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ABSTRACT

Folylpolyglutamate hydrolase (folyl hydrolase) activity derived from
murine tumors and various normal tissues was measured by means of
high performance liquid chromatography using methotrexate polygluta-
mates as substrate. Enzyme-mediated hydrolysis was considerably
greater (10-20-fold) on a specific activity basis in extracts from all
normal mouse tissues (kidney > bone marrow > small intestine at liver)
than from tumor cells (Sarcoma 180 > Ehrlich at 1,1210 cells). Enzyme
preparations from purified absorptive and crypt cell epithelium from
mouse small intestine exhibited comparable levels of spÃ©cifieactivity and
were greater than that derived from the total organ. Folyl hydrolase from
mouse kidney showed mixed endo- and exopeptidase activity while that
derived from all other normal tissues and tumor cells was consistent with
endopeptidase activity. Levels of cell-free folyl hydrolase activity derived
from tumor cells varied substantially with the phase of growth in vivo.
Also, levels were appreciably lower from the same cells grown in vitro.
Hydrolysis by crude or partially purified enzyme preparations from
mouse small intestine or tumor cells conformed to Michaelis-Menten
kinetics (single saturable component). Rates of hydrolysis and Ã„,â€žvalues
were proportional to â€¢y-glutamylchain length in the case of I 12111cell-
derived enzyme but not for enzyme derived from small intestine. Am
values derived for 4-amino-lO-methylpteroyldiglutamate were the same
[A. = 80.4 Â±9 (SE) MM]for small intestine and I 121(1cells. However,
with 4-amino-lO-methylpteroyltetraglutamate K, values were 3-fold
lower for tumor cell preparations and 8-fold lower for preparations
derived from small intestine. Fourfold lower A. values for 4-amino-10-
methylpteroyldiglutamate were obtained with enzyme derived from Sar
coma 180 cells as compared to the enzyme from LI 210 or intestinal cells.
Varying levels of folyl hydrolase activity for metbotrexate poh Â«lutamates
in cell-free preparations from different tumor cells appeared to reflect
differences in in situ hydrolytic activity shown for the same substrate
when internalized. The relevance of these results to antifolate pharma
cology and, specifically, to a role for polyglutamates of 4-aminofolate
compounds in determining cytotoxicity and selective antitumor activity
of these agents is discussed.

INTRODUCTION

Folate analogues, such as methotrexate, are metabolized to
7-polyglutamated derivatives by the enzyme folylpolyglutamyl
synthetase in a wide variety of normal and neoplastic mamma
lian cells (reviewed in Refs. 1-4). Moreover, the intracellular
accumulation of polyglutamated derivatives of these analogues
(1,5, 6), along with other biochemical parameters (1,7, 8), is
probably a determining factor for their cytotoxicity. Analogues
which appear to exhibit (1,9-12) greater therapeutic selectivity
in murine tumor models are preferentially accumulated as
polyglutamates in tumors compared to normal proliferative
tissues. Although there is evidence for their retentive nature in
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some in vitro cellular systems (reviewed in Refs. 1-4) and for
increased potency (see Refs. 1-4) over the parent derivative as
inhibitors of folate-dependent biosynthetic enzymes, the precise
pharmacological role for these metabolites in mediating cyto
toxicity and selective antitumor activity at the present time is
not entirely clear.

Net accumulation of polyglutamates of various 4-aminofolate
compounds in most proliferative tissues probably reflects their
capacity for intracellular deglutamylation by folylpolyglutamyl
hydrolase (folyl hydrolase) in addition to synthesis by folylpol
yglutamyl synthetase. Folyl hydrolase is also of interest because
of its potential role in regulating intracelluar folyl polygluta-
mate levels. Folyl hydrolase often referred to as "conjugase"
has been found (13-25) in a wide variety of tissues and species.
While the role of this enzyme in the digestion of dietary folate
has been formulated (26-30), its function in tissues unrelated
to intestinal absorption is unclear. In nearly all nonabsorptive
tissues examined, the enzyme was of lysosomal origin (13, 14,
24, 25) with an acidic pH optimum. However, a cytosolic
enzyme with a more alkaline pH optimum has also been re
ported (18) in chicken pancreas. Folyl hydrolases have been
classified as endopeptidases (16, 23, 25) or exopeptidases (car-
box vpep tÂ¡dase)(18, 19) depending upon their preference for
cleavage of specific 7-glutamyl bonds. It is possible that some
tissues contain both types of enzymes or under different con
ditions (pH, etc.), the same enzyme may act as one or the other.

