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ABSTRACT

The effect of low methotrexate levels on methylenetetrahydrofolate
and four other reduced folate pools in cultured LI 210 cells has been
examined over a 48-h period. Media folate levels and methotrexate were
used to alter intracellular levels of reduced folates, and the distribution
among individual reduced folates, so that they could be evaluated in terms
of their effects on thymidylate synthesis and cell proliferation. Over the
media folate concentration range of 0.25-50 UM,growth rate and thymi
dylate synthesis remained essentially unchanged while total intracellular
reduced folates, determined from the summation of the five individual
pools measured, increased approximately 25-fold. The 5-methyltetrahy-
drofolate and 10-formyltetrahydrofolate pools accounted for over 90% of
the total reduced folate at the highest media folate level, while low media
folate resulted in a much more equal distribution among the five reduced
folates examined. Methotrexate, over the concentration range of 0.25-
30 UM,caused extensive growth and intracellular thymidylate synthesis
inhibition at media folate levels used in RPMI 1640 media (2.5 u\t) and
lower. However, growth inhibition was much less at the highest media
folate level used, and thymidylate synthesis was not inhibited to a
statistically significant extent. Intracellular reduced folates also re
sponded differently to methotrexate depending upon the level of media
folate. Depletion of the thymidylate synthase substrate, methylenetetra
hydrofolate, could not account for diminished growth or thymidylate
synthesis inhibition, since at 0.25 and 2.5 UMmedia folate no depletion
occurred in response to methotrexate and only slight depletion was
observed at 50 /IM media folate. Dihydrofolate showed a tendency to
increase at each of the media folate levels used with the least increase at
the highest folate level. However, the ratio of dihydrofolate to total
reduced folates was quantitatively most consistent with thymidylate
synthesis and growth inhibition results.

INTRODUCTION

There has been a long-standing premise that the antitumor
effects of MTX3 are due to inhibition of dihydrofolate reducÃase

resulting in depletion of intracellular tetrahydrofolates leading
ultimately to insufficient levels of metabolites which require
these cofactors for their biosynthesis (1-6). Two of the primary
metabolic sites affected are purine and pyrimidine biosynthesis
which require 10-CHOFH4 and CH2FH4, respectively. Direct
evidence for the detailed nature of antifolate effects, however,
has only recently begun to accumulate with the advent of
analytical techniques capable of measuring specific intracellular
reduced folates. Baram et al. (7) have employed HPLC tech
niques to measure radiolabeled reduced folates from cultured
human myeloid precursor cells treated with MTX. FH2 accu-
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mulated, but the level of 10-CHOFH4 was not extensively
diminished, while intracellular purine biosynthesis was signifi
cantly inhibited. The authors thus ascribed more importance to
the inhibitory role of accumulated FH2 and/or MTX polyglu-
tamates rather than 10-CHOFH4 depletion. In support of this
alternative to a substrate depletion mechanism is the strong
inhibition of phosphoribosylaminoimidazolecarboxamide
transformylase by MTX and FH2 polyglutamates observed in
vitro (8). Methotrexate effects on reduced folates in a cultured
MCF-7 breast cancer cell system have also been measured (9).
Again, FH2 accumulated but 10-CHOFH4 depletion was not

deemed sufficient to explain the observed diminished intracel
lular purine biosynthesis and the authors again inferred a role
for direct inhibition of purine biosynthetic enzymes by MTX
and II1: polyglutamates. In this study intracellular thymidylate
synthesis, estimated by incorporation of radioactivity into DNA
from tritiated deoxyuridine, was also diminished by MTX. By
analogy with the purine synthesis system, the authors suggested
that substrate depletion might also not be the best explanation
for this inhibition although the direct measurement of CH2FH4
was not possible with the analytical system used. Matherly et
al. (10), using LI210 cells in culture, also observed increased
FH2 without a total loss of 10-CHOFH4. Both de novo purine
and thymidylate synthesis were shown to be impaired. They
also suggested that 10-CHOFH4 depletion is not quantitatively
consistent with inhibition of purine biosynthesis, and further
suggested that an accumulation of FH2 and MTX polygluta
mates may have a significant impact on both inhibition of
purine and thymidylate biosynthesis. Again the HPLC tech
nique used for assessment of reduced folates did not permit
direct evaluation of CH2FH4. In a preliminary report we had
been unable to observe a significant depletion of CH2FH4 in
L1210 cells or Krebs ascites cells in response to MTX (11). In
this case CH2FH4 was measured directly by incorporation into
a stable ternary complex with tritiated fluorodeoxyuridylate
and thymidylate synthase; however, no attempt was made to
estimate intracellular thymidylate synthesis.

