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ABSTRACT

The modulation of methotrexate polyglutamylation by L-asparaginase
has been examined in mice bearing suMines of leukemia LSI 78Y that
have different sensitivities to asparaginase. A single i.p. injection of 200
ID/kg of asparaginase completely inhibited ascites tumor cell growth in
the parental L5178Y/S+ tumor for 120 h compared to 72 and 30 h in
the L5178Y/S and L5178Y/S+ sublines, respectively. Similarly, DNA
and protein synthesis were completely inhibited by asparaginase for 96
h in L5178Y/S+ cells, but only for 72 and 24 h in L5178Y/S and
L5178Y/SÂ±cells. In each tumor the temporal patterns of depletion and
recovery of S-phase cells were similar to the patterns of suppression and
recovery of DNA and protein synthesis observed in that tumor.

When methotrexate was administered at either 96 or 24 h after
asparaginase during the asparaginase-induced S-phase nadirs of L5178Y/
S+ and L5178Y/SÂ±cells, respectively, subsequent methotrexate poly
glutamylation was inhibited 83 and 92% compared to tumor cells exposed
to methotrexate only. Recovery of methotrexate polyglutamylation in
both rumors following L-asparaginase pretreatment coincided in rime
with the return in the fraction of S-phase cells towards the pretreatment
values. The inhibition of methotrexate polyglutamate accumulation by
asparaginase was associated with decreased retention of methotrexate in
tumor cells. In contrast, asparaginase had no significant effect on meth
otrexate polyglutamate accumulation and methotrexate retention when
administered after methotrexate. These data indicated that the aspara
ginase-induced modulation of methotrexate polyglutamylation in mice
was directly related to the time course of inhibition and recovery of tumor
cell proliferation by asparaginase, and thus varied with the intrinsic
sensitivity of the individual rumor to the enzyme.

INTRODUCTION

The cytotoxic and therapeutic effects of the combination of
Asnase4 and MTX were shown to be schedule dependent (1-6).
Concurrent exposure of murine L5178Y leukemia cells to As
nase and MTX, or Asnase pretreatment within a short time
interval (<48 h) before MTX administration, resulted in phar
macological antagonism (1-6). Antagonism of MTX cytotox-
icity also occurred following the deletion of L-asparagine from
the culture medium for L5178 Y cells with consequent inhibition
of protein synthesis (3, 6). These effects were reversed by
restitution of L-asparagine to the culture medium (3). This
suggested that the Asnase-induced antagonism of MTX cyto-
toxicity was related to inhibition of protein synthesis, and was
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further supported by studies which demonstrated that L-aspar
agine was an essential amino acid for LSI78Y cells (7). Our
earlier observations related the observed Asnase-induced antag
onism of MTX to both inhibition of cellular uptake of MTX
(8) and inhibition of DNA synthesis secondary to the inhibition
of protein synthesis (4). However, the studies concerning MTX
uptake and retention were performed prior to our current
understanding of the relationship of MTX polyglutamylation
to MTX uptake and cytotoxicity (9, 10).

Further studies of the schedule dependency between Asnase
and MTX revealed pharmacological synergy when Asnase was
administered at longer time intervals (>48 h) before MTX, or
when Asnase was administered at an appropriate time interval
after MTX (2, 4). In addition, the delayed administration of
Asnase did not alter the antileukemic effect of MTX but did
attenuate the toxicity of MTX to normal organs of mice, an
effect which allowed mice to tolerate a larger dose of MTX (2).
Taken together, these data indicated that the sequence of drug
administration and the time interval between Asnase and MTX
administration was a critical determinant of whether or not
selective cytotoxic effects were produced.

Recent studies indicated that the Asnase-induced antagonism
of the MTX effect on LSI 78Y cells in vitro was due to Asnase-
induced inhibition of MTX polyglutamylation (11). The present
study explores the effect of Asnase administration on MTX
polyglutamylation in vivo using three murine leukemia L5178Y
ascites tumors that have different degrees of sensitivity to
Asnase. This work was carried out with the aim of further
defining the biochemical basis underlying this drug-drug inter
action in leukemic mice for subsequent application in clinical
trial.

