y, Li 210, and W256 in culture and
significantly increased the life span of rats bearing W256
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cancinosarcoma (8). The observed antitumor effect has been
attributed to depletion of folates in serum by the enzyme (11).
These studies and other clinical data (5) suggest that the
enzyme could be used successfully as an antitumor agent in
the treatment of neoplasia.

The drug DDMP is a 5-arylpynimidine derivative; compounds
of this class are known for their antimalarial activity (1 5, 30). It
inhibits the growth of Sarcoma 180 (12, 26) leukemia (6), and
Ehnlichascites tumor (32) in mice. It is also effective in inhibiting
the growth of certain MTX-resistant cell lines in tissue culture
(16) as well as in animal solid tumors (23). Clinical trials have
also revealed hematological improvement in childhood leuke
mia (22), but the drug did not receive intensive clinical evalu
ation.

TZT is one of the several active site-directed inhibitors of
DHFR synthesized by the late Dr. B. R. Baker in an attempt to
achieve selectivity on the basis of the difference in the drug
binding properties of DHFR in normal and tumor cells (1 , 2).
The drug has been studied extensively (7, 25, 27â€”29).It is
highly effective against W256 cancinosarcoma, and doses as
low as 1% of the amount at which 50% of the animals die from
toxicity have been found to cure tumors (2).

Both DDMP and TZT are nonclassical folate antagonists
which act as inhibitors of DHFR and lead to reduced synthesis
of folate derivatives. Unlike the classical folate antagonists
such as MTX and aminoptenin, these compounds do not serve
as substrates for CPDG1, which irreversibly hydrolyzes folates
to glutamate and the corresponding pteroate.

This communication reports the results of an investigation of
the antineoplastic effect obtained when CPDG1 is used in
combination with DDMP on TZT in tumor-bearing animals and
in tissue culture. Since the 2 substances are not inactivated by
CPDG1,the enzyme is not expected to reduce the inhibition of
DHFR by these drugs. On the other hand, CPDG1 would be
expected to lower intracellular pools of folate coenzymes.
Consequently, the possibility was tested that the combined
effect of inhibiting DHFR by TZT or DDMP in cells with depleted
folate coenzymes would be therapeutically more efficacious
than treatment with any of these individual agents under appro
pniate conditions.

The present studies were carried out with CPDG1 isolated
from an unidentified strain of Pseudomonas. Prom to the ex
peniments, it has been established5 that this enzyme, which in
some of its properties is different from CPDG, previously iso
lated (19) from P. stutzeri, degrades MTX, folic acid, and other
reduced folates but does not act on TZT or DDMP.
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Chart 1. Effect of CPDG on the growth of W256 cells. Each culture tube
contained 5 ml of Fischer's medium, about 1O@W256 cells/mI, and the stated
concentration of CPDG in units/mI of medium at start. At the end of each day,
the cells were dispersed in NaCIsolution (9 g/liter) and counted with the Coulter
Counter.
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Chart 2. Effect of CPDGI on folate levels in W256 cells. The cells were grown
in Fischer's medium in the absence or presence of CPDGI (0.1 unit/mI). At
appropriate intervals, the cells were harvested, washed with NaCI solution (9 g/
liter), and disrupted by sonic oscillation in ascorbate buffer, pH 6.0. The samples
were boiled for 10 mm,cooled on ice, and centrifuged. The supernatant solutions
were used directly for determination of folates. Values represent the summary of
3 determinations.

very much the same in the presence on absence of the above
drugs on the first day. However, the inhibitory effect became
significant with time, and on the fourth day nearly 80% inhibi
tion was observed with CPDG1 and DDMP at concentrations of
0.1 unit/mI and i0'7 or 2 x iO'@ M, respectively. Similar
results were obtained with combinations of CPDG1 and TZT
(Chart 48). Whereas the growth of W256 cells was not affected
by the presence of TZT at 10_8 M, its combination with CPDG1
(0.1 unit/mI) brought about a growth inhibition of 50% on Day
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MATERIALS AND METHODS

Chemicals. CPDG1 was supplied by the New England En
zyme Center, Boston, Mass. The enzyme was stored frozen in
50 mMTnis-HCI,pH 7.3, containing 1O@MZnCI2.The specific
activity was 400 units/mI by using the spectnophotometnic
method of McCullough et a!. (19). Pyrogen-free enzyme was
prepared by gel filtration on a Sephadex G-200 column and
elution of the enzyme with pyrogen-free NaCI solution (9 g/
liter) containing 1O@MZnCl2. Enzyme solutions were sterilized
by passage through 0.4S-@mMillipore filters prior to use. MTX
(sodium salt) was obtained from Lederle Laboratories, Pearl
River, N. Y. TZT was supplied by the Division of Cancer
Treatment, National Cancer Institute, Bethesda, Md. DDMP
was kindly donated by Dr. C. A. Nichol, Wellcome Research
Laboratories, Research Triangle Park, N. C.