In all of the studies described above, cells were exposed to
relatively high doses of MTX (1-10 UM)over short time periods
(0.5-4 h) and, in cases where HPLC was used, prior folate
starvation was necessary to adequately radiolabel pools for
detection. On the other hand, steady state growth inhibition
studies are typically undertaken with unstarved cells at much
lower MTX levels over a sufficient time to allow significant cell
proliferation (4).

Hence, the current study was undertaken to evaluate directly,
using the ternary complex assay, the impact of low MTX levels
on CH2FH4 and other reduced cofactor forms (12-15)inL1210
cells under conditions where impairment of thymidylate syn
thesis and growth could be demonstrated. Further, media folate
levels were used to limit intracellular reduced folate pools to
compare potential depletion from MTX treatment with that
derived from an inadequate external supply. Results were used
to evaluate CH2FH4 depletion and other possible mechanisms
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in terms of their effects on the inhibition of intracellular thy-
midylate synthesis and growth.

MATERIALS AND METHODS

Thymidylate synthase (0.9 U/mg) and dihydrofolate reducÃase(24
U/mg) were purified from aminopterin-resistant Lactobaccilus casei
cells according to methods described previously (16, 17). Pig liver
methylenetetrahydrofolate reducÃase(0.2S U/mg) was purified accord
ing lo Ihe procedure of Mallhews and Haywood (18). [3H]FdUMP (20

mCi/mmol) was purchased from Moravek Biochemicals, Brea, CA, and
[3H]deoxycytidine (24 Ci/mmol) was purchased from ICN Chemicals,
Irvine, CA. Dialyzed felal bovine serum, felal bovine serum, and folate-
free RPMI 1640 media were oblained from Grand Island Biological
Company, Grand Island, NY. MTX was purchased from Lederle Lab
oratories, Pearl River, NY, and FH4 was obtained from Fluka Chemical
Co., Ronkonkoma, NY. 10-CHOFH4 was gift from Dr. John McGuire,
Roswell Park, Buffalo, NY. RPMI 1640 media, folate, FH2, 5-
CHOFH4, 5-CH3FH4, 2'-deoxycytidine, NADPH, and other reagents

were purchased from Sigma Chemical Company, St. Louis, MO.
Cell Culture. Mouse leukemia 1.1210 cells were maintained in RPMI

1640 media supplemented with fetal bovine serum (10%), glutamine (2
RIM),penicillin (50 units/ml), and streptomycin (50 units/ml). Sterile
flasks were incubated in a humidified, 5% CO2 incubator at 37*C. To

study the effects of media folate and/or methotrexate levels, logarithm
ically growing L1210 cells (72 h culture) were washed three times in
cold, folate-free RPMI 1640 media, and resuspended at a density of
0.25 x 10" cells/ml in RPMI 1640 media which contained 0-50 /IM
folate and/or 0-30 n\i methotrexate. After 48 h the density of cells
was determined by microscopic counting of trypan blue treated cells in
a hemocytometer.

Estimation of Reduced Folates. A series of radioenzymatic assays
were carried out to measure five different reduced folate pools (CH2FH4,
FH4, FH2, 5-CH3FH4, and 10-CHOFH4) in cell-free extracts (12-15).
These methods are based upon the entrapment of CH2FH4 by thymi-
dylate synthase and [3H]FdUMP to form a stable ternary complex (19).
Twenty-five million cells were suspended in 1 ml of an extraction buffer
which contained 50 mM Tris-HCl, 50 mM sodium ascorbate, 1 mM
EDTA, and 0.25 M sucrose (pH 7.4). Cells were lysed by boiling for 10
min and cell extracts centrifuged at 10,000 x g for 10 min at 4"C.

CH2FH4 was estimated by combining aliquots (60-80 Â¿il)of cell-free
extract with 16 mU of thymidylate synthase and 125 nM [3H]FdUMP

(20 Ci/mmol) in a total volume of 200 /<!of the above extraction buffer.
Ternary complex formation was allowed to proceed at 25Â°Cfor 30 min,

stopped by the addition of sodium dodecyl sulfate (1%) and boiled for
5 min. Aliquots (25 /il) were filtered over Sephadex G-25 to separate
bound from free [3H]FdUMP and counted in a Packard scintillation
counter to determine bound [3H]FdUMP as previously described (20).

Il li was determined by the same reaction system except in the presence
of 6.5 mM formaldehyde to convert FH4 to CH2FH4.

5-CH3FH4 was determined following enzymatic conversion to
CH2FH4 using methylenetetrahydrofolate reducÃaseby a modification
of the previously described method (14). Since the purified enzyme
contained flavin adenine dinucleotide in an oxidized state and since
under the conditions used there was a stoichiometric excess of methy
lenetetrahydrofolate reducÃaseover 5-CH3FH4 in the reaction system,
it was unnecessary to provide menadione as an electron acceptor. The
presence of oxidized methylenetetrahydrofolate reducÃasein purified
preparations was demonstrated by the addition of NADPH which
caused reduction of enzyme bound flavin adenine dinucleotide (21) and
created a menadione dependence for the oxidation of 5-CH3FH4 to
CH2FH4.