MATERIALS AND METHODS

Male AKR/J x DBA/2J F, (hereafter called AKD2F,) miceweighing
20-22 g were used in all experiments. Tumor cell lines were maintained
by weekly i.p. passage of cells in male DBA/2 mice. All mice were
obtained from Jackson Laboratories, Bar Harbor, ME. Three murine
LSI78Y tumors were used. The parental tumor, which was most
sensitiveto Asnase, was designated L5178Y/S+ and was obtained from
Dr. Joseph C. Mayo of the National Cancer Institute. Samples of this
tumor were removed from liquid nitrogen storage, and a new parental
line established in DBA/2 mice whenever a change in sensitivity to
Asnaseoccurred.The L5178Y/S+ tumor gradually lost some sensitivity
to Asnase followingrepeated transplantation in mice in the absence of
Asnase. The sublines of L5178Y/S+ that were relatively less sensitive
to Asnase were called L5178Y/S (intermediate sensitivity) and
L5178Y/SÂ±(least sensitivity),and were isolated after 2 and 4 months,
respectively, of weekly transplantation of L5178Y/S+ tumor cells in
DBA/2 mice in the absence of Asnase. No further changes in the
sensitivity of the L5178Y/SÂ±subline to Asnase have been observed
after 1 year of weekly tumor transplantations. MTX and Escherichia
colt Asnase (specific activity of 225 lU/mg protein) were purchased
from Lederle Laboratories, Pearl River, NY, and Merck, Sharp, and
Dohme, West Point, PA, respectively. RNase (specific activity of 70
Kunit/ units/mg of protein) and propidium iodide were obtained from
Sigma Chemical Co., St. Louis, MO. [3,5,7,3H]MTX(specificactivity
10 Ci/mmol) and [4,5-3H]L-leucine(specificactivity of 120 Ci/mmol)
werepurchased from Amersham Corp., Arlington Heights, IL. Authen-
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tic standards of MTX-Glui to MTX-Glu5 were prepared by Dr. Charles

Baugh of the University of South Alabama and obtained from the
National Cancer Institute. [Methyl-3H]thymidine (specific activity of

20 Ci/mmol) was purchased from New England Nuclear, Boston, MA.
Measurement of Intracellular MTX and M l \-(.luâ€žMice were inoc

ulated with III'' tumor cells i.p. On day 4 after tumor transplantation

when the cells were in the logarithmic phase of growth, the mice
received an i.p. injection of either 200 lU/kg of Asnase or an equal
volume of 0.9% (w/v) NaCl (control). At 0 (control) to 144 h after
Asnase treatment, the mice from each group were injected i.p. with
[3H]MTX (2.5 mg/0.5 mCi/kg). Tumor cells were harvested 4 h after
MTX administration, since the extent of MTX-Glu, accumulation was
maximal at that time in all three LS178Y tumors (data not shown). In
the L5178Y/S+ tumor, which was most sensitive to Asnase, MTX-
<.lu,, accumulation was also maximal at 4 h after simultaneous admin
istration of 200 lU/kg of Asnase and [3H]MTX to mice. The cells from
five to six mice per time point were pooled and washed twice with ice-

cold 0.9% NaCl, and the cell pellets resuspended in 400 M!of water and
immediately placed in a 100Â°Cwater bath for 10 min. The samples
were then centrifuged at 4"C at 10,000 x g, and the supernatants used

for HPLC analysis. In order to examine the effect of Asnase on
preformed MTX-Glu., mice were injected on the fourth day after tumor
transplantation with the same quantity of [3H)MTX as described above.

Four h after MTX administration the mice received either 200 lU/kg
of Asnase or 0.9% NaCl solution i.p., and the tumor cells from five to
six mice were harvested at 8 and 28 h after MTX treatment for analysis
of MTX-Glu..

MTX and MTX-GluÂ»were quantitated by HPLC as previously
described (12). Authentic standards of MTX and MTX-Glu, were

coinjected with each sample and monitored by absorbance at 254 nm.
Protein concentrations in the extracted cell pellets were estimated by
the Coomassie blue staining method (13).

Measurement of MTX and MTX-Glu, Efflux. Four days after i.p.
implantation of either 106L5178Y/SÂ± or L5178Y/S cells, three groups
of mice each were injected i.p. with [3H]MTX (2.5 mg/0.5 mCi/kg),

and 4 h later were treated i.p. with either 0.9% NaCl (control) or 200
lU/kg of Asnase for an additional 4 h. The tumor cells from each group
of mice were harvested, pooled, and washed once with ice-cold 0.9%
NaCl, and then resuspended at a density of 2 X 10' cells/ml in 150 ml
of Fischer's medium containing 10% horse serum. The cell suspensions
were incubated at 37Â°Cin a shaking water bath, and at 0-, 1-, 3-, and

5-h intervals 30-ml aliquots were removed for analysis of MTX an
MTX-Glu, efflux as described above.

