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The aim of this review is to summarize currently available
information on the rapid screening and initial character-
ization of the different mechanisms of resistance to
hydrophilic [e.g. methotrexate (MTX)] and lipophilic
antifolates [e.g. trimetrexate (TMTX)] in cultured mamma-
lian cells using fluorescein—-methotrexate (F-MTX) and
flow cytometry. Toward this end an integrative F-MTX
labeling and flow cytometry-based protocol is proposed
here to facilitate the rapid identification of modes of
antifolate resistance in a heterogenous drug-resistant
cell population or in clonal derivatives. Following
antifolate selection, drug-resistant cells are first labeled
with F-MTX In order to saturate intracellular dihydrofolate
reductase (DHFR). F-MTX-labeled cells are then sub-
jected to flow cytometric analysis and mean fluor-
escence/cell is determined. Thus, increased F-MTX
staining is an indication of overproduction of the target
enzyme for antifolates, DHFR, as a result of DHFR gene
amplification. In contrast, significantly reduced cellular
F-MTX labeling could be an indication of the existence of
a structurally altered DHFR displaying a decreased
affinity for antifolates. Alternatively, antifolate-resistant
cells frequently display wild-type F-MTX labeling; these
cells are subjected to competition with hydrophilic and
lipophilic antifolates in order to examine whether the
process of antifolate accumulation is deficient. Cells that
lose F-MTX labeling upon competition with lipophilic
antifolates yet still retain it with hydrophilic antifolates,
are likely to possess transport alteration(s) that impair or
abolish the accumulation of hydrophilic but not of
lipophilic antifolates. In contrast, cells that lose their
F-MTX labeling after competition with hydrophilic
antifolates but retain it with lipophilic antifolates, possess
a deficient accumulation of lipophilic antifolates. The
importance of the antifolate concentration yielding 50%
displacement of cellular F-MTX labeling in the quantita-
tive assessment of the degree of DHFR overexpression
and/or antifolate transport alteration is discussed. Thus,
flow cytometric analysis of F-MTX-labeled cells following
competition with hydrophilic and lipophilic antifolates
provides a useful tool for the rapid screening and
assessment of the major modes of antifolate resistance
that may appear as exclusive mechanisms or co-emerge
in mammalian cells following antifolate selection.
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Introduction

The folic acid antagonist methotrexate (MTX) has
gained wide-spread clinical use as an integral
component of combination chemotherapy em-
ployed in the treatment of various human
malignancies.! MTX is a high affinity inhibitor of
the target enzyme dihydrofolate reductase (DHFR;
EC 1.5.1.3). MTX, as well as other folic acid
analogs, exert their cytotoxic effect on mammalian
cells by blocking tetrahydrofolate biosynthesis, a
key cofactor in a variety of metabolic pathways
involving one-carbon transfer reactions. This
results in interference with the biosynthesis of
purines and thymidylate thus leading to inhibition
of DNA synthesis and cell death. However, like
many chemotherapeutic agents, the clinical use of
the hydrophilic antifolate MTX has been limited by
inherent and acquired anticancer drug resistance.
Several mechanisms whereby mammalian cells can
acquire resistance to MTX have been documented:
(i) DHFR gene amplification and subsequent
overexpression of this target enzyme,” (ii) alter-
ations in the carrier-mediated transport of MTX
that reduce®’ or abolish'’ its entry into mammalian
cells, (iii) reduced affinity of DHFR for MTX due
to point mutations in active site residues,'"'® and
(iv) reduced cellular retention of MTX polygluta-
mates due to quantitative or qualitative alterations
in the enzyme folylpoly-y-glutamyl synthetase
(FPGS; EC 6.3.2.17) activity."