Ill was estimated after reduction to III, with dihydrofolate reduc
Ãasein the presence of NADPH as previously described (13). The
specificity of this measurement for FH2 in the LI210 system was
confirmed by introduction of MTX which resulted in a complete block
of FH2 recovery.

10-CHOFH4 was determined after enzymatic conversion to CH2FH4
by a modification of previously published methods (15). An activity
was obtained from L. casei which was capable of reduction of 10-

CHOFH4 to CH2FH4 in the presence of 6.5 mM formaldehyde and
0.15 mM NADPH. Although this activity was not extensively charac
terized, these preparations, or 10-formyltetrahydrofolate deacylase pu
rified from beef liver (15), could be used for quantitative recovery of
reference 10-CHOFH4 from buffer or cell-free extracts.

Intracellular Thymidylate Synthesis Assay. Intracellular thymidylate
synthesis was estimated by the method of Yalowich and Kaiman (22)
using tritiated deoxycytidine to provide the thymidylate synthase sub
strate, tritiated deoxyuridine monophosphate.

RESULTS

Methylenetetrahydrofolate is a key reduced folate in cell
proliferation because of its participation as a substrate in the
thymidylate synthase reaction. However, instability has made
quantitative evaluation of this particular reduced folate by clas
sical extraction and Chromatographie techniques difficult (23).
A direct method (12), which involves entrapment into a stable
complex with thymidylate synthase and tritiated fluorodeox-
yuridylate, has been previously developed and was used for
these studies. This method can be applied without chemical or
enzymatic modification of extracted folates and hence overcome
many instability difficulties. Because removal of CH2FH4 by
this approach is so efficient, however, it was necessary to heat
denature enzyme activities in cell-free extracts to prevent cy
cling of other reduced folates to the CH2FH4 pool. Cycling was
detected when cell-free extracts, prepared by either sonication
at 4Â°Cor freeze-thaw in dry-ice acetone, yielded an apparent

increase in CH2FH4 which was linear with time for 2 h. This
time-dependent behavior could be completely eliminated when
lysis was accomplished by boiling which denatured enzymes
that participate in cycling reactions. Further, CH2FH4 levels in
extracts obtained by boiling were identical to those extrapolated
to zero time in extracts from sonication or freeze-thaw lysed
cells. Hence, all lysis was conducted by boiling in the experi
ments reported here.

Since Wilson and Home (24) have reported difficulty in
recovery (using an HPLC-based analysis) of reduced folate
standards when boiled in an ascorbate-containing buffer, it was
deemed necessary to demonstrate the stability of CH2FH4 and
other reduced folates in the analytical system used. The enzyme
mediated cycling reactions described above made recovery of
added standards prior to boiling/lysis undesirable. Hence,
standards were added to extracts subsequent to boiling/lysis
and the samples were reboiled to provide an estimate of stability
through the extraction procedure. Reduced folates which were
estimated in these studies include CH2FH4, FH2, FH4, 5-
CH3FH4, and 10-CHOFH4. In each case estimation was ulti
mately based on recovery of CH2FH4 after chemical or enzy
matic conversion to this form. It can be seen in Table 1 that
each of the standards were both converted to CH2FH4 and
recovered from boiled extracts at greater than 85% efficiency
except for FH2. In this case other folates were evaluated in the

Table I Percentage of recovery of added reduced folate standards
Logarithmically grown LI210 cells were washed and suspended at a density of

25 x 10*cells/ml in an extraction buffer which contained 50 min Tris-HCL (pH

7.4), 50 mM sodium ascorbate. 1 mM EDTA, and 0.25 M sucrose. Cell lysis was
accomplished by boiling for 10 min. After centrifugation each reduced folate was
estimated from a portion of the extract. Reduced folate standards (0.5-2 pmol)
were added to another portion of the same extract just prior to reboiling for 10
min. Reduced folates were again measured and recovery was calculated based on
the anticipated sum of endogenous plus added reduced folate. Values represent
the mean Â±SD from four separate determinations.

CH2FH4 FH2 FH4 5-CHjFH4 10-CHOFH4

89.5 Â±5.9 67.2 Â±5.8 102.1 Â±4.8 87.3 Â±3.6 87.5 Â±4.4
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recovery sample to estimate interference from potential inter-
conversion. Ill, was the only folate detected and since it was
present at <10% of the original FH2 level, interference from
this source was considered negligible. Further, no correction
has been applied to results obtained for FH2 in subsequent
experiments because a slight underestimation of this pool was
deemed acceptable for this comparative study. The potentially
beneficial effects of /S-mercaptoethanol were also considered.
However, the presence of 1% /3-mercaptoethanol, sometimes
used in folate extraction systems (10), led to significantly di
minished recovery; possibly due to interference with the ternary
complex assay or a more direct effect on the reduced folates.

