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ABSTRACT

The polyglutamylation of aminopterin and methotrexate (/V10-

methylaminopterin) was compared in the Ehrlich ascites tumor
in vitro. Three poly-7-glutamyl conjugates of methotrexate and

aminopterin were detected, although at an equal (1 UM) extra
cellular drug concentration, the net accumulation of aminopterin
polyglutamates exceeded that for the methotrexate polyglutamyl
derivatives by a factor of 9. When compensation was made for
transport differences between these compounds by adjusting
the extracellular drug concentrations to achieve equivalent intra-

cellular monoglutamyl substrate levels, the polyglutamylation of
aminopterin was still 2.8-fold greater than that for methotrexate,
suggesting that aminopterin is a better substrate for the folyl-

polyglutamate synthetase as well as the transport carrier. An
additional metabolite of aminopterin was detected within sec
onds following drug exposure. This derivative did not bind tightly
to dihydrofolate reductase, yet it was rapidly converted to a
polyglutamate. The formation of both aminopterin polygluta
mates and these novel derivatives was enhanced by increases
in the free intracellular level of aminopterin. Aminopterin polyglu
tamates were bound tightly to dihydrofolate reductase and were
retained intracellularly relative to unaltered aminopterin when
Ehrlich cells containing these forms were suspended in drug-free

medium. These findings support a role for the polyglutamylation
of aminopterin as a critical element in drug action and as a factor
in addition to membrane transport in the disparate antifolate
potencies of aminopterin and methotrexate.

INTRODUCTION

AMT5 was the first antifolate introduced into the clinic and the

agent first documented to produce remissions in children with
acute lymphatic leukemia. (6). Despite its greater antitumor ac
tivity (14), AMT was subsequently replaced by MTX in clinical
use because the considerable host toxicity accompanying its
use compromised its therapeutic efficacy (14), and toxicity with
methotrexate was more predictable possibly due to its greater
purity and stability (13).
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The pharmacological basis for the increased cytotoxicity of
AMT has been attributed to its more efficient membrane trans
port relative to MTX, resulting in higher intracellular levels of drug
at low extracellular concentrations (3,16, 30, 37, 38). However,
it is now recognized that an additional important element in the
pharmacology of the antifolates is the intracellular conversion of
these drugs to polyglutamyl derivatives, analogous to that de
scribed for the natural folates and catalyzed by the folylpolyglu-
tamate synthetase (18). This metabolism has now been charac
terized for MTX in a variety of cell types (5, 9, 10, 12, 24, 31,
42). The pharmacological significance of the polyglutamylation
of MTX lies in the greater intracellular retention of these com
pounds, in general, relative to the unmetabolized drug (9,11,12,
24, 33) and their equivalent binding affinity compared to unde-
rivatized MTX for DHFR (20, 23, 35). In addition, recent studies
suggest that the reduced extent of formation of polyglutamyl
derivatives of MTX in the drug-sensitive host tissues, the intes

tinal epithelium (7) and bone marrow (4), relative to tumor cells
may be an important basis for the selectivity of this agent.

AMT has also been reported to form PGs in tumor cells (34,
39) or in cell-free systems (27, 29), suggesting that this metab

olism may also contribute to the pharmacological action of this
drug. However, to date there has been no detailed investigation
of this conversion. The present report compares the metabolism
of AMT to that of MTX in the Ehrlich ascites tumor including the
relative rate of polyglutamylation and the intracellular retention
and binding of the derivatives of AMT.

MATERIALS AND METHODS

Chemicals. [7,9-3H]AMT was obtained from Amersham Corp. (Arling

ton Heights, IL) and purified by reversed-phase HPLC as described

below. The purity was confirmed by periodic rechromatography using
the 2 methods described below. 2,4-Diamino-5-(3',4'-<Jichlorophenyl)-6-

methylpyrimidine (metoprine) and unlabeled AMT were obtained from the
Drug Development Branch, National Cancer Institute, Bethesda, MD.
The unlabeled AMT was purified on DEAE-cellulose (17). DHFR was
purified from the Ehrlich tumor as described previously (25). 7-Hydroxy-
aminopterin was prepared as described elsewhere (22), and 10-for-

mylaminopterin was synthesized using a procedure identical to that for
the preparation of 10-formylfolic acid (19). Bio-Gel P-6 (200 to 400 mesh)
and Bio-Gel P-60 (100 to 200 mesh) were purchased from Bio-Rad

Laboratories (Richmond, CA). Other chemicals were obtained from com
mercial sources.