In a second series of experiments, groups of mice bearing either
L5178Y/SÂ± or L5178Y/S tumors were treated i.p. with either 0.9%
NaCl (control) or 200 lU/kg of Asnase, and at either 0 (control), 24,
or 48 h later the animals were injected with | '111\11 \ i.p. Four h after

the administration of radiolabeled MTX, the tumor cells from each
group of mice were harvested, pooled and resuspended in medium.
Efflux of MTX and MTX-Glu, were quantitated as described above.

Flow Cytometry. Cell cycle distribution of L5178Y cells before and
after Asnase treatment were determined using methods previously
described by Thornthwaite el ai. (14) as modified by Yang et al. (15).

Rates of DNA and Protein Synthesis. Four days after i.p. inoculation
of 106cells, groups of five to seven mice were given a single i.p. injection

of either 200 lU/kg of Asnase or 0.9% NaCl solution. At various time
intervals after the administration of Asnase, tumor cells were harvested,
pooled, and washed once with ice-cold 0.9% NaCl and then resuspended
at a density of 10" cells/ml in Fischer's medium containing 10% horse
serum. Following a 30-min preincubation at 37'C, 1 nCt of [3H]-
thymidine or [3H]leucine was added to each flask. The rates of radioi-

sotope incorporation into either DNA or protein were measured as
previously described (4) and expressed as dpm incorporated per min
per mg of protein. The incorporation of either precursor was linear
over the time course of the experiment. The extent of Asnase-induced
inhibition of DNA or protein synthesis was calculated from linear
regression analysis of the data. Each experiment was repeated two
additional times with similar results.

RESULTS

Effect of Asnase on Tumor Cell Growth, DNA, and Protein
Synthesis. Fig. 1, A and A, show the effects of a single i.p.
injection of 200 lU/kg of Asnase on the growth and relative
rates of DNA and protein synthesis in L5178Y/S+, L5178Y/
S, and L5178Y/SÂ± cells. In mice bearing the L5178Y/S+
subline the nadir in tumor cell number occurred at 24 h after
Asnase administration, and recovery of the i.p. cell number to
the pretreatment value was observed after approximately 80 h
(Fig. \A). The nadirs in tumor cell numbers was not reached
until 48 and 96 h in mice bearing the L5178Y/S and L5178Y/
S+ tumors, respectively. In addition, recovery of the tumor cell
number to the pretreatment value was delayed for 120 h in the
L5178Y/S tumor, and for 156 h in the L5178Y/S+ tumor
which showed the highest degree of sensitivity of Asnase. Meas
urements of the rates of DNA and protein synthesis also re
vealed similar degrees of sensitivity of the three cell lines to
Asnase. While a single dose of Asnase reduced DNA and
protein synthesis to less than 10% of control within 24 h in all
three cell lines, recovery of both DNA and protein synthesis

3x108-|

24 48 72 96 120 144 168

HOURS AFTER ASNASE

Fig. 1. Effects of Asnase on growth (A) and DNA and protein synthesis (B) in
L5178YS+, L5178Y/S, and L5178Y/S+ cells. Four days after i.p. inoculation of
tumor, groups of five to seven mice were injected i.p. with either 200 lU/kg of
Asnase or 0.9% NaCl solution. At various time intervals after the administration
of Asnase, the tumor cells from each group of mice were harvested, pooled, and
resuspended in fresh Fischer's medium containing 10% horse serum. Aliquots of
the pooled cell suspensions were counted and the results shown in .â€¢/.The
remaining cell suspensions were incubated at 37Â°Cin Erlenmeyer flasks and the
rates of DNA and protein synthesis (B) measured as described in "Materials and
Methods." Values are the average results of three experiments Â±SD. In A: open
symbols, control; closed symbols, Asnase-treated 200 lU/kg; L5178Y/S+ (A, A);
L5I78Y/S (G, â€¢):L5178Y/SÂ± (O, â€¢).In B: open symbols, [3H]leucine incorpo
ration into protein, closed symbols, | 'I I|ih> inuline incorporation into DNA after

administration of 200 ID/kg of Asnase; L5178Y/S+ (A, A); L5178Y/S (Q, â€¢)
L5178Y/SÂ±(O,Â«).
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was evident within 30 h in the L5178Y/SÂ±line but not until
80 h in the L5178Y/S line and 96 h in the L5178Y/S+ line
(Fig. IB).