As was true with estimation of CH2FH4, some time-depend

ent change occurred with each pool in cell lysates obtained by
freeze-thaw or sonication. Again, this cycling could be elimi
nated by boiling extracts. Further, experiments were conducted
(data not shown) in which each standard was recovered from
previously boiled extracts in the presence of every other stand
ard and in no case could a significant effect on recovery be
detected.

Since the intent of this study was to examine the response of
reduced folates to MTX and since this response could be altered
by media conditions that might affect folate status, the impact
of media folate levels on intracellular reduced folates was ex
amined. To determine the time dependence of reduced folate
loss, LI210 cells which had been maintained in RPMI 1640
media were thoroughly washed and permitted to grow for 48 h
in the same media with no added folate present. Residual folate
in this media resulting from the presence of calf serum was
<0.1 pmol/ml. The five reduced folate pools, FH2, FH4,
CH2FH4, 5-CH3FH4, and 10-CHOFH4, were determined by the
ternary complex assay (Fig. 1). Cell growth over this period
was also monitored (results not shown) and was no different
than controls while it can be seen that total intracellular folate,
as determined by summation of the five individual reduced
folate pools measured, was lowered by approximately 90%. The
two reduced folate pools present at highest levels, 5-CH3FH4
and 10-CHOFH4, were also the pools diminished most in the
folate-depleted environment. The other three pools, FH2, FH4
and CH2FH4, were relatively unchanged. Hence, while growth
in the folate-depleted media was essentially unchanged, overall
intracellular reduced folates were extensively diminished and
the distribution among individual reduced folate pools was
significantly altered.

3.0
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1.0

20
Time (tu)

40

Fig. 1. Effect of folate depletion on cultured LI210 cell reduced folates.
Logarithmically growing cells were washed and suspended at a density of 0.25 x
IO6cells/ml in folate-free RPMI 1640 media containing 10% dialyzed fetal bovine
serum. Cells were harvested at the times shown and the intracellular concentration
of CH2FH4 (O), FH2 (D), FH. (â€¢),5-CHjFHÂ«(A), and 10-CHOFH, (â€¢)were
assayed as described in "Materials and Methods." Points, mean of duplicate

determinations.

Fig. 2 shows the effect of exposure to different media folate
levels on intracellular reduced folates, thymidylate synthesis,
and cell growth. Total reduced folates increased over 25-fold in
an apparently saturable manner as media folate level increased.
On the other hand, cell growth and intracellular thymidylate
synthesis showed little change. The behavior of individual re
duced folate pools at low (0.25 ^M), intermediate (2.5 AIM),and
high (50 n\\) media folate is shown in Table 2. In the absence
of MTX, all of the five pools examined tended to increase;
however, 5-CH3FH4 and 10-CHOFH4 exhibited a much greater
relative increase (>50-fold) than the other three pools (< 10-
fold) and accounted for over 90% of the total at the 50 UM
media folate level but less than 40% at the lowest media folate
level. Thus, alteration of media folate levels caused an extensive
change in total intracellular reduced folate and significant re
distribution among the individual reduced folates but had es
sentially no impact on growth or thymidylate synthesis.

It has been reported that dUMP can accumulate in cells
treated with high levels of MTX for short times (25) and the
presence of increased dUMP could potentially interfere with
the assay of CH2FH4 by the ternary complex procedure (26).
Additionally, it is possible that MTX, subsequent to polyglu-
tamylation, could interfere directly with ternary complex for
mation (27). However, since no significant difference in recov
ery of reference CH2FH4 could be detected between cells grown
without drug versus those grown in 30 HM MTX, it was con
cluded that MTX did not interfere with the assay of CH2FH4
in this system. There is also a potential for MTX interference
with the cycling reactions used to convert other reduced folates
to CH2FH4 for analysis. For example, methylenetetrahydrofol-
ate reducÃase could be inhibited by increased levels of FH2
polyglutamates (28) resulting from MTX inhibition of dihydro-
folate reducÃase. Likewise, dihydrofolate reducÃase, used to
determine ihe level of FH2) could be inhibited by the presence
of MTX (1) in treated cell extraÃ©is.Again recovery experimenls
were conducted lhal showed lhal in neilher case was there
significant interference. Bolh reference 5-CH3FH4, and FH2
could be recovered quanlilatively from extraÃ©isof melhotrexate
treated cells. Thus, under Ihe condilions of low MTX and
relalively long exposure limes (48 h), dUMP or olher polen-

20 40

Media Folate (>iM)

Fig. 2. Effect of media folate levels on total intracellular reduced folates, in
vivo thymidylate synthesis and growth. L1210 cells were washed and suspended
at a density of 0.25 X 10' cells/ml in RPMI 1640 media formulated with 10%

dialyzed fetal bovine serum and the indicated concentrations of folate. After 48 h
the culture density (O) was determined microscopically. Intracellular thymidylate
synthesis (A) was determined by the tritium release assay of Yalowich and Kaiman
(22). Total intracellular reduced folate (â€¢)is the sum of the five individual reduced
folate pools determined as described in the text. Points for total folate and culture
density represent the mean of six determinations and error bars the SEM. For
thymidylate synthesis pomÂ«represent the mean of three determinations and error
bars the range.