Cells, Media, and Transport Methodology. Ehrlich ascites tumor
cells were grown in mate CF-1 mice and passed weekly by i.p. inoculation

of 0.2 ml of undiluted ascitic fluid. The cells were harvested after 7 to 10
days and washed twice with 0.85% NaCI solution (saline). Transport
experiments were performed at 37Â° in specially designed flasks in a

buffer composed of 125 mw NaCI, 4.4 HIM KCI, 16 mw NaHCO3,1.1 mm
KHzPCv, 1 HIM MgCI2,1.9 mw CaCI2, and 5 rriM glutamine. The pH was
maintained at 7.4 by passing warm and humidified 95% O2:5% CO2 over
the cell suspension.

Transport fluxes were terminated by injection of portions of the cell
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suspension into 10 volumes of 0Â°0.85% NaCI solution. The cell fraction

was separated by centhfugation (500 x g for 2 min) and washed twice
with the saline solution. The cell pellet was aspirated into the tip of a
Pasteur pipet, then extruded onto a polyethylene tare. After drying
overnight at 70Â°, the pellets were weighed directly on a Cahn Model

4700 electrobalance, placed in scintillation vials, and digested in 0.2 ml
of 1 N KOH for 1 hr (70Â°).After neutralization with 0.2 ml of 1 N HCI,

radioactivity was measured in a Beckman LS230 liquid scintillation
spectrometer using Readi Solv scintillation cocktail (Beckman Instru
ments, Inc., Irving, CA). Corrections for efficiency were made by internal
standardization with tritiated toluene. Net uptake of radiolabeled drug
was expressed as nmol of 3H/g of dried cell pellet.

HPLC Analysis of AMT Metabolites. For analysis of intracellular AMT
and its derivatives, cells were washed with the 0Â°saline solution and

extracted with 1 ml of 10% trichloroacetic acid. The acidified extracts
were neutralized by adding 0.175 ml of 1 N KOH and 0.35 ml of 1 M
K2HPO4 (pH 7.0) to each of 0.7 ml of the sample. Analyses were
performed on an Altex Model 332 gradient liquid Chromatograph
equipped with a Model 210 injector on a 5-/<m Spherisorb octadecylsilyl

column (Brownlee Laboratories, Santa Clara, CA). The HPLC analysis
consisted of a gradient of from 0 to 2.5% acetonitrile in 0.1 M sodium
acetate buffer (pH 5.5) over 5 min followed by an increase in the
concentration of acetonitrile to 7.5% over the subsequent 35 min. The
flow rate was 1 ml/min, and 1-min fractions were collected and measured

for radioactivity as described below. A standard of AMT (10 nmol) was
included in each sample and monitored with a UV detector (254 nm).
Alternatively, boiled cell extracts were fractionated as described by Fabre
ef al. (5), using an isocratic elution over 10 min at a flow rate of 2 ml/min
with 5 mw sodium phosphate buffer (pH 7.4) containing 2.5 mM tetra-
butylarnmonium nitrate and methanol (75:25), followed by a 20-min linear
gradient of 25 to 35% methanol. One-mi fractions were collected and

measured for radioactivity. For both methods, the intracellular metabo
lites and underivatized drug were quantitated from the percentage of
each compound determined by the Chromatographie analysis and the
total radiolabel in the cell pellet. Essentially identical results were obtained
by the 2 methods.