Our own studies of folyl hydrolase were begun for the purpose
of determining the extent to which this enzyme might contrib
ute to the differential accumulation of polyglutamates of 4-
aminofolate compounds in antifolate-responsive tumors com
pared to normal proliferative tissues of the mouse. Moreover,
no information was available on the content or properties of
this enzyme in tumor cells or on its action on various 4-
aminofolyl polyglutamtes. We have developed a relatively
straightforward assay for folylpolyglutamyl hydrolase activity
for these studies which incorporates (31,32) HPLC3 separation
and UV detection of polyglutamates of 4-aminofolate com
pounds and their reaction products. Our results are presented
below.

MATERIALS AND METHODS

General. Synthesis of some of the polyglutamyl derivatives of meth
otrexate have been described (19, 33). Some of these were purchased
from Dr. C. M. Baugh of the University of South Alabama Medical
School, Mobile, AL. LI210V and L1210VC,, murine leukemia, Sar
coma 180, and Ehrlich ascites cells were maintained in C57BL x DBA/
2 FI mice (The Jackson Laboratory) by weekly passage according to
previously described procedures (34). L1210Vd, Sarcoma 180, and
Ehrlich cells were also maintained in cell culture in RPMI 1640 plus
10% fetal serum. These cells were also transferred weekly by published
procedures (35). Cell-free enzyme preparations were obtained from
mid-late logarithmic phase tumor cells unless otherwise indicated. Cells

3The abbreviations used are: HPLC, high performance liquid chromatography;
MTX, methotrexate; MTX+d, +G2, +G3, 4-amino-lO-methylpteroyldigluta-
mate, triglutamate, tetraglutamate.
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in culture or from ascites fluid were used as sources of folyl hydrolase.
Cells in asci tic fluid were suspended in 0.17 M NH4C1 to remove RBC
by lysis. After being washed in 0.14 M NaCl plus 0.01 M sodium
phosphate, pH 7.2, cells were resuspended in 50 HIMTris-HCl plus 1
mM EDTA (pH 7.2). Small intestine, kidney, and liver were removed
from mice after cervical dislocation, sectioned, washed repeatedly in
saline-phosphate, and resuspended in Tris-EDTA. Bone marrow was
collected from resected femur of mice by flushing saline-phosphate
through the bone with a syringe. These were suspended in 0.17 M
NI I-CI to remove RBC, washed in saline-phosphate, and resuspended
in Tris-EDTA. Absorptive and crypt cell epithelium from mouse small
intestine were obtained by fractionation from everted intestine using
methods described earlier (36). Solid tissues were homogenized in Tris-
EDTA with 10-15 strokes of a motor-driven pestle. The tissue homog-
enates, bone marrow cells, tumor cells, and epithelial cell fractions in
Tris-EDTA were sonicated for 30 s and centrifuged at 10,000 x g, and
the clear supernatant was used for assay of folyl hydrolase. All proce
dures were carried out at 0-4*C.

Enzyme Assay. In a modification of published procedures (14, 18),
cell-free enzyme preparations (0.2 to 2.5 mg protein in 0.5 to 2.0 ml)
were incubated at 37Â°Cin Tris-EDTA (pH 7.2) or Tris-EDTA with 50

mM sodium acetate (pH 4.5). The reaction was initiated by the addition
of 3.5 fit* methotrexate polyglutamate (unless otherwise indicated). At
various times thereafter, aliquots were removed and the reaction was
terminated by placing the reaction test tube in boiling water for 15 min.
Substrate and products were resolved by HPLC using a 10-//m C,Â»
Bondapak column (Waters Associates). The elution rate was 1 ml/min
with a 20-min linear gradient from 5% acetonitrile in 0.1 M sodium
acetate, pH 5.1, to 15% acetonitrile in the same buffer using a Waters
System Controller and two pumps. Eluent was monitored at 313 nm
with a Waters 480 variable UV wavelength detector and peaks were
integrated with a Waters data module. Quantitation was by the external
standard method and enzyme activity was expressed as pmol of product
formed per mg of protein per min. Protein concentration was deter
mined by the method of Lowry et al. (37).