3400

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/12/3398/2431219/cr0480123398.pdf by guest on 19 M

ay 2023



METHOTREXATE EFFECTS ON METHYLENETETRAHYDROFOLATE

Table 2 Effect of methotrexate on intracellular reduced folate pools as a function of media folate level
Logarithmically growing 1.1210 cells were washed and suspended at a density of 0.25 x 10' cells/ml in RPMI 1640 media formulated with 10% dialyzed fetal

bovine serum and the indicated concentrations of folate and MTX. Cells were extracted after 48 h in culture and assayed for the five reduced folate pools as described
in "Materials and Methods." The data presented summarizes the results of six determinations (mean Â±SEM) except for the case of high MTX (20 and 30 MM)and

low media folate level (0.25 and 2.5 /<\t) where lower cell density permitted fewer determinations.

[Media folate]
(MM)0.252.550.0[methotrexate](nM)025102030025102030025102030Intracellular-reduced

folates (pmol/10*cells)CH2FH40.07

Â±0.010.07
Â±0.010.06
Â±0.020.04
Â±0.010.07
Â±0.010.08
Â±0.010.04

Â±0.010.04
Â±0.010.04
Â±0.010.05
Â±0.010.11

Â±0.010.18
Â±0.010.34

Â±0.030.35
Â±0.060.53
Â±0.040.20
Â±0.010.21
Â±0.050.14
Â±0.02FH20.04

Â±0.010.03
Â±0.030.02
Â±0.020.05
Â±0.010.09
Â±0.040.23
Â±0.050.02

Â±0.020.12
Â±0.030.22
Â±0.140.08

Â±0.040.32
Â±0.090.47
Â±0.040.39

Â±0.200.63
Â±0.400.62

Â±0.310.72
Â±0.160.46
Â±0.120.52
Â±0.08FH40.40

Â±0.020.38
Â±0.050.31

Â±0.060.25
Â±0.020.38
Â±0.010.31

Â±0.070.07

Â±0.010.08
Â±0.020.09
Â±0.010.13

Â±0.010.65
Â±0.020.57
Â±0.010.67

Â±0.060.71
Â±0.080.50

Â±0.090.42
Â±0.030.45
Â±0.070.94
Â±0.255-CHjFH..0.18

Â±0.030.13
Â±0.020.17
+0.040.20
Â±0.020.13

Â±0.020.51
Â±0.061.61

Â±0.121.71
Â±0.251.94

Â±0.101.19
Â±0.030.39

Â±0.070.70
Â±0.151

1.60 Â±0.7013.71
Â±0.256.37
Â±0.419.83

Â±0.746.10
Â±0.382.45

Â±0.2710-CHOFH.,0.14

Â±0.020.14
Â±0.030.14
Â±0.050.1

3Â±0.030.22
Â±0.030.41

Â±0.011.67

Â±0.131.55
Â±0.171.63
Â±0.081.04
Â±0.050.33

Â±0.030.36
Â±0.0311.

25Â±0.6011.53
+0.548.92+

1.4010.61
Â±0.605.49

Â±0.252.03
Â±0.16

tially interfering metabolites apparently do not accumulate to
the extent that they interfere with the ternary complex assay.

The inhibitory effects of MTX over the low concentration
range typically used for LI210 cell growth inhibition studies
was examined at media folate levels that were both above (50
A/M)and below (0.25 ^M) those typically found in growth media
(29). It can be seen in Fig. 3 that MTX, above the 5 nM level,
caused growth inhibition at all of the folate levels used. How
ever, inhibition was not as great at the highest media folate
level. The two lower levels resulted in inhibition patterns which
were very similar and nearly complete at 30 nM MTX. The
apparent absence of inhibition below 5 nM MTX was presumed
to be due to the short exposure time (48 h) since longer exposure
(72 h) resulted in the appearance of some diminished growth.
Fig. 4 shows a comparison of the response of total intracellular
reduced folates to MTX exposure at the same three media
folate levels. MTX caused the greatest change in cells grown in
50 fiM media folate, while its impact in 0.25 ,:<Mor 2.5 Â¿tM
media folate was minimal. On the other hand, MTX caused
extensive inhibition of thymidylate synthesis in both 0.25 pM
and 2.5 UM media folate (Fig. 5). As was the case for growth