To establish the identity of the polyglutamyl derivatives of AMT by
hydrolysis to the parent compound, 1-ml samples were incubated at 32Â°

overnight in 0.1 M sodium borate, pH 7.8 with 1 ml of a conjugase
prepared from chicken pancreas (1). The samples were deproteinized by
boiling (10 min) and analysed by HPLC as described above.

Analysis of AMT Derivatives Bound to DHFR. For analysis of intra
cellular AMT and its derivatives bound to DHFR, cells (approximately, 2
x 107) washed with the 0Â° saline solution as described above were

resuspended in 1.6 ml of a buffer composed of 50 HIM sodium citrate
(pH 6.0), 150 mM KCI, 50 mM mercaptoethanol, and 1 mM EDTA
(hereafter called citrate buffer), in the presence of 100 ^M NADPH. The
cells were disrupted by sonic oscillation followed by centrifugation
(40,000 x g for 30 min). Samples (1 ml) were chromatographed on
columns (5 ml) of Bio-Gel P-6 by rapid centrifugation (8,9). This procedure
permits the isolation of the enzyme-ligand complex, which quantitatively

passes through the column, from the free ligand which is retained
completely within the resin. The enzyme-bound contribution to the total

intracellular radioactivity was calculated from the fraction of the added
radiolabel that was recovered in the column effluent multiplied by the
nmol of intracellular drug per g of dried cell pellet (see above). To confimi
that the radiolabel passing through the column was bound only to DHFR,
the eluent was rechromatographed on a column (1 x 50 cm) of Bio-Gel
P-60 equilibrated with the same buffer and calibrated with appropriate
molecular weight standard proteins (9, 26). One-mi fractions were col

lected and analyzed for radioactivity. To identify each derivative associ
ated with the enzyme, the column eluates were boiled to dissociate the
bound drug. After centrifugation to precipitate the denatured proteins,
the supematants were neutralized and analyzed by HPLC as described
above.

RESULTS

Cellular Accumulation and Metabolism of AMT. As reported
previously for other Å“il types (3, 30, 37, 38), Ehrlich cells readily
accumulated intracellular AMT when exposed to low extracellular
concentrations of drug. Chart 1 compares net cellular uptake of
radiolabel over a 2-hr interval at equal (1 /IM) extracellular AMT

and MTX concentrations. For cells exposed to MTX, intracellular
3H achieved a steady state by 20 min, exceeding the DHFR

binding capacity (approximately, 2.1 nmol/g dry weight), whereas
the cells exposed to AMT continuously accumulated radiolabel
throughout the course of the incubation. After 2 hr, the intracel
lular 3H in cells exposed to MTX was 3.13 Â±0.20 (S.D.) nmol/g

dry weight (n = 4), while that for the AMT-treated cells was 9.92
Â±1.78 nmol/g dry weight (n = 4).

This difference in the intracellular levels of radiolabel achieved
for these drugs was attributable, in part, to the greater transport
efficacy of AMT, since this drug has an affinity for the transport
carrier approximately 3 times greater than does MTX (3,16, 28,
37). Moreover, HPLC analysis of the intracellular drug forms after
2 hr of exposure of the antifolates revealed that there was also
a marked difference in the metabolism of these closely related
compounds. There was ony limited metabolism of MTX to form
3 derivatives previously identified (9) as MTX PCs (24.47 Â±
1.55% of the total intracellular drug). Three derivatives of AMT
were also detected (PGi to PG3, Chart 2, fop) comprising 70.14
Â±1.94 of the cellular radiolabel. When a sample containing these
AMT derivatives was incubated with a conjugase preparation
from chicken pancreas as described in "Materials and Methods,"

these compounds quantitatively reverted to the parent com
pound, establishing their identities as poly glutamate derivatives
(Chart 2, bottom).

In contrast to the metabolism of MTX in Ehrlich cells, not all
of the derivatives formed from AMT were AMT PGs. Using these
Chromatographie conditions, 2 additional compounds were also
detected, eluting prior to the parent compound, a position incon
sistent with their identities as polyglutamyl conjugates of AMT.
In addition, conjugase treatment did not convert these derivatives
to AMT but resulted rather in the quantitative disappearance of
the radioactivity associated with one of these compounds (Chart
2, A-PG, bottom) and a corresponding increase in the radioactiv

ity associated with the other (Chart 2, A bottom). The character
istics of these additional metabolites of AMT are further consid
ered below.