During the past decade many studies have
focused on the elucidation of the various
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mechanisms that underlie resistance to hydrophilic
and lipophilic antifolates. In this respect there is a
growing need for the development of new
methodologies for the rapid and reliable assessment
of the different modalities of anti-cancer drug
resistance in a heterogenous population of drug-
resistant (e.g. antifolate-resistant) cells, such as in
tumor-derived cells obtained from patients after
chemotherapy. In one approach, in order to rapidly
screen for one of the major mechanisms of antifolate
resistance in cultured mammalian cells, i.e. DHFR
gene amplification, a fluorescein-conjugate of MTX
(F-MTX) was first introduced by Gapski ef a/.?®
Although initially used only to quantify cellular
DHFR content in flow cytometric studies'®!>?,
F-MTX has proved to be an important intracellular
probe in the identification of the various mechan-
isms of antifolate resistance.'®'***32 It is the intent
of this review to summarize published information
on flow cytometric studies with F-MTX which
assess mechanisms of resistance to hydrophilic and
lipophilic antifolates in cultured mammalian cells.
In this respect, a F-MTX-based flow cytometric
protocol is presented here to facilitate the rapid
identification of the various modalities of antifolate
resistance in cultured mammalian cells.

Identification of mechanisms of
antifolate resistance using
fluorescent MTX analogs and
flow cytometry

F-MTX

The high-affinity binding of MTX to DHFR is
derived primarily from its diamino-substituted
pyrimidine core.”® Thus, Gapski ¢ 4/*® have
introduced an FITC moiety to the distal a- and
y-carboxyl groups of MTX via a diaminopentyl
spacer using a carbodiimide coupling reaction.
Gaudray e /. have significantly improved this
carbodiimide reaction, thus yielding a chromato-
graphically pure F-MTX, free of uncoupled MTX
and FITC. Relatively high yields of 20% are
obtained in this improved synthesis as compared
with the roughly 1% yield in the original method.?®
Consequently, F-MTX became commercially avail-
able (Molecular Probes, Eugene, OR). Similarly,
the distal y-carboxyl group of the glutamate residue
of MTX has been used by Rosowsky e# a/.** as an
acceptor group to which an FITC moiety was
attached via a lysine linking group. Kumar e# a/.%*
have coupled the fluorochrome dansyl chloride to
lysine or ornithine analogs of MTX.
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Accumulation of F-MTX in sensitive and
antifolate resistant cells

Hydrophilic folic acid antagonists such as MTX
accumulate within mammalian cells via a high-
affinity carrier-mediated transport system.> ' MTX
is rapidly taken up by mammalian cells and attains
steady-state levels within 20-30 min. In contrast, the
uptake of F-MTX in mammalian cells is slow and
saturation is achieved only after 8 h or longer.?
The introduction of FITC to MTX renders F-MTX
a bulky and lipid-soluble chromophore that fails to
enter mammalian cells via the carrier-mediated
transport of MTX. The lipophilicity of F-MTX
allows for its accumulation in mammalian cells via
diffusion. Indeed, flow cytometric characterization
of F-MTX transport in mammalian cells has
revealed that F-MTX enters mammalian cells via a
mechanism distinct from the energy-dependent
transport system of MTX; thus, it was concluded
that F-MTX accumulates in mammalian cells by a
passive and/or facilitated diffusion process.”” This
was supported by the following evidence. (i)
F-MTX accumulated equally well in wild-type cells
as well as in mutant cells defective in the inward
transport of MTX. (ii) Folic acid and/or reduced
folates that block the transport of MTX inward,
did not affect F-MTX accumulation. (iii) The influx
of MTX exhibits a strong temperature dependence®®
(@10 = 6-8), whereas the inward uptake of F-MTX
displayed a low temperature coefficient” (Q;o =
1.6). (iv) Sulfhydryl reactive mercurials which block
MTX transport did not reduce F-MTX transport
but rather stimulated it.

Binding and specificity of F-MTX to
mammalian DHFR

The apparent dissociation constant (Ky) for MTX
in a MTX-DHFR-NADPH ternary complex using
a purified enzyme from animal or human origin was
in the picomolar range.'"'#18%4! The high-affinity
binding of the 4-amino folate analog MTX to
DHEFR is stoichiometric and derives primarily from
the diamino-pyrimidine core contained in the
pteridine structure.”® Thus, an FITC moiety was
conjugated to the remote a- and y-catboxyl groups
of the glutamate residue in MTX, resulting in a
fluorescein conjugate of MTX that was found to
inhibit mammalian DHFR only 5- to 10-fold less
efficiently than MTX.*2%% Although the glutamate
residue of MTX poorly contributes to its binding



to DHFR, it is likely that the presence of the large
FITC group renders F-MTX a bulky molecule that
does not fit the hydrophobic pocket formed in the
active site of DHFR so well.