Asnase-induced alterations in the distribution of L5178Y/
S+ and L5178Y/SÂ±cells within the cell cycle are shown in
Fig. 2. Within 24 h after the administration of Asnase, there
was maximal depletion of S-phase cells with accumulation of
cells in the GÂ¡phase of the cell cycle in each tumor. Although
these initial perturbations were similar in both the L5178Y/S+
and L5178Y/SÂ±tumors, the duration of both S-phase depletion
and arrest of cells in the GÃ¬phase of the cell cycle was longer
in the more Asnase sensitive L5178Y/S+ subline. For each cell
line, the temporal patterns of depletion and recovery of S-phase
cells was similar to the patterns of suppression and recovery of
DNA and protein synthesis (Fig. IB).

Effect of Asnase on MTX Glu, Accumulation. Based on our
previous observations of schedule-dependent antagonism and
synergy between Asnase and MTX (1-4), the relationship be
tween MTX polyglutamylation and cytotoxicity (9,10), and the
recent observation of the inhibitory effect of Asnase on MTX
polyglutamylation (11), we examined the effects of Asnase on
MTX polyglutamylation as a function of (a) the sequence of
administration of each drug; (b) the time interval between drugs;
and (c) the intrinsic tumor cell sensitivity to Asnase. Fig. 3
shows the effect of Asnase pretreatment on the accumulation
of MTX-Gluâ€žand total intracellular MTX in the L5178Y/SÂ±

24 48 72 96 120 144 168

HOURS AFTER ASNASE
Fig. 2. Effect of Asnase on the distribution of L5178Y/S+ and L5178Y/SÂ±

cells within the cell cycle. Tumor-bearing mice were treated with Asnase as
described in the legend to Fig. 1. At various time intervals after the administration
of Asnase, the ascites cells from three to five mice per group were harvested and
pooled and the distribution of cells in each phase of the cell cycle was measured
as described in "Material and Methods." Values are the average results of three
experiments Â±SD. L5178Y/S+ 200 lU/kg Asnase (A); L5178Y/S+ 200 lU/kg
Asnase (â€¢).
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Fig. 3. Effect of Asnase pretrealment on MTX-Glu, accumulation. Four days
after i.p. transplantation of to' tumor cells, groups of five to six mice were

injected i.p. with either 200 lU/kg of Asnase or 0.9% NaCI solution (control). At
various time periods from 0 (control) to 144 h later, the mice were injected i.p.
with [3H]MTX (2.5 mg/0.5 mCi/kg). Tumor cells from each group of mice were
pooled and harvested 4 h after MTX administration when the extent of MTX-
Glu. formation was maximal in each subline as determined by 11l'I ( ("Materials
and Methods"). Values are the average results of three experiments Â±SD. A,

L5178Y/SÂ±; B, L5178Y/S+.

(Fig. 3/0 and the L5178Y/S+ (Fig. 3B) tumors. Both tumors
had similar levelsof MTX-Gluâ€žand total intracellular MTX at
4 h after the injection of MTX alone. This indicated that these
tumors, although differing markedly in their sensitivities to
Asnase, had an equal capacity to accumulate MTX-Glu, in the
absence of Asnase. However, Asnase pretreatment had a more
prolonged effect in reducing the intracellular accumulation of
MTX-Gluâ€žand total drug in the more Asnase-sensitive
L5178Y/S+ tumor compared to the less sensitive L5178Y/S+
subline. When mice bearing the L5178Y/SÂ±subline were in
jected with MTX at 24 h after Asnase, total intracellular MTX
and the amount of MTX polyglutamylated were reduced to 30
and 17% of the pretreatment values, respectively (Fig. 3/1).
Nearly complete recovery in the ability of this subline to accu
mulate MTX-Gluâ€žwas observed within 48 h after Asnase
treatment. In the L5178Y/S+ tumor, total intracellular drug
and MTX-Gluâ€žaccumulation were maximally suppressed to 13
and 8%, of the respective pretreatment values when MTX was
administered at 96 h after Asnase treatment (Fig. 3B). However,
recovery of these parameters to the pretreatment values was
incomplete even at 144 h after MTX administration. In the
L5178Y/S subline, which showed intermediate sensitivity to
Asnase, complete recovery of the capacity to accumulate MTX-
Gluâ€žwas achieved when MTX was administered within 96 h
after Asnase (data not shown). It is important to note that in
the L5178Y/SÂ±and L5178Y/S+ tumors the maximal deple
tion of MTX-Gluâ€žand total intracellular drug coincided in time
with the Asnase-induced S-phase nadir. Also, in each cell line
the recovery of the MTX-Gluâ€žand total drug levelstowards the
pretreatment value followed closely the return in the fraction
of S-phase cells towards the pretreatment value of that cell line
(Figs. 1Aand 3).