Comparison of Rates of Polyglutamylation of AMT and MTX
at Comparable Intracellular Levels of Monoglutamyl Sub
strate. The 9-fold greater polyglutamylation of AMT relative to

MTX seen above is probably partially a consequence of the
higher free intracellular drug levels achieved for the former com
pound at equivalent extracellular drug concentrations. The in
creased level of intracellular AMT substrate should alone in
crease the extent of polyglutamylation. To exclude the contri
bution of the membrane transport system as a factor in the much
greater extent of AMT PG formation relative to MTX, cells were
incubated with a concentration of AMT (1 /tw) lower than that of
MTX (5 UM) in order to achieve equivalent intracellular monoglu-
tamate levels. As depicted in Chart 3, under these conditions,
the underivatized AMT concentration was in fact comparable to
that of MTX. However, the rate of AMT polyglutamylation still
exceeded that for MTX by a factor of 2.8.
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Chart 1. Net accumulation of total intracellular MIX and AMT. Cells were
incubated with 1 MM[3H]MTX or 1 MM[3H]AMT at 37Â°.At the indicated times, total
intracellular 3H was determined as described in "Materials and Methods.'
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Chart 2. HPLC analysis of AMT metabolites. Cells were incubated for 2 hr with
1 MM [3H]AMT. The intracellular radiolabel was analyzed by ion-pairing HPLC as
described in "Materials and Methods" before (fop) and after {bottom) treatment with

a preparation of chicken pancreas conjugase.
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Chart 3. Comparison of polyglutamylation of AMT and MTX at equal intracellular
substrate levels. Cells were incubated with 5 MM |3H]MTX and 1 MM [3H]AMT. At

the indicated times, the intracellular derivatives were quantitated as described in
"Materials and Methods" for unmetabolized drug and PGs.

Time Course of Formation and Binding of Intracellular De
rivatives of AMT. Chart 4A illustrates the time course of accu
mulation of intracellular AMT and its metabolites during a 2-h

exposure to 0.5 MMdrug. As seen above in Chart 1, there was
an initial rapid uptake of 3H largely associated with unaltered
AMT followed by a slower constant accumulation of total radio-

40 60 80

MINUTES

Chart 4. Time course of formation and binding of cellular AMT and its deriva
tives. A, cells were exposed to 0.5 MMof radiolabeled AMT and intracellular drug
was quantitated as described in "Materials and Methods" for total 3H, underivatized

AMT, AMT PGs, and the derivatives A and A-PG. B, the binding of derivatives of
AMT to intracellular DHFR was determined. The binding to this locus was evaluated
by chromatography on Bio-Gel P-6 and P-60 as described in "Materials and
Methods."

label. Only when drug levels sufficient to saturate DHFR were
achieved in the intracellular compartment could any AMT poly-

glutamyl derivatives be detected. Beyond this point, the level of
the PGs rapidly exceeded that for unaltered drug resulting in a
displacement of the latter from the target enzyme (Chart 40). By
40 min, uptake of total 3H essentially paralleled the accumulation

of PG derivatives. Derivatives A and A-PG were detected at the

earliest sampling times (Charts 4/4 and 5), prior to saturation of
intracellular DHFR. However, these derivatives did not appear to
bind tightly to DHFR since no complex could be isolated by gel
filtration (Chart 4B).