RESULTS

Relative Folyl Hydrolase Activity in Cell-free Extract Derived
from Normal and Neoplastic Murine Tissues. Folyl hydrolase
activity was monitored by reverse phase HPLC following in
cubation of cell-free extract from LI 210 cells at 37Â°Cwith 3.5

UM MTX+Gs. From data shown in Fig. 1, it can be seen that
hydrolysis of this compound was linear with time up to at least
70% of total hydrolysis. Furthermore, hydrolysis was propor
tional to enzyme content in the reaction mixture within the
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Fig. 1. Hydrolysis of MTX+Gj as a function of time and enzyme concentra
tion. In a, 3.5 ?M MTX+( ;, was incubated at 37'C for varying periods of time
with cell-free extract (1 mg protein) derived from LI210 cells or mouse small
intestine. In h. varying amounts of cell-free extract from 1.1210 cells or mouse
small intestine were incubated at 37*C for 10 min with 3.5 pM MTX+<ii. Assay

conditions and analytical methods have been described in detail in the text. Values
represent the average of 3 experiments and the standard error of the mean was
always <Â±13%.

concentration range used. Similar data (Fig. 1) were derived
with cell-free extract obtained from mouse small intestine.

However, substantially less extract was required to obtain equiv
alent levels of hydrolysis of this substrate. Hydrolytic activity
mediated by these enzyme preparations in the buffer used was
maximum at pH 4.5 but was only slightly less active at pH 7.2.
Also the reaction could be completely inhibited by 100 MMcitric
acid which was a finding consistent with previous reports by
others (14, 18).

Specific activities in cell-free extract derived from several
murine tissues are compared in Table 1 using MTX+d (3.5
UM) as substrate. Among normal tissues, enzyme activity was
highest in extract derived from kidney and decreased in the
order, kidney > bone marrow > small intestine s liver. Cell-
free hydrolytic activities were substantially greater in crypt cell
epithelium and mature absorptive epithelium of small intestine
compared to that found in extract of total organ after these
cellular compartments were separated by fractionation (36) of
epithelial cells from the everted organ. In contrast to these
results, hydrolytic activity in cell-free extract derived from
logarithmic phase tumor cells in vivo was substantially lower
(Table 1) than those derived from normal tissues. Control
experiments examining enzymatic cleavage of MTX+d by
mixtures of tumor-derived extract and extract from small intes
tine gave results (data not shown) showing that the hydrolytic
activity in extract derived from tumors was related only to lower
levels of folyl hydrolase and not to the presence of endogenous
inhibitors in these tissues.

It was also found that folyl hydrolase activity in extracts
derived from tumor cells in vivo varied markedly with the phase
of growth of these cells in mice. This is shown in Fig. 2 for
Sarcoma 180 and LI210 cells. Mediated hydrolysis was gener
ally higher in cell-free enzyme preparations obtained from cells
in early logarithmic phase of i.p. growth, particularly for LI 210
cells. The content of hydrolytic activity in these extracts de
creased during continued growth toward a plateau phase. Of
considerable interest were related observations (Fig. 3) made
for logarithmic phase tumor cells growing in culture. Hydrolytic
activity in extract from an LI210 cell variant derived in culture
(L1210V/C|), but grown in mice, was somewhat lower than for
the parental L1210V line. However, cell-free extract derived
from the same cell line (L1210V/d) when grown in vitro was
virtually devoid of hydrolytic activity. Similar, but less dramatic,
differences were obtained (Fig. 3) for cell-free enzyme prepa
rations derived from cells of the same Sarcoma 180 and Ehrlich
tumors when grown either in vivo or in vitro. Mixing experi
ments also carried out with these in vitro- or in viva-derived
enzyme preparations (data not shown) gave results which sug-

Table I Relative folyl hydrolase activity derived from various murine tissues
Cell extracts (0.1-2 mg/ml) were incubated at 37"C with 3.5 /JM MTX+d.

Details of the enzyme assay and the processing and analysis of samples have been
described in the text. Values are the average of 3 measurements Â±SE.

TissueKidney

BonemarrowSmall

intestineLiver

Sarcoma 180
Ehrlich
L12IOCompositionTotal

organ
TotalorganTotal

organ
Mature epithelium
CryptepitheliumTotal

organ
Ascites
Ascites
AscitesSpecific

activity
(pmol/min/mg

protein)19.6

Â±1
12.8Â±2.78.3

Â±0.1
20.5 Â±1.5
27.3 Â±47.3

Â±0.5
1.8 Â±0.3
1.2 Â±0.3
1.0 Â±0.2
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Fig. 2. Hydrolytic capacity of cell-free extract derived from murine tumor cells
at varying phases of growth in vivo. Cell-free extract (0.5-2 mg protein/ml) were
incubated at 37*C with MTX+G, in the assay system. Preparation of cell-free

extract, assay conditions, and analysis of samples have been described in detail in
the text. Values represent the average of 3 experiments and the standard error of
the mean was <Â±I9%.
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Fig. 3. Hydrolysis of MTX+G, in the presence of tumor-derived cell-free
extract. Cell extract (0.5-2 mg protein/ml) was incubated with 3.5 Â¡iMMTX+Gi
at 37*C. Preparation of cell-free extract, assay conditions, and analysis of samples

have been described in detail in the text. Values represent the average of 3
experiments, bars, SE.

gested that these differences were not related to the presence of
an endogenous inhibitor in in viÃ¯ro-derivedcell-free extract.