100

75

50

25

10 20

Media Methotrexate (nM)
30

Fig. 3. Growth inhibition of LI 210 cells by MTX as a function of media folate
level. Cells were cultured for 48 h in RPMI 1640 media which contained 10%
dialyzed fetal bovine serum, MTX, and 0.25 pM (O), 2.5 ^M (A), and 50 Â¡IM(D)
media folate. Points, mean of six determinations.
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10 20

Media Methotrexate (nM)
30

Fig. 4. Methotrexate effects on total intracellular reduced folate as a function
of media folate level. Cell culture conditions were the same as those described in
Fig. 3. Cells grown in 0.25 nM (O), 2.5 Â«IM(A), and 50 Â«IM(O) folate media were
extracted after 48 h in culture and assayed for the five individual reduced folates
as described in the text to obtain an estimate of total reduced folate present.
Points, mean of six determinations and error bars the SEM.

inhibition (see Fig. 3), patterns were similar at the two lower
levels of media folate but high media folate (50 //M) had a
protective effect.

Individual reduced folate pools, determined as a function of
MTX at low (0.25 Ã•/M),intermediate (2.5 Â¿JM),and high (50
UM) media folate, are also shown in Table 2. At the lowest
media folate level, little change can be observed in any of the
folate pools measured except dihydrofolate. Although variable,
there is an approximately 6-fold increase in this pool over the
MTX concentration range used. At intermediate levels of media
folate (2.5 Â¿IM),5-CH3FH4 and 10-CHOFH4 form a prominent

portion of the total folate present and the levels of these two
pools are substantially diminished in response to MTX while
CH2FH4, FH4, and FH2 all increase in a manner such that total
reduced folate remains relatively constant. The FH2 pool, with
an increase from 0.02 to 0.47 pmol/106 cells, experienced the
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Fig. 5. Estimation of the impact of MTX on intracellular thymidylate synthe
sis at three levels of media folate. Cell culture conditions were the same as those
described in Fig. 3. Intracellular thymidylate synthesis in cells grown in 0.25 /<M
(O), 2.5 )i\i (A), and SOnM (D) media folate was determined by the tritium release
assay as described in "Materials and Methods." Points, mean of three determi

nations except for the case of high MTX (20 and 30 nM) and low media folate
level (0.2S and 2.5 Â«Â¿M)where lower cell density permitted only two determina
tions; Error bars, range.

greatest relative increase among the three lesser pools. At the
highest media folate level used, the predominant pools, 5-
CH.,FH4 and 10-CHOFH4, again drop precipitously as MTX
is increased but do not reach levels as low as those observed in
lower folate media cases in the absence of MTX. Little change
occurred in the other three pools. CH2FH4 was slightly dimin
ished but the closely related pool, FH4, was somewhat increased
so that no clear trend was apparent. Hence overall, MTX had
the greatest quantitative impact on the 5-CH3FH4 and 10-
CHOFH4 pools when they were present at high levels due to
high media folate. At lower media folate, FH2 consistently
increased but CH2FH4 and FH4 either remained relatively un
changed (0.25 Â¿IMfolate) or increased slightly (2.5 Â¿Â¿Mfolate).

DISCUSSION

Estimation of reduced folate levels in tissues challenged with
MTX has been a particularly difficult analytical problem be
cause of their instability and the number of different one-carbon
and reduced forms, in addition to the fact that each may have
several glutamate residues. Chromatographie techniques have
been developed that can be applied following chemical and/or
enzymatic modification. This requirement has restricted their
application to more stable reduced folates (9, 30-33). These
methods typically require that pools be uniformly labeled by
exposure to radioactive folate precursors. To obtain sufficient
labeling of pools, prior folate starvation is often necessary which
could place cells in an abnormal metabolic condition. Micro
biological detection of chromatographically separated reduced
folates (34) is an alternative to radiolabeling of pools but is
more tedious and has not been used as extensively. Thus, while
the above techniques are capable of evaluating more stable
reduced folate forms, they have not been as successfully applied
to CH2FH4, a form central to essentially all proposed mecha
nisms of action for MTX, and have generally been restricted to
studies which involve short-term, high-dose exposure of cul
tured cells to drugs.