The specificity of mammalian cells’ labeling with
F-MTX has been approached experimentally by the
evaluation of three parameters: the first involves the
routine recording of the basal fluorescence (i.e.
autofluorescence) emitted from cells that were not
labeled with F-MTX. For example, the auto-
fluorescence in cultured CHO cells consisted of
approximately 15% F-MTX labeling.'®?*32%" The
second parameter has been the determination of
F-MTX staining of animal cells that are devoid of
DHEFR as a result of a deletion of the diploid DHFR
locus.** The fluorescence of DHFR-deficient cells
was comparable with that of wild-type cells.'®®*
The third and key parameter used to distinguish
specific from non-specific F-MTX labeling has been
the use of MTX competition. As detailed above and
discussed hereafter, the interaction of F-MTX with
the target enzyme DHFR is of a high-affinity type;
this permits the assessment of the specificity of
F-MTX labeling by exposing cells to increased
concentrations of MTX. Based on the preferred
affinity of DHFR for MTX than for F-MTX,*
increased MTX concentrations yield a consistent
loss of fluorescence from F-MTX labeled cells.'
Thus, any F-MTX staining in wild-type cells that
is not sensitive to competition with MTX should
be regarded as a non-specific component of the
labeling.*

The binding of fluorescein analogs of MTX to
purified DHFR results in a 4- to 5-fold increase in
their emitted fluorescence.’®*>* There are at least
two factors that are known to increase the emitted
fluorescence of a chromophore. (i) The lipophilicity
of the solvent and/or the surrounding milieu of the
fluorophore; the greater the hydrophobicity of the
solvent is, the larger the increase in emitted
fluorescence. (ii) The extent of the immobility of
the chromophore; the greater the immobilization of
the chromophore is, the larger the fluorescence
enhancement. Thus, it is likely that the enhance-
ment in the fluorescence emitted from F-MTX
following its binding to DHFR is a result of
hydrophobic interactions of this chromophore with
active site residues of DHFR. In addition, the tight
binding of F-MTX to DHFR confers a large degree
of immobilization to the former. These processes
could explain the increased quantum vyield that is
followed by the enhancement of fluorescence of
F-MTX upon binding to DHFR**** (YG Assaraf
and M Nakache, unpublished data).

Antifolate resistance and flow cytometry

Competition of F-MTX labeling with
antifolates

Although the primary target of F-MTX is DHFR,
one cannot rule out the possibility that F-MTX may
also interact with folate/reduced folate/ MTX active
transporters,> with soluble and membrane-bound
folate receptors,”* as well as with enzymes
involved in folate/reduced folate metabolism
including FPGS."# However, the folate/reduced
folate/MTX transporter, as well as the folate
receptot, display an affinity for MTX in the micro-
molar range, whereas mammalian DHFR has a
1000- and 100-fold higher affinity for MTX and
F-MTX, respectively; this suggests that F-MTX
will interact predominantly with the high affinity
target enzyme, DHFR.

The finding that mammalian DHFR displays a
10-fold higher afhnity for MTX than for F-MTX
suggested that when bound to DHFR, F-MTX
could be readily displaced after exposure to
competition with MTX. Indeed, various experi-
ments have shown that F-MTX-labeled cells rapidly
lose their fluorescence following competition with
relatively low concentrations of MTX ' as well
as other high-affinity lipophilic analogues of MTX
including trimetrexate (TMTX) and piritrexim
(PTX). The antifolate competition of F-MTX
labeling in mammalian cells proved a useful tool in
the establishment of a number of flow cytometric
assays aimed to determine MTX and TMTX levels
in sera of cancer patients,” as well as to rapidly
screen for, and provide an initial characterization
of the various mechanisms underlying resistance to
hydrophilic and lipophilic antifolates (Figure 1).