Specificity for â€¢y-GIutamylChain Length and Kinetic Proper

ties of Folyl Hydrolase from LI 210 Cells and Small Intestine.
Rates of hydrolysis obtained for enzyme preparations incubated
with MTX polyglutamates (3.5 ^M) of varying chain lengths
are shown in Fig. 4. For preparations derived from L1210 cells,
the rate of hydrolysis was proportional to the number of addi
tional glutamyl residues (1 to 3) attached at the 7-carboxyl
position. A similar relationship was seen for preparations de
rived from intestinal epithelium but only up to two additional
glutamyl residues. The addition of a third glutamate resulted
in a greater than proportional increase in hydrolysis by this
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Fig. 4. Hydrolysis of methotrexate polyglutamates as a function of vglutamyl
peptide chain length. Cell-free extract isolated from LI210 cells or mouse small
intestine was incubated in assay buffer at 37'C with 3.5 MMMTX+G,, MTX+Gj,

or MTX+Gj. Assay conditions and analysis of samples have been described in
detail in the text. Values represent the average of 3 experiments. Bars, SE.

Table 2 Kinetic properties of folyl hydrolase derivedfrom various murine tissues
Cell-free extracts (0.1 to 2 mg protein/ml) in assay buffer were incubated at

37'C with varying concentrations of MTX+G, or MTX+G3. Kmand Vâ€žâ€žwere
obtained from a double-reciprocal plot of initial velocity versus concentration.
Preparation of cell-free extract, assay conditions, and method of analysis have
been described in the text. Purification of folyl hydrolase by ammonium sulfate
fractionation was carried out as described in Ref. 38. Values represent the average
of 3 experiments Â±SE.

Tissue1.1

2 10cellsSarcoma

180
cellsSmall

intestineEnzyme

extractCrudeCrude

PurifiedCrude

PurifiedSubstrateMTX+G,MTX+GJMTX+G,

MTX+G,MTX+G,MTX+GJMTX+G,K,(MM)83.1

Â±9.2
28.3 Â±3.419.9Â±3.9

19.7 Â±6.277.7

Â±8.7
10.1 Â±1.5
86.4 Â±9.3Vâ€žâ€ž

(pmol/min/mg
protein)12.3

Â±0.2
11.7 +0.215.2

Â±3.1544

Â±145122

Â±26
129 Â±23

4240 Â±625

cell-free preparation. In other experiments, the kinetics of hy
drolysis by these two cell-free preparations was also examined.
These results are given in Table 2. An analysis of initial reaction
velocities at varying substrate concentrations yielded a single
saturable component and Km values for MTX+Gi which were
similar for enzyme preparations derived from both sources. A',,,

values for MTX+G3 were 3-fold lower for preparations ob
tained from LI210 cells, but 8-fold lower for similarly derived
preparations from small intestine. In contrast to these results,
the Km value for MTX+Gi for enzyme preparations derived
from Sarcoma 180 cells was 4-fold lower. It is also seen (Table
2) that V,,Â»,values derived for enzyme preparations from L1210
and Sarcoma 180 cells in these experiments were 8- to 10-fold
lower than the same values derived with enzyme preparations
from small intestine. It can also be seen in Table 2 that Km
values for MTX+Gi were similar when enzyme preparations
from small intestine were partially purified [a 20-fold increase
in specific activity was obtained by fractionation with ammo
nium sulfate (38)]. The same result was obtained with crude
versus partially purified preparations derived from Sarcoma 180
cells.