In Vitro Studies. The W256 cell line used in these studies
was adapted from in vivo leukemia strains and maintained
through serial passages as a cell suspension in Fischer's
medium containing horse serum (10 mI/iOO ml). TZT and
DDMP were dissolved in distilled water and in NaCI solution (9
g/Iiten) containing 3 mEq of lactic acid, respectively. The drug
solutions were sterilized by passing through 0.2i-@zm Millipore
filters. The growth of cells was monitored by using a Coulter
Counter (Coulter Electronics, Hialeah, Fla.). Intracellular folate
levels were determined by microbiological assay (14) using
Lactobaci!!us casei.

In Vivo Studies. Male Fischer rats weighing 50 to 60 g
received i.p. inoculations of 106W256 cells, and the tumor line
was carried by weekly transplantations. The rats were given
i.p. injections of solutions of CPDG1, DDMP, and TZT prepared
as described above. Each set of animal experiments was
carried out with at least 6 rats in each group. The results were
evaluated by using Student's t test (34).

RESULTS

Effect of CPDG1,DDMP, and TZT on the Growth of W256
Cells in Culture. The growth of W256 cells at various concen
trations of CPDG1, DDMP, on TZT is shown in Charts 1, 3A,
and 4A. CPDG1 at concentrations ranging from 0.025 to 0.54
unit/mi showed no significant inhibitory effect (Chart 1). As
seen in Chart 2, CPDG1at a concentration of 0.1 unit/mI in the
medium resulted in substantial depletion of intracellular folates
in W256 cells. In these experiments, CPDG1 had little effect on
the growth of W256 cells. In previous studies using the parental
cell line, a more marked effect of CPDG1was noted (11). The
number of W256 cells in the presence of DDMP at concentra
tions of 1O@ M or lower was similar to that of control cells at
any time. On the other hand, strong growth inhibition was
observed at 10_6 M concentrations on higher of DDMP (Chart
3A). TZT was an ineffectivegrowth inhibitorat a level of 10_8
M, but at concentrations of 5 x 10_8 M and above it completely

arrested the replication of W256 cells as seen in Chart 4A.
Effect of CPDG1 Combined with DDMP or TZT on the

Growth of W256 Cells in Culture. Experiments were carried
out using combinations of CPDG1with DDMP or TZT at con
centrations at which each substance per se was found to be
ineffective according to the results shown in Charts 1, 3A, and
4A. The combined effect of CPDG1 and DDMP on cell growth
is illustrated in Chart 3B. The growth pattern of W256 cells was
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Chart 3. A, effect of DDMP concentration on the growth of W256 cells; B, effect of the combination of CPDGI with DDMP on the replication of W256 cells.

Chart 4. A, effect of TZT concentration on the growth of W256 cells. B, effect of the combination of CPDG, with TZT on the replication of W256 cells.
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4. At sufficiently high concentrations, as mentioned, both TZT
and DDMP strongly inhibited cell growth, and the effect of
added CPDG1was negligible.

Effect of Combination of CPDG1with TZT or DDMP in Rats
Bearing W256 Carcinosarcoma. Preliminary experiments
were carried out with both DDMP and TZT in order to establish
the dose and appropriate dose schedules which are minimally
effective when tested against rats beaning the W256 cancino

sarcoma. This was particularly difficult with TZT, which even in
small doses has a marked effect on survival of these tumor
beaning animals. Doses of TZT and DDMP were found, how
ever, that had essentially no antitumon effects per se (Tables 1
and 2). After establishment of this regimen, the treatment was
repeated with DDMP or TZT in combination with CPDG1. As
seen from the results in Table 1, the treatment of the animals
over 6 days with CPDG1(800 units/kg/day) alone resulted in
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Table 2
Antitumor effect of CPDG and TZT individually and in combination on W256

carcinosarcoma in rats
The animals received 106 tumor cells i.p. in 0.1 ml 1 day before the drug

treatment commenced. CPDG (800 units/kg) was administered alone or in
combination with TZT daily over 6 days. Various doses of TZT were given on the
first day. Controls were treated with NaCl solution (9 g/Iiter) of the same volume
as that of the drugs.Increase

in life
spanTZT

30th-day % of
Drug (mg/kg) survivors Survival (days) controlpNone

(control) 0/6 9.16 Â±O.22aCPDG

only 0/6 10.20 Â±0.36 11>0.05TZTonly

0.05 0/6 11.00Â±0.53 20 >0.05
0.06 0/6 11.67Â±0.64 27 <0.05
0.07 2/6 11.25Â±0.73 22
0.08 2/6 10.75Â±0.06 17
0.09 6/6 >300 <0.05
0.10 6/6 >300<0.05TZT

+ CPDG 0.05 0/6 13.83 Â±1.36 50 <0.01
0.06 2/6 14.50 Â±6.75 58
0.07 3/6 13.33 Â±1.44 45<0.05a

Mean Â±SE.