Previous reports from this laboratory have presented methods
for the detection of CH2FH4 based on ternary complex forma
tion with thymidylate synthase and ['HJFdUMP (12). This

methodology has the advantage of rapid entrapment under mild
conditions and can be used for the specific detection of CH2FH4
at subpicomole levels. Further, this methodology has been
extended to other reduced folates that can be chemically or
enzymatically cycled to this form and hence detected at the
same level of sensitivity (13-15). In order to ascertain the
suitability of this approach for quantitative estimation of re
duced folates in LI210 cell-free extracts, it was necessary to
evaluate recovery of each reduced folate in the buffer and cell
extract system used (see Table 1). The highly efficient seques
tration of CH2FH4 resulted in cycling of other reduced folates
which could be prevented by heat denaturation of pertinent
enzymes. However, this cycling made it undesirable to add
standards to cells prior to the denaturation procedure. Hence,
recovery experiments were conducted in cell extracts that were
reboiled to provide a system that mimicked the actual boil/lysis
system as closely as possible. Only FH2 was somewhat difficult
to recover (67%). But, since it was not converted significantly
to other interfering reduced folates and since the nature of the
experiments was comparative, no correction was applied to take
into account this diminished recovery.

Comparison of reduced folate estimates shown here with
those of others is difficult because identical conditions were
seldom used when individual folate pools were measured, and
it has been demonstrated that growth conditions (media folate
levels) can have a profound effect on both total and individual
reduced folates. However, Moran and coworkers (33), using
radiolabeled folates, have reported total folate levels of 5.44
pmol/106 cells based on accumulation of label. Under similar,

although not identical, growth conditions we observe a total
level of 3.49 pmol/106 cells (see Table 2) based on summation

of five individual reduced folates. We consider these values to
be in reasonable agreement when it is taken into account that
completely different methods were used.

Diminished levels of reduced folates in cells exposed to folate-
free media (Fig. 1) could occur through two potential modes:
(a) each doubling of the cell population would halve the folate
in resultant cells in the absence of available extracellular folate
and, (b) intracellular folates, present when media folate was
removed, could be lost through efflux. In the present case it is
not precisely clear which mode predominates; however, the
90% loss observed is somewhat more than can be accounted for
on the basis of the approximately 4-fold increase in cell number
alone. Hence, there is probably some depletion of intracellular
reduced folates through efflux into the folate-free media.

The two reduced folates which are quantitatively most sen
sitive to media folate level are 5-CH3FH4 and 10-CHOFH4. In
folate-free media these two larger pools were depleted much
more extensively than the three minor pools resulting ultimately
in a convergence of all pools to relatively low and similar levels
(Fig. 1). And, supplementation to yield high media folate caused
the biggest increase in these two pools. Thus, the 5-CH,FH4
and 10-CHOFH4 pools appear to respond to changes in extra
cellular folate in a buffering capacity to maintain more critical
reduced folates over a more narrow range and thus permit cell
proliferation in the face of otherwise large intracellular metab
olite level fluctuations.

Thymidylate synthase is a key, and probably highly regulated,
enzymatic step. Hence, it might be expected that changes in the
concentration of the substrate, CH2FH4, would have a signifi
cant impact on its rate. Yet a nearly 5-fold decrease in the level
of CH2FH4 between the highest and lowest media folate level
(see Table 2) resulted in little difference in the intracellular rate
of thymidylate synthesis (see Fig. 2). This could be due in part
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to the fact that the thymidylate synthase product, FH2, also
decreased to approximately the same extent over the same
media folate range suggesting that product concentration, rel
ative to that of substrate, may play an important role in flux
through this step by maintaining a similar chemical potential
even though total levels are extensively altered. However, con
comitant changes were seen in other folate pools as well that
could contribute to the overall control of this metabolic step.

Classically, the mechanism of action of MTX has been
thought to be due to depletion of reduced folates as a result of
dihydrofolate reducÃase inhibition (1-6). But the inability to
correlate diminished thymidylate synthesis with media-derived
CH2FH4 depletion does not support the concept that substrate
depletion alone causes impairment of this enzymatic step. Fur
ther, little evidence could be found for CH2FH4 depletion in
MTX-treated cells (see Table 2) under conditions where signif
icant inhibition of intracellular thymidylate synthesis could be
demonstrated (see Fig. 5). Thus, we conclude that substrate
depletion alone is not the exclusive mechanism by which MTX
functions to inhibit thymidylate synthesis or growth in this
system. Rather, it is more likely that other metabolites, in
addition to CH2FH4, must be taken into account.