Mode of Hydrolysis of Methotrexate Polyglutamates. An ex
amination of the products formed during enzymatic cleavage of
the longer chain length methotrexate polyglutamates by the
various cell-free extracts demonstrated both endo- and exopep-
tidase action depending upon the tissue of origin. With enzyme
preparations from small intestine (Fig. 5) hydrolysis of
MTX+Gs resulted in the formation of predominantly MTX
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Fig. 5. Product formation during hydrolysis of MTX+G3 by cell-free folyl
hydrolase derived from mouse small intestine. Cell-free extract (0.1-0.2 mg
protein/ml) was incubated at 37Â°Cwith 3.5 Â¡IMMTX+G3. Samples were collected

and assayed by high performance liquid chromatography. Assay conditions and
analytical procedures have been described in the text. Values represent the average
of 3 experiments and the standard error of the mean was always <Â±16%.
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Fig. 6. Product formation during hydrolysis of MTX+G3 by cell-free folyl
hydrolase derived from mouse kidney. Cell-free extract (0.1-0.2 mg protein/ml)
was incubated at 37"C with 3.5 UMMTX+G3. Samples were collected and assayed

by high performance liquid chromatography. Assay conditions and analytical
procedures have been described in the text. Values represent the average of 3
experiments and the standard error of the mean was always <Â±18%.

with only trace amounts of MTX+Gi and MTX+G2 detectable.
Similar results (data not shown) were obtained when MTX+G2
was used as the substrate and for enzyme preparations from
mouse liver, LI210 cells, and Sarcoma 180 cells when
MTX+G, was used as substrate. In contrast to these results, all
intermediate MTX polyglutamates were formed nonsequen-
tially (Fig. 6) at appreciable levels following incubation of
enzyme preparations from mouse kidney with MTX+Gs.

Folyl Hydrolase Activity in LI 210 Cells in Situ. It was of
considerable interest to determine if hydrolytic activity for
methotrexate polyglutamates measured in cell-free enzyme
preparations were actually a reflection of similar levels of
hydrolytic activity within the intracellular compartment of in
tact cells. To do this we chose to study the intracellular meta
bolic disposition of MTX+d in L1210V and L1210C, cells
derived in vivo and in vitro, respectively. As was shown in Fig.
3, enzyme preparations from these cell populations show ex
tremely different levels of hydrolytic activity. For these experi
ments, we incubated cell suspensions of each cell type at 37T
in a physiological salts solution with 50 IIM MTX+G, using
conditions (no glucose) which maximized (39) intracellular
accumulation by minimizing loss of drug by mediated efflux.
Under these conditions there was no detectable hydrolysis of

Table 3 Intracellular hydrolysis of MTX+G, following preloading of LI 210 cells
1,1210 cells (I.12IOV cells from mice and L1210VC, cells from cell culture)

were incubated with 50 /iM MTX+Gi for 15 min at 37'C in transpon buffer (34)
without D-glucose. Cells were rapidly cooled to 0-4*C by dilution in cold 0.02 M

potassium phosphate plus 0.14 M NaCl. After washing and heat extraction,
extracts were clarified by centrifugation, analyzed by high performance liquid
chromatography, and quantitated by titration with dihydrofolate reductase (34).
Additional experimental details are provided in the text.

Experiment1

2
3Incubation

time
(min)15

1515Relative

hydrolysis(%)L1210V10.1

46.0
57.8L1210V/C,2.8

3.0
51.0

MTX+Gi (data not shown) in the external compartment; thus,
any MTX found intracellularly would have originated by enzy
matic cleavage within the intracellular compartment. Following
15 min of incubation with MTX+d, it can be seen in three
separate experiments (Table 3) that MTX represented a signif
icantly greater percentage of total drug in in v/Vo-derived
LI210V cells compared to in v/fro-derived L1210Vd cells.
This difference was consistent with the results (Fig. 3) obtained
with the corresponding cell-free enzyme preparations.

DISCUSSION

The HPLC assay used during these studies appears to be a
facile and reliable procedure for measuring the rate and mode
of hydrolytic cleavage of polyglutamates of various 4-aminofol-
ate compounds by folylpolyglutamyl hydrolase from various
tissues. Previous workers (13-25) characterizing this enzymic
property have used natural folates as substrates. Moreover, the
assay methods used (19, 25) were not applicable to measuring
reactions involving folate analogues or required the use of
radioactive substrates. Our own results document a wide vari
ation in folyl hydrolase-mediated cleavage of methotrexate po
lyglutamates among various murine tissues. Findings for some
of the normal tissues studied pertaining to relative levels of
activity were quite consistent with earlier reports (25) by others
measuring this enzymatic activity with foly polyglutamates as
substrates. Of some surprise, however, were the results from
studies comparing folyl hydrolase activity in absorptive and
proliferative compartments of epithelium from mouse small
intestine. Although folyl hydrolase appears (26-30) to be a
component of the absorptive mechanism associated with mature
epithelial cells, similar levels of this enzyme activity were found
in both absorptive and nonabsorptive compartments of this
tissue. Further work will be necessary to ascertain the signifi
cance of this observation and to provide clarification with
respect to membrane-derived versus lysosomal-derived enzy
matic activity. We also noted that the levels of enzyme activity
in preparations derived from purified crypt cell and absorptive
fractions were considerably higher than in preparations derived
from the whole organ. We have no precise explanation for this
difference except to suggest that it may reflect low levels of
enzyme activity in nonepithelial compartments of this organ.