The kinetics of formation of these various drug forms are
depicted in Chart 5. Derivative A formed rapidly (within 30 sec,
inset) and achieved a peak level at about 2 min. It scon declined
to a lower steady state level associated with its rapid exit from
the cells (see below) and its conversion to a polyglutamyl form,
A-PG. The latter was also detected by 30 sec (Inset); however,

with the appearance of free AMT in the intracellular compartment
which likely competes with A for polyglutamylation, the rate of
A-PG formation slowed markedly even though this derivative

continued to accumulate over the remaining interval of observa
tion. After 2 hr, A and A-PG constituted approximately 4 and

14%, respectively, of the total intracellular radioactivity. Of the
AMT PGs, PG1 appeared at 6 min followed by the appearance
of PG2 at 10 min. As indicated above, PG3 was also detected
in some experiments. However, this compound was generally
undetectable at an extracellular AMT concentration of 0.5 UM.
At the end of the 2-hr interval of observation, PG2 was the

predominant intracellular component, constituting 43% of the
total cellular drug whereas PG1 represented 30% of the total
derivatives formed from AMT.

Binding of AMT Metabolites to Purified Ehrlich Tumor
DHFR. The data presented in Chart 48 suggest that the polyglu
tamyl forms of AMT readily bind to intracellular DHFR in contrast
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Charts. Kinetics of formation of the derivatives of AMT. Ehrlich cells were
exposed to 0.5 Â¡M[3H]AMT, and at the indicated times, the cellular radiolabeted
drug components were measured as described in 'Materials and Methods." The

designation for the derivatives are those used in Chart 2 including PG1, PG2, A,
and A-PG.

Table 1
Binding of AMT derivatives to intracellular and purified DHFR

Cells were treated with radioiabeled AMT as described in the text, following
which they were quantitated for total cellular and bound radiolabel (bound in cell)
as described in 'Materials and Methods." The derivatives are designated as in

Chart 2. An identical sample of cells was boiled for 10 min and centrifuged. To the
supernatant were added 5 pmol of purified DHFR. Determination of the derivatives
was performed on samples before (total extract) and following (bound to DHFR)
Bio-Gel P-6 chromatography as described in "Materials and Methods." The deriv

atives are designated as in Chart 2.

Total cellular Bound in cell
(nmol/g dry wt (nmot/dry wt of Total extract Bound to

of cells) cells) (pmol) DHFR (pmol)
Total3HAMTAA-PGPG1PG25.541.440.220.772.210.892.260.81001.020.4138.319.821.495.3415.006.674.041.22001.860.93

to the early forming derivatives A and A-PG which show no

apparent tendency to associate with this intracellular locus.
These binding interactions were further evaluated by the use of
a purified DHFR preparation from Ehrlich cells. Cells were ex
posed to 0.5 /Â¿Mof radioactive drug for 1 hr to generate an
appreciable level of the various metabolites of AMT. At the end
of the incubation, the cells were washed with saline, resuspended
into sodium citrate buffer, and boiled (10 min) to denature the
proteins. The solution was clarified by centrtfugation, and a
sample of the supernatant containing AMT and its derivatives
were incubated with purified DHFR (30 min) in the presence of
100 Â¿IMNADPH. Following centrifugation of the enzyme-cell
extract through a Bio-Gel P-6 column to remove the unbound
radiolabel, the identity of the DHFR-bound components was

analyzed by HPLC. These data are presented in Table 1 along
with that for the total and bound drug components in the intact
cell. Clearly, no tight binding of A or its PG form to the intracellular
or purified DHFR occurs under these conditions. Similarly, A and
A-PG, isolated from the other AMT derivatives by HPLC, failed

to bind appreciably to the purified enzyme when present in
excess (not shown). Moreover, the similarities of the relative
levels of the bound AMT monoglutamate and PG derivatives to

their relative abundances in the cell or the cell-free extract as
seen in Table 1 is consistent with a similar binding affinity of
these compounds for this enzyme.