DrugDDMP (mg/kg)Survival (days)Increase
%of

controlin

life span

pNone

(control)9.16Â±CPDGI

only10.20 Â±0.3611>0.05DDMP

only5
10
158.17

Â±0.09
9.33 Â±0.04

10.33Â±0.51â€”10
1

12>0.05
>0.05

>0.05DDMP

+ CPDG5
10
1510.67

Â±0.38
12.00 Â±0.27
11.83Â±0.4916

31
29>0.05

<0.01
>0.05a

Mean Â± SE.
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no significant increase in the life span. Also, no significant
effect on longevity was observed when DDMP was adminis
tered at levels of 5, 10, or 15 mg/kg on Days 1, 3, and 5. On
the other hand, animals which received doses of DDMP larger
15 mg/kg on Days 1, 3, and 5 died from toxic effects (data not
shown). Combination therapy with CPDG1(800 units/kg/day;
Days 1 to 6) and DDMP (10 on 15 mg/kg on Days 1, 3, and 5),
however, resulted in a 30% increase in the life span of the
animals. Table 2 shows that similar experiments with TZT gave
comparable results. The life span of the rats was not signifi
cantly increased upon injection of TZT at a level of 0.05 mg/
kg on the first day. The combination of CPDG1with TZT (0.05
mg/kg) given on Day 1, however, increased the life span of
tumor-bearing animals by 50%. As had been described previ
ously (1 ), at concentrations of 0.1 mg/kg or greater on the first
day, TZT is highly effective and cures the tumor.

DISCUSSION

The bacterial enzyme CPDG1is capable of hydrolyzing both
reduced and nonreduced derivatives of folic acid. Previous
studies have indicated that this enzyme could be used suc
cessfully to deplete the levels of folate derivatives from serum,
liver, and cells in culture (8, 10). It was observed also that
replication of several tumor cell lines in culture was inhibited
by CPDG1(8). This inhibitory effect could be reversed by the
addition of thymidine, hypoxanthine, and senine. These sub
stances are end products of reactions which require derivatives
of tetrahydrofolic acid synthesized by the key enzyme DHFR.
From the results, it has been concluded that the observed
inhibition of growth was indeed due to folate depletion (4).

TZT, a tniazine, and DDMP, a pynimidine derivative, are
nonclassical folate antagonists and potent inhibitors of DHFR.
These antimetabolites inhibit the synthesis of tetrahydrofolate
and in turn that of folate coenzymes; therefore, their action
ultimately results in a reduction of synthesis of DNA and amino

acids (3).
In the present study, these drugs were used together with a

preparation of CPDG1, which hydrolyzed folic acid and reduced

Table 1

Antitumor effect of CPDGI and DDMP individually and in combination on W256
carcinosarcoma in rats

The animals received 106 tumor cells i.p. in 0.1 ml 1 day before the drug
treatment started. CPDG (800 units/kg) was administered alone or in combi
nation with DDMPdaily over 6 days. Various doses of DDMPwere given on Days
1, 3, and 5. controls were treated with NaCl solution (9 g/liter) of the same
volume as that of the drugs.

folates but did not exhibit an antitumor effect either in vitro or
in vivo. However, this preparation of CPDG1 did result in a
substantial depletion of intracellular folates when W256 cells
were grown in the presence of the enzyme.

These experiments were designed to test the hypothesis that
enzymic depletion of intracellular folates would potentiate the
effect of folate antagonists which are not substrates for CPDG1.
In order to detect drug potentiation on synergy, the concentra
tions of TZT and DDMP were carefully adjusted so that these
drugs had practically no inhibitory effect on the replication of
W256 cells in culture and were not toxic in vivo.

The results presented here cleanly demonstrate potentiation
when the enzyme is used in combination with either drug under
such conditions. In the presence of CPDG1, both TZT and
DDMP showed significant antineoplastic effect at concentra
tions which were too low to be effective in the absence of
enzyme against W256 carcinosancoma both in vitro and in vivo.
Nichol and his associates have previously observed a similar
effect of potentiation of synergy in the treatment of W256
carcinoma. Combination of MTX and DDMP resulted in marked
synergy at doses which alone did not cause significant inhibi
tion (21). Also, the inhibitory effect of MTX on W256 was more
pronounced under folate-deficient conditions (31 ). This poten
tiation could be interpreted readily in the light of the biochem
ical action of these agents. Whereas the inhibitory effect of the
folate antagonists on DHFR at very low concentrations is not
sufficient to retard cell growth, it may lower the production of
folate coenzymes essential for growth appreciably. Under such
conditions, depletion of tetrahydrofolate cofactors could re
duce their concentrations to a level too low to support cell
replication even if this action of the enzyme alone did not
manifest itself in inhibition of tumor growth.

Although the present results are difficult to extrapolate to the
clinical situation, they encourage the testing of TZT which has
demonstrated modest antitumor activity in the clinic (27), in
conjunction with CPDG1 which is now available in sufficient
quantity for human investigation (5).
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