Of singular interest were the findings documenting extremely
low levels of folyl hydrolase in the three murine tumors exam
ined when compared to normal proliferative tissues. Higher
levels of activity of this enzyme for polyglutamates of metho
trexate and other 4-aminofolate analogues in both small intes
tine and bone marrow have pharmacological significance, since
it is in these normal proliferative compartments that drug-
limiting toxicity to these agents occurs (reviewed in Ref. l) in
animals and patients. Drug-limiting toxicity to antifols in mice
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is associated (reviewed in Ref. l) solely with the crypt epithe
lium of small intestine. Relatively lower levels of accumulation
of poh glutamates of these anlogues in this proliferative com
partment compared to tumors may in fact account for instances
(1,9, 10) of selective antitumor action to some of these agents.
This may occur because of the appreciable differential in folyl
hydrolase content between these tissues as well as in mediated
transport (1, 34) inward and synthesis (1-4, 34) of the polyglu-
tamated derivatives.

It was also of interest to note that folyl hydrolase derived
from murine tumor cells, regardless of the normal tissue of
origin, appeared to act as an endopeptidase on methotrexate
polyglutamates (i.e., cleaving the most proximal peptide bond),
as did the same enzyme from mouse small intestine and liver.
This contrasted with the apparent mixed endo- and exopepti-
dase action on these substrates, found for folyl hydrolase de
rived from mouse kidney. These results with enzyme derived
from all three normal tissues agree quite well with earlier
reports (25) of studies of folyl polyglutamate hydrolysis by
enzymes derived from these same tissues. In light of these
results, we would interpret the results of kinetic experiments
and individual A,,,values (obtained for both crude and partially
purified folyl hydrolase derived from tumor cells and small
intestine) as indicative of differential binding of substrate as a
function of polyglutamyl chain length. The apparent discrep
ancy in the proportionality of binding of MTX+G3 by folyl
hydrolase from small intestine with respect to binding of meth
otrexate polyglutamates of lower chain length is not readily
apparent. However, this result may be considered suggestive of
a difference in the nature of the substrate-binding sites on this
enzyme versus the enzyme derived from LI210 cells.

Differences in intracellular hydrolysis of methotrexate poly
glutamates in different populations of LI210 cells were con
sistent with the folyl hydrolase content of these same cell
populations as demonstrated by cell-free enzyme preparations.
These results provide a basis for the conclusion that hydrolytic
activities measured in cell-free preparations reflect capacities
for intracellular hydrolysis in these same tissues. In light of this
and other results (Fig. 3) showing that the lowest levels of
enzyme-mediated hydrolysis were associated with tumor cells
cultured in vitro, one should approach with caution studies in
model cellular systems which might artificially suppress intra
cellular folyl hydrolase levels.

Finally, our results (Figs. 2 and 3) showing variable levels of
folyl hydrolase activity in cell-free preparations from the same
tumor cells during different phases of growth or nutrient con
ditions would suggest that this enzyme property is under some
sort of regulation in these cells. To what extent this may relate
to the exogenous folate source available to these cells or to
differences in intracellular folate stores in vitro is not known.
However, the availability of a facile assay procedure for mea
suring hydrolysis of various polyglutamates of these analogues
by this enzyme may represent an opportunity for further studies
on this aspect.

REFERENCES

1. Sirotnak, F. M., and DeGraw, J. I. Selective anthumor action of antifolates.
In: F. M. Sirotnak, J. J. Burchall, \V. D. Ensminger, and J. A. Montgomery
(eds.), Folate Antagonists as Therapeutic Agents, Vol. 2, pp. 43-95. New
York: Academic Press, 1984.

2. Jolivet, J., and Chabner, B. A. Methotrexate polyglutamates in cultured
human breast cancer cells. Prog. Cancer Res. Ther., 28:89-96, 1983.

3. McGuire, J. J., Mini, E., Hsieh, P., and Berlino, J. R. Folylpolyglutamate
synthetase: relation to methotrexate actions and as a target for new drug
development. Prog. Cancer Res. Ther., 28:97-106,1983.

10.

11.

12.

13.

14.