Effect of Asnase on Preformed MTX-GluÂ«.As noted above, 4
h after a single i.p. injection of 2.5 mg/kg MTX, there is
maximal accumulation of MTX-Gluâ€žin all three LSI78Y cell
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lines. In order to study the possible effect of Asnase on MTX-
Gluâ€ždegradation, Asnase was administered 4 h after MTX
administration. The cells were then harvested and assayed for
M I \ (Â¡lu,,at 4 and 24 h after Asnase administration. No
significant effect of Asnase on either total intracellular drug or
the fraction of MTX polyglutamylated was observed in either
the L5178Y/S+ or L5178Y/SÂ±tumors when mice were treated
with Asnase for either 4 or 24 h after maximal MTX-Gluâ€ž
accumulation had occurred (Fig. 4). These results suggested
that the decreased accumulation of MTX-Glu, observed after
Asnase pretreatment (Fig. 3) was not the result of an Asnase-
induced hydrolysis of MTX-GIuB.

Effect of Asnase on Retention of MTX and MTX-Glu, in
L5I78Y/SÂ±and L5178Y/S Cells. Previous studies by others
(16, 17) have shown that the more highly charged MTX-Gluâ€ž
were preferentially retained by tumor cells compared to unme-
tabolized MTX. Since Asnase pretreatment resulted in a de
creased accumulation of MTX-Gluâ€ž(Fig. 3), it seemed likely
that Asnase would adversely influence cellular retention of
MTX, a feature which would contribute to the previously ob
served drug antagonism (1-4). Unfortunately, the L5178Y/S+
tumor was lost prior to the initiation of the efflux studies.
Therefore, measurements of drug retention were carried out
with L5178Y/S and L5178Y/SÂ±cells.

Drug loss from control and Asnase pretreated L5178Y/SÂ±
and L5178Y/S cells was most rapid during the first hour of the
efflux period (Tables 1 and 2). Control L5178Y/SÂ± and
L5178Y/S cells lost 22 and 7%, respectively, of the total
intracellular drug within the first hour, whereas in L5178Y/SÂ±
and L5178Y/S cells that were pretreated for 24 h with Asnase
the percentage of total intracellular MTX lost was more than
three times higher (68 and 33%, respectively) after the first
hour (Tables 1 and 2).

The more extensive loss of total intracellular drug from
Asnase pretreated cells was directly related to the decreased
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Fig. 4. Effect of Asnase on preformed MTX-Glu.. Four days after i.p. trans

plantation of Io'' tumor cells, groups of five to six mice each were injected i.p.
with |3H)MTX (2.5 mg/0.5 mCi/kg). Four h after [3H]MTX administration mice
were given a single i.p. injection of either 200 II ks of Asnase or 0.9 NaCl
solution. Cells from each group of mice were harvested at either 8 or 24 h after
| '11|M I \ administration for the analysis of MTX-Glu. as described in "Materials
and Methods." Values are the average results of three experiments Â±SD. A,

L5178Y/SÂ±; B, L5178Y/S+.

Table 1 Effect of Asnase pretreatment on the efflux of MTX and MTX-Glu, from
L5178Y/SÂ± Cells

Three groups of mice each bearing day 4 L5178Y/SÂ± tumors were treated i.p
with either 200 lU/kg of Asnase or 0.9% NaCl solution (control), and either 0
(control), 24, or 48 h later the animals were injected i.p. with [3H]MTX (2.5 mg/
0.5 mCi/kg). At 4 h after the administration of ['11|MT \. the tumor cells from
each group of mice were harvested, pooled, and resuspended in Fischer's medium.
Efflux of MTX and MTX-Glu, were measured over a 5-h time peroid as described
in "Materials and Methods." Values are the results obtained from pooling cells

from 12 mice per treatment group.