Intracellular Retention of AMT and Its Derivatives. Chart 6
(fop) illustrates the extent to which the various forms of AMT
were retained in the Ehrlich tumor after loading the cells for 90
min in the presence of 0.5 Â¡Mof radioiabeled AMT. After this
preexposure, greater than 65% of the intracellular drug was
present as the higher conjugates of AMT whereas approximately
18% was present as A and A-PG (not shown in Chart 6, fop).
Following resuspension of the cells into drug-free medium, the

major portion (greater than 90%) of the intracellular AMT exited
the cells within 60 min. The large decline in the level of PG1 was
attributable mainly to its conversion to the longer chain length
form, PG2 (Chart 6, bottom) resulting in a slower decrease in the
level of AMT PGs during this interval (18% of the total PGs).
Some PG1 and PG2 could be detected in the extracellular
medium, consistent with the slow exit of intact PGs from the
cells. While a loss of the intracellular A and A-PG was observed
(approximately 90 and 75%, respectively; Chart 6, bottom), very
little of the latter relative to A was detected in the medium,
suggesting its hydrolysis by intracellular and/or extracellular
conjugases. Of particular importance in the experiment depicted
in Chart 6, the PG derivatives of AMT, potent DHFR inhibitors
as described above, remained at levels exceeding the intracel
lular concentration of the target enzyme throughout the interval
of observation.

Nature of Compound A and Its Polyglutamyl Derivative. The
experiments described above show clearly that the compound
designated A rapidly accumulated in Ehrlich cells exposed to
radioiabeled AMT and is converted to a polyglutamyl derivative.
The use of highly purified preparations of AMT in these studies
would seem to exclude an origin for this compound as a contam
inant of the commercial radioiabeled AMT. Similarly, no series of

20 30 40

MINUTES

Chart 6. Intracellular retention of AMT and its derivatives. Ehrlich cells were
incubated with 0.5 IM of [3H]AMT for 60 min. The cells were then washed and
resuspended in drug-free medium.At the indicated times, following resuspension,
the radioiabeleddrug componentswere quantitated as described in "Materials and
Methods." Top, levelsof total cellularradiolabel,AMT PGs,and underivatizedAMT;

, intracellular level of DHFR; bottom, individual derivatives including AMT,
PG1,PG2,A, and A-PG.
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treatments of the AMT (exposure to light, heat, or acid) resulted
in the formation of a compound with a retention time on HPLC
of derivative A or A-PG. Finally, pretreatment of Ehrlich cells with
the lipophilic antifolate 2,4-diamino-5-(3',4'-dichlorophenyl)-6-

methylpyrimidine (250 fiu) so as to effectively abolish binding of
AMT to DHFR (less than 10% of the untreated binding level)
elevated the free intracellular AMT level (approximately 165%)
at early exposure times. This increase in the free AMT mono-

glutamyl substrate resulted in greater polyglutamylation (Table
2). Additionally, there was an approximately 2-fold elevation in

the intracellular peak level of compound A achieved, consistent
with its formation in a metabolic step from AMT within the cell.
The amount of A-PG formed also increased under these condi

tions. A metabolism of AMT in addition to its polyglutamylation
has been described, including its hydroxylation (21), and formy-

lation (2). However, derivative A did not have the same Chromat
ographie properties of either 7-hydroxyaminopterin, synthesized
by a rabbit liver homogenate from AMT, or 10-formylaminopterin,

prepared by a procedure for the corresponding folie acid deriv
ative.

DISCUSSION

AMT is distinguished from MTX only by the absence of a
methyl group (at position AMO), a change which profoundly
influences the antifolate potency (14). Since this structural alter
ation only minimally affects the binding of the drug to DHFR (36),
the increased cytotoxic activity of AMT has been attributed
generally to the higher intracellular levels achieved compared to
MTX following drug exposure, arising from its more efficient
transport into cells (3,16, 28, 30, 37, 38).

The present study describes an additional difference between
these 2 closely related antifolates, namely the more rapid poly
glutamylation of AMT relative to MTX in the Ehrlich ascites tumor.
This increased metabolism was clearly attributable in part to the
greater transport of AMT than of MTX, resulting in increased
levels of intracellular substrate for polyglutamylation. However,
even when the extracellular AMT concentration was reduced
relative to MTX so as to achieve comparable intracellular levels
of the unmetabolized drugs, thereby compensating for the dif
ference in net drug uptake, AMT was still polyglutamylated
approximately 2.8-fold faster than was MTX. This suggests that
AMT is a better substrate than is MTX for the folyl-PG synthe-

tase, the enzyme which catalyzes the condensation of glutamyl

Table 2

Effect of DDMP on cellular accumulation of AMT and its derivatives
Ehrlich cells were treated with and without 2,4-diamino-5-(3',4'-dichlorophenyl)-

6-methylpyrimidine (250 iim) for 30 min prior to treatment with 0.5 Â¡IM[^HJAMT.