IS.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Goldman, I. D., Matherly, L. H., and Fabre, G. Methotrexate, aminopterin,
and 7-hydroxymethotrexate: recent concepts on the cellular pharmacology
of 4-aminoantifolates. Prog. Cancer Res. Ther., 28:19-40, 1983.
Samuels, L. L., Moccio, D. M., and Sirotnak, F. M. Similar differential for
total polyglutamylation and cytotoxicity among various folate analogues in
human and murine tumor cells in vitro. Cancer Res., 45:1488-1495, 1985.
Fabre, I., Fabre, G., and Goldman, I. D. Polyglutamylation, an important
element in methotrexate cytotoxicity and selectivity in tumor versus granu-
locyte progenitor cells In vitro. Cancer Res., 44:3190-3195, 1984.
Sirotnak, F. M. Obligate genetic expression in tumor cells of a fetal mem
brane property mediating "folate" transport: biological significance and
implications for improved therapy of human cancer. Cancer Res., 45:3992-
4000, 1985.
Jackson, R. C, and Grindey, G. B. The biochemical bases for methotrexate
cytotoxicity. In: F. M. Sirotnak (ed.). Folate Antagonists as Therapeutic
Agents, Vol. 1, pp. 290-316. New York: Academic Press, 1984.
Poser, R. G., Sirotnak, F. M., and elicilo. P. L. Differential synthesis of
methotrexate polyglutamates in normal proliferative and neoplastic mouse
tissues. Cancer Res., 41: 4441-4446, 1981.
Sirotnak, F. M., DeGraw, J. I., Moccio, D. M., Samuels, L. L., and GoÃ»tas,
L. J. New folate analogs of the 10-deaza-aminopterin series. Basis for
structural design and biochemical and pharmacologie properties. Cancer
Chemother. Pharmacol., 12: 18-25, 1984.
Sirotnak, F. M., DeGraw, J. I., Schmid, F. A., GoÃ»tas,L. J., and Moccio,
D. M. New folate analogs of the 10-deaza-aminopterin series. Further evi
dence for markedly increased antitumor efficacy compared to methotrexate
in ascitic and solid murine tumor models. Cancer Chemother. Pharmacol.,
12:23-30, 1984.
Schmid, F. A., Sirotnak, F. M., and Otter, G. M. New folate analogs of the
10-deaza-aminopterin series. Markedly increased antitumor activity of the
10-ethyl analog compared to the parent compound and methotrexate against
some human tumor xenografts in nude mice. Cancer Treat. Rep., 69: 551-
553, 1985.
Bernstein, L. H., Gutstein, S.. Weiner, S., and Efron, G. Malabsorption of
folie acid and its polyglutamates. Am. J. Med., 48:570-579, 1970.
Baugh, C. M., and Krumdieck, C. L. Naturally occurring folates. Ann. NY
Acad. Sci., 186: 7-28, 1971.
Shin, Y. S., Buehring, K. V., and Stokstadt, E. L. R. Studies of folate
compounds in nature. Folate compounds in rat kidney and red blood cells.
Arch. Biochem. Biophys., 163: 211-224, 1974.
Silink, M., Reddel, R., Bethel, M., and Rowe, P. B. -y-Glutamyl hydrolase
(conjugase), purification and properties of the bovine hepatic enzyme. J.
Biol. Chem., 250:5982-5994, 1975.
Baugh, C. M., Stevens, J. C., and Krumdieck, C. L. Studies on 7-glutamyl
carboxypeptidase. Biodi ini. Biophys. Acta, 212:116-125, 1970.
Kaferstein, H., and Jaenicke, L. Eine 7-glutamyl-Carboxypeptidase and
Hiihnerpankreas. Z. Physiol. Chem., 353:1153-1158, 1972.
Krumdieck, C. L., and Baugh, C. M. Radioactive assay of folie acid polyglu
tamate conjugase(s). Anal. Biochem., 35: 123-129, 1970.
Rao, K. M., and Noronha, J. M. Studies on the enzymatic hydrolysis of
polyglutamyl folates by chicken liver folyl poly--y-glutamyl carboxypeptidase.
1. Intracellular localization, purification and partial characterization of the
enzyme. Biochim. Biophys. Acta, 481: 594-607, 1977.
Reisenauer, A. M., Krumdieck, C. L., and Halsted, C. H. Folate conjugase:
two separate activities in human jejunum. Science (Wash. DC), 198: 196-
197, 1977.
Rosenberg, I. H., and Neumann, H. Multi-step mechanism in the hydrolysis
of pteroylpolyglutamates by chicken intestine. J. Biol. Chem., 249: 5126-
5130, 1974.
Saini, P. K., and Rosenberg, I. H. Isolation of pteroyl-7-oligoglutamyl
endopeptidase from chicken intestine with the aid of affinity chromatography.
J. Biol. Chem., 249: 5131 -5134, 1974.
Silink, M., and Rowe, P. B. The localization of glutamate carboxypeptidase
in rat liver lysosomes. Biochim. Biophys. Acta, 381: 28-36, 1975.
Priest, D. G., Veronee, C. D., Mangum, M., Bednarek, J. M., and Doig, M.
T. Comparison of folylpolyglutamate hydrolases of mouse liver, kidney,
muscle and brain. Mol. Cell. Biochem., Â«.-81-87, 1982.
Laskowski, M., Mims, V., and Day, P. L. Studies on the enzyme which
produces the Streptococcus lactis R-stimulating factor from inactive precursor
substance in yeast. J. Biol. Chem., 757:731-739, 1945.
Rosenberg, I. H., Streiff, R. R., Godwin, H. A., and Castle, W. B. Absorption
of polyglutamic folate: participation of deconjugating enzymes of the intes
tinal mucosa. N. Engl. J. Med., 280:985-988, 1969.
Hoffbrand, A. V., and Peters, T. J. The subcellular localization of pteroyl
polyglutamate hydrolase and folate in guinea pig intestinal mucosa. Biochim.
Biophys. Acta, 192:479-485, 1969.
Baugh, C. M., Krumdieck, C. L., Baker, H. J., and Butterworth, C. E., Jr. I.
Folate Absorption in the dog after exposure of isolated intestinal segments
to synthetic pteroylpolyglutamates of various chain lengths. J. Clin. Invest.,
50: 2009-2021, 1971.
Bernstein, L. H., Gutstein, S., and Weiner, S. V. Gamma glutamyl carboxy
peptidase (conjugase), the folie acid releasing enzyme of intestinal mucosa.
Am. J. Clin. Nutr., 23: 919-925, 1970.
Cashmore, A. R., Dreyer, R. N., Horvath, C., Knipe, J. O., Coward, J. K.,
and Benino, J. R. Separation of pteroyl-oligo-^-L-glutamates by high per
formance liquid chromatography. Methods Enzymol., 66:459-468, 1980.
Samuels, L. L., Feinberg, A., Moccio, D. M., Sirotnak, F. M., and Rosen,
G. Detection by high pressure liquid chromatography of methotrexate and