MTX species (pmol/mgprotein)Efflux

period (h)MTXNo

Asnase pre
treatment(control)013524-h

Asnase pre
treatment013548-h

Asnase pre
treatment01354317108397137291167MTX-GlU;918584671888593533333MTX-

Glu,394641301154450271820MTX-GIU432383121437327211214MTX-Glu,1112148NO"NDNDND8653Total

(pmol/
mg pro

tein)216198180134722332192071187477"

ND, not detectable.

Table 2 Effect of Asnase pretreatment on the efflux of MTX and MTX-Glu.from
L5178Y/S cells

Three groups of mice each bearing day 4 L5178Y/S tumors were treated i.p.
with either 200 lU/kg of Asnase or 0.9% NaCl solution (control), and either 0
(control), 24, or 96 h later the animals were injected i.p. with | '11|MT\ (2.5 mg/
0.5 mCi/kg). At 4 h after the administration of | '111MI \. the tumor cells from

each group of mice were harvested, pooled, and resuspended in fresh medium.
Efflux of MTX and MTX-Glu. were measured over a 5-h time period as described
in "Materials and Methods." Values are the results obtained by pooling cells

from 12 mice per treatment group.

MTX species (pmol/mgprotein)Efflux

period(h)No

Asnase pre
treatment(control)013524-h

Asnase pre
treatment013596-h

Asnase pre
treatment0135MTX443719133218231048252314MTX-Glu23524241415107872555133MTX-

Glu,736461381065369625644MTX-Glu,53555645473330323427MTX-Glu,19212318NDNDNDND10121011MTX-GluÂ«ND"7816NDNDNDND66105Total

(pmol/
mg pro

tein)22420819114461413824235192184134

' ND, not detectable.

accumulation of MTX-Gluâ€ž,since unmetabolized MTX was
selectively effluxed compared to MTX-Gluâ€žfrom these cells.
In L5178Y/SÂ±and L5178Y/S cells pretreated with Asnase for
24 h, 54 and 52% of the total drug was unmetabolized MTX at
the start of the efflux period compared to 20% unmetabolized
MTX in control L5178Y/SÂ±and L5178Y/S cells that were
not pretreated with Asnase. Furthermore, within 48 h
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(L5178Y/SÂ±) and 96 h (LSI78Y/S) after the administration of Intracellular levels of MTX-GIuâ€žmight have possibly been
Asnase, these cells regained the capacity to retain MTX intra-
cellularly (Tables 1 and 2). This was because a larger fraction
of total intracellular drug was polyglutamylated at 48 and 96 h
compared to the 24-h time point in both L5178Y/SÂ± and
L5178Y/S cells. The decreased drug retention in both L5178Y/
SÂ±and L5178Y/S cells pretreated with Asnase was not likely
the result of a general increase in plasma membrane permea
bility, since 98 Â±1 and 98 Â±2% of the L5178Y/S+ and
L5178Y/S cells, respectively, were able to exclude trypan blue
following a 24-h pretreatment with Asnase. Treatment of mice
with Asnase for 4 h after MTX, which had no significant effect
on MTX-Gluâ€žaccumulation (Fig. 4), likewise had no effect on
drug retention in both cell lines (data not shown).

DISCUSSION

Preclinical studies have demonstrated that the cytotoxic and
therapeutic effects of the combination of Asnase and MTX
were highly schedule dependent (1-6). Both antagonistic and
synergistic antitumor effects have been observed, depending on
the sequence of Asnase and MTX administration and the time
interval between the drugs (1-6). The present study has revealed
that the temporal aspects of the modulation of MTX-Gluâ€ž
accumulation in mice bearing different sublines of the LSI78Y
leukemia were directly related to the intrinsic sensitivity of the
individual subline to Asnase.