It has been suggested that Ml accumulation with direct
inhibition of thymidylate synthase by the endogenous polyglu-
tamate forms of this folate could contribute to the inhibition of
thymidylate synthase in vivo (7, 10, 11). FH2 polyglutamates
have been shown to be potent inhibitors of thymidylate synthase
in vitro (35). However, high media folate levels alone caused
FH2 to increase to levels which were higher than those caused
by inhibitory MTX concentrations at lower media folate with
essentially no effect on growth or thymidylate synthesis. It
should be pointed out that folate depletion can result in longer
polyglutamate distributions and were a high folate media to
cause a shorter chain-length distribution it would tend to sup
press the inhibitory effect of higher FH2. An additional argu
ment against control by FH2 alone is the fact that MTX caused
the highest FH2 accumulation when media folate levels were
highest, a condition where growth and thymidylate synthesis
were least affected. Thus, I'll accumulation alone is also not a

completely satisfactory means to explain these results. Never
theless, in lower media folate, MTX caused greater relative
changes in FH2 accumulation and greater inhibition of growth
and thymidylate synthesis, which suggests that this metabolite
makes a contribution to overall MTX-induced inhibition. Since
neither depletion of the substrate CH2FH4 alone, nor accumu
lation of the thymidylate synthase product FH2 alone, were
quantitatively consistent with all of the results obtained, other
mechanisms which more fully take into account potential inter
action between metabolic pools were considered.

The most obvious relationship among reduced folate metab
olites that could regulate thymidylate synthesis in the presence
of MTX is the ratio of reaction product to substrate (FH2/
CH2FH4). Further, an increase in this ratio caused by MTX
was observed (see Table 3). However, the ratio increased ap
proximately 3- to 5-fold regardless of media folate and, the
highest value of this ratio is reached in the case where 50 Â¿Â¿M
media folate is present. Thus, the observed protection against
growth and thymidylate synthesis inhibition by high media
folate is not quantitatively consistent with this ratio alone. A
more comprehensive approach to examination of metabolite
ratios is to consider the accumulation of HI in relation to
changes in the sum of all other reduced folate pools (see Table
3). Indeed, such a ratio is consistent not only with results
obtained in low and intermediate media folate but shows the

Table 3 Change in ratio of dihydrofolate to methylenetetrahydrofolate and total
reduced folates in response to methotrexate

Ratios were calculated from the results presented in Table 2.

[FHÂ¡]/[Totalreduced[MTX](HM)025102030[FH

Mediafnlatp{Â»M]
0.250.570.430.331.251.292.55!]/[CH2l2.50.503.005.501.602.912.61FH4]50.01.151.801.173.602.193.710.250.0480.0400.0290.0750.1010.149folate]2.50.0060.0340.0560.0320.1780.20650.00.0160.0230.0370.0330.0360.086

desired diminished dependence in the high folate system.
Hence, the mechanism most consistent with all of our results
for MTX-induced thymidylate synthesis inhibition at all media
folate levels is accumulation of I-H concomitant with dimin

ished levels of all other reduced folates. Implicit in this mech
anism is the ability of reduced folate pools to readily equilibrate
with the CH2FH4 pool to maintain a supply of the thymidylate
synthase substrate. This concept is supported by the fact that
5-CH,FH4 and 10-CHOFH4, forms that are both oxidized and
reduced relative to the oxidation level of the substrate CH2FH4,
appeared to act in a buffering capacity even in the absence of
MTX. As media folate levels were changed these two pools
absorbed the preponderence of the extensive change in total
intracellular reduced folate. That is, these two forms acted as
reservoirs to permit large fluctuations in total reduced folates
with minimal effects on the CH2FH4 pool. Further, when cells
were challenged with MTX, the 5-CH3FH4 and 10-CHOFH4
pools responded by decreasing significantly while only minimal
effects were observed on the CH2FH4 pool. Hence, it appears
that the substrate CH2FH4 is metabolically linked to other
pools from which to draw in the face of a MTX challenge.
Accumulation of FH2, on the other hand, is isolated because
MTX blocks dihydrofolate reducÃase and no other path is
available for its return to the other reduced folate pools. How
ever, since FH2 inhibits thymidylate synthase, its accumulation
in the presence of MTX is self-limiting preventing uncontrolled
conversion of the total folate pool into this form. Thus, overall
a mechanism for MTX-mediated growth and thymidylate syn
thesis inhibition based on a modest accumulation of III in
conjunction with diminished levels of other metabolically linked
reduced folates best explains all of the results obtained. How
ever, it should be pointed out that other events, such as the
potential interaction of MTX or elevated FH2 with other folate-
metabolizing enzymes, could also affect growth. Hence, a totally
comprehensive mechanism for MTX-derived growth inhibition
must take into account all possible metabolic steps; of which
thymidylate synthesis is only one.

Finally the LI210 cell culture system, as well as other cells
in culture, have been used extensively to evaluate the antitumor
impact of antifolates and to probe the mechanism by which
these drugs exert their effects. It has been demonstrated here
that control of media conditions, particularly with regard to the
concentration of media folate, is critical to both the level and
distribution of intracellular reduced folates. Further, the impact
of MTX on intracellular reduced folates, thymidylate synthesis,
and cell growth can be markedly influenced by the level of folate
in growth media. Hence, media folate levels must be taken into
account when this and possibly other culture systems are used
as a model in drug evaluation studies.
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