2234

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2426576/cr0460052230.pdf by guest on 19 M

ay 2023



ENZYMATIC HYDROLYSIS OF 4-AMINOFOLYLPOLYGLUTAMATES

its metabolites in tumor tissue from osteosarcoma patients treated with high-
dose methotrexate/leucovorin rescue. Biochem. Pharmacol., 33:2711-2714,
1984.

33. Piper, J. R., Montgomery, J. A., Sirotnak, F. M., and ChelÃn,P. L. Synthesis
of a and -^-substituted amides, peptides, and esters of methotrexate and their
evaluation as inhibitors of folate metabolism. J. Med. Chem., 25: 182-187,
1982.

34. Sirotnak, F. M. Correlates of folate analog transport, phar maco kinet ics and
selective antitumor action. Pharmacol. Ther., 8: 71-103,1980.

35. Chello, P. L., Sirotnak, F. M., and Dorick, D. M. Alterations in the kinetics
of methotrexate transport during growth of LI 210 murine leukemia cells in
culture. Mol. Pharmcol., 18: 274-286, 1980.

36. Sirotnak, F. M., Moccio, D. M., and Yang, C. H. Similar characteristics of

folate analog transport in vitro in contrast with varying dihydrofolate reduc
Ãaselevels in epithelial cells at different stages of maturation in mouse small
intestine. Cancer Res., 44:5204-5211, 1984.

37. Lowry, O. H., Rosebrough, N. J., Fair, A. L., and Randall, R. J. Protein
measurement with the Folin phenol reagent. J. Biol. Chem., Â¡93:265-275,
1951.

38. Elsehans, 11. Ahmad, O., and Rosenberg, I. H. Isolation and characterization
of pteroylpolyglutamate hydrolase from rat intestinal mucosa. J. Biol. Chem.,
259:6364-6368,1984.

39. Dcmbo, M., Sirotnak, F. M., and Moccio, D. M. Effects of metabolic
deprivation on methotrexate transport in LI210 leukemia cells: further
evidence for separate influx and efflux systems with different energetic
requirements. J. Membr. Biol., 78:9-17, 1984.

2235

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2426576/cr0460052230.pdf by guest on 19 M

ay 2023