Various studies have demonstrated that MTX-Gluâ€žare re
tained more avidly in cells than unmetabolized MTX (16-17).
Therefore, MTX polyglutamylation and retention were exam
ined in parental L5178Y/S+ leukemic cells that were highly
sensitive to Asnase, and in two sublines derived from the
parental tumor that had intermediate (L5178Y/S), and modest
(L5178Y/SÂ±) sensitivities to Asnase. Jolivet et al. (11) previ
ously reported that the Asnase-induced antagonism of MTX
cytotoxicity against LSI78Y cells in tissue culture was related
to inhibition of cell proliferation, which nonspecifically sup
pressed MTX polyglutamylation. We have verified these obser
vations in mice bearing sublines of the LSI78Y tumor. In
addition, we have demonstrated that in three in vivo tumor
systems the modulation of MTX polyglutamylation by Asnase
was directly dependent on the sensitivity of the tumor to Asnase.
For example, in the parental L5178Y/S+ tumor which showed
the highest degree of sensitivity to Asnase, maximal S-phase
depletion, inhibition of DNA and protein synthesis, and MTX-
Gluâ€žaccumulation was observed when MTX was administered
96 h after Asnase. Partial recovery in all of these parameters
occurred after 144 h. In the L5178Y/S and L5178Y/SÂ± tumors
Asnase pretreatment also inhibited cell proliferation and MTX-
Gluâ€žaccumulation, but these cell lines regained the capacity to
accumulate MTX-Glun within 48-96 h because of their dimin
ished sensitivities to Asnase.

It was of interest to define the biochemical basis for the
Asnase-induced suppression of MTX-Gluâ€žaccumulation. Cel
lular accumulation of MTX-Gluâ€žwould reflect the net result of
various processes, including MTX transport and MTX-Glun
synthesis, degradation of MTX-Gluâ€ž,and MTX efflux. It did
not appear that cellular transport of MTX was limiting for the
accumulation of MTX-Gluâ€žin Asnase pretreated cells, since in
all three tumor lines no significant differences were observed in
the levels of unmetabolized MTX between untreated and As
nase pretreated cells at any time point. The decreased accu
mulation of MTX-Gluâ€žin Asnase pretreated cells also did not
appear to be the result of enhanced degradation of MTX-Gluâ€ž.

lowered either indirectly by the L-glutaminase activity of E. coli
Asnase which could decrease intracellular glutamate concentra
tions, or directly by elevated 7-glutamyl hydrolase activity
(conjugase) activity. If these enzyme activities were responsible
for the decreased MTX-Gluâ€žconcentrations in the LSI78Y
sublines pretreated with Asnase, then one would expect that
the administration of Asnase after MTX would also depress
MTX-Gluâ€žaccumulation. On the contrary, Asnase had no
significant effect on either MTX-Gluâ€žaccumulation or reten
tion when administered after MTX.

Taken together, our observations and those of Jolivet et al.
(11) strongly suggested that the Asnase-induced inhibition of
MTX-Glun accumulation resulted from a decreased synthesis
of MTX-Glun. Nimec and Galivan (18) have demonstrated that
the rate of synthesis of MTX-Gluâ€žin cultured hepatoma cells
varied directly with the growth rate of the tumor in tissue
culture. The results presented in this report showed that the
temporal patterns of inhibition and recovery of MTX-Gluâ€ž
accumulation in the tumor sublines pretreated with Asnase
were very similar to the temporal patterns of inhibition and
recovery of DNA and protein synthesis. Therefore, we propose
that the diminished synthesis of MTX-Glun following Asnase
pretreatment contributed significantly to the impairment in
MTX-Gluâ€žaccumulation and MTX retention in the 3 L5178Y
cell lines. The exact mechanism by which Asnase inhibited
MTX-Gluâ€žsynthesis has remained unclear, although interfer
ence with either the biosynthesis of folylpolyglutamate synthe-
tase or its intracellular regulation would appear to be likely
possibilities.

This study may have implications for the clinical use of
Asnase and MTX in combination. Numerous clinical investi
gations have shown that the sensitivity of leukemia cells to
Asnase varied considerably among patients (19). Thus, the
modulation of MTX cytotoxicity by Asnase in humans may
also vary with the sensitivity of the tumor to the enzyme. By
carrying out studies in leukemia cells from patients similar to
the in vivo studies described above, it may be possible to
optimize therapeutic schedules of Asnase and MTX rather than
using fixed treatment intervals for all patients. This expectation
is supported by preliminary laboratory studies which relate
optimal treatment schedules and therapeutic outcome in differ
ent lines of the L5178Y tumor to the effects of Asnase on
MTX-Gluâ€žaccumulation (20). These studies will be the subject
of a separate communication.
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