After 10 min, the samples were quantitated for the cellular drug components as
described in "Materials and Methods." The designations for the various drug forms

are described in the text and in Chart 2.

Intracellular bound drug (nmol/g dry wt)

Total Free
Treatment Total 3H AMT AMT" PG1 PG2 A A-PG

Control 3Ãœ9Ã•2Ã•3 Ã–26Ã–0224 Ã–Ã–50236 0.551
DDMP6 2.364 0.812 0.689 0.330 0.120 0.489 0.614

Increase 165.0 47.3 140.0 107.2 11.4
(%)
* The level of free AMT was calculated from the difference between total and

bound derivatives determined by Bio-Gel P-6 gel filtration as described in "Materials
and Methods."

* DDMP, 2,4HliamirKv5^3^4'<lk^kxophenyl)-6-nlemylpyrirn^dine.

residues to the terminal portion of both the natural folates and
certain of the antifolates. In addition, a recent preliminary report
(29) suggests that AMT is also a better substrate for this enzyme
in cell-free preparations.

Certainly, there is now considerable substantiation for the
critical role that the polyglutamyl derivatives of MTX play as
determinants of the cytotoxicity (4,11,24,32,33) and selectivity
(4,7) of this antifolate. In the absence of polyglutamyl derivatives,
the pharmacological effects of the drug are rapidly reversed as
free underivatized MTX leaves the cell (15, 40, 41). However, in
the presence of MTX polyglutamyl derivatives which are retained
intracellularly to a greater extent than the unaltered drug (9,11,
12,24, 33) and bind with at least an equal affinity to DHFR (20,
23, 35), there is a prolonged inhibition of DMA synthesis (24, 32,
33), and consequently increased cytotoxicity (4,11,24,32). The
present findings that AMT is rapidly polyglutamylated in the
Ehrlich tumor, that the polyglutamyl forms of AMT bind tightly to
DHFR, and that these derivatives are retained intracellularly point
to the possibility that this metabolism may represent a significant
determinant of the cytotoxic potency of this antifolate as well.
However, the increased cytotoxicity of AMT relative to MTX
could also relate to other factors not evaluated in this study,
including an inhibition of alternate cellular loci.

Of particular interest was the demonstration of the formation
of 2 intracellular derivatives of AMT in addition to the AMT PGs.
These derivatives clearly represent metabolites of AMT since (a)
they were derived from highly purified preparations of radiola-

beled drug, (b) they could not be generated from AMT in the
absence of cells by degradative conditions, and (c) their intracel
lular accumulation increased following treatment with an agent
which elevated free intracellular AMT available as a substrate for
metabolic conversion. The metabolites A and A-PG were ob

served to form rapidly, prior to saturation of the intracellular
DHFR. Hence, the formation of A is fast relative to AMT binding
to intracellular DHFR. The early formation of the PG form, A-PG,

moreover, probably derives from the failure of unconjugated A
to bind to DHFR, since the corresponding AMT PGs were
undetectable until the enzyme was saturated and a free drug
component appeared in the intracellular space. With the accu
mulation of free AMT and AMT PGs, A-PG formation slowed,

presumably due to a competition for binding between AMT and
A at the level of the folyl-PG synthetase. While the structural

elucidation of these novel metabolites derived from AMT in
Ehrlich tumor cells has not been established in the present study
and is currently under investigation, the demonstration of a
mechanism in tumor cells for diminishing the affinity of antifolates
for their target enzyme is of potential pharmacological impor
tance and represents an additional element in the differential
sensitivity of cells to these antineoplastic agents.
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