Overproduction of DHFR

As early as three decades ago, Bertino et al*’
ascribed MTX resistance to elevated levels of
DHFR in leukocytes and erythrocytes of patients
treated with MTX for several weeks. The
mechanism underlying overexpression of DHFR
was discovered by Schimke and co-workers, > who
demonstrated that normal and malignant cultured
mammalian cells may acquire resistance to MTX
due to DHFR gene amplification. Thus, various
fluorescent analogs of MTX®*3¢ were initially
introduced in an attempt to determine the
intracellular content of DHFR in cultured mamma-
lian cells. In pioneering studies, Kaufman es a/.*
devised a F-MTX-labeling flow cytometric techni-
que for the rapid measurement of DHFR levels in
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Figure 1. An integrative protocol for the rapid assessment of the various mechanisms of antifolate
resistance in cultured mammalian cells using F-MTX labeling and flow cytometry.

individual cells. It was demonstrated in this work
that both DHFR-specific activity and the rate of
synthesis of this enzyme are proportional to the
mean F-MTX fluorescence/cell. However, sub-
sequent to the commercial availability of a pure
F-MTX preparation that was free of any contamina-
ting non-fluoresceinated MTX, several studies have
shown that mean F-MTX fluorescence/cell does not
reflect the DHFR gene copy number and the
specific activity in a linear manner. For example,
CHO B11 0.5 cells that display a 104-fold increase
in the specific activity of DHFR exhibited only a
10-fold increase in F-MTX fluorescence/cell as
compared with their drug-sensitive parental
cells. 3052 Thus, Assaraf e a/>? have used MTX
competition of F-MTX labeling with MTX; as
discussed below, the antifolate concentration that
yields 50% displacement (DCs) of initial F-MTX
labeling proved to be a valuable parameter. The
ratio of the DCs, values obtained with the DHFR
overexpressing cells and their wild-type counter-
parts tightly correlated with the levels of enzyme,
e.g. when using MTX as a competing antifolate, this
analysis revealed a DC;, ratio of 106 as compared
with the 104-fold overexpression of DHFR enzyme
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molecules per B11 0.5 cell.’® Thus, it appears that

saturating F-MTX labeling followed by antifolate
competition and DCs, ratio analysis is a sensitive
and reliable measure for DHFR overexpression.
This should be taken with some caution as drug
resistant cells should be verified for an intact
accumulation of the competing antifolate: in the
case of an altered MTX transport, a high-affinity
lipophilic antifolate competition (e.g. TMTX)
should be used. Additionally, this approach of
analyzing individual cells was also aimed at
determining the heterogeneity in DHFR levels
within various populations of parental as well as
MTX-resistant cells.*” This methodology proved
useful as various studies reported the successful use
of fluorescent analogs of MTX and flow cytometry
for the assessment of DHFR content in individual
cells selected for antifolate resistance?>%>44>°1"53 o¢
in mammalian cells with no prior drug treatment
yet showing spontaneous DHFR gene- amplifica-
tion.>* F-MTX labeling and flow cytometry also
proved as an efficient tool in the isolation of cells
that are devoid of DHFR*™* as well as in
mammalian cell transfectants expressing variable yet
poor levels of DHFR.*



Overexpression of DHFR and P-glycoprotein
in lipophilic antifolate resistant cells

Selection of cultured mammalian cells with the
lipophilic antifolate TMTX, which maintains the
high-affinity binding properties of MTX to DHFR,
resulted in complex resistance phenotypes;>"5>*
TMTX-resistant cells displayed overproduction of
DHEFR as well as of the multidrug resistance (MDR)
gene product, P-glycoprotein (P-170), as a result of
a consistent amplification of both the DHFR and
MDR genes in individual cells.”®' This conclusion
that individual drug-resistant cells simultaneously
overexpress DHFR and P-170 was made possible
by a flow cytometric analysis of individual cells
concomitantly stained with F-MTX and dauno-
rubicin; in this assay TMTX-resistant cells appeared
with increased green fluorescence due to increased
expression of DHFR and thus increased F-MTX
labeling; at the same time these cells contained a
poor red fluorescence as they overexpressed P-170
that actively extruded daunorubicin out of these
MDR cells.

Reduced affinity of DHFR for antifolates

The importance of DHFR to the biochemistry of
the cell and to the antifolate treatment of a variety
of malignant and non-malignant diseases has made
this enzyme the focus of numerous studies on its
structure and function. Thus, crystal structures of
DHFR from bacterial,”” avian,® animal®® as well as
human origin® have been determined. Despite the
importance of DHFR as a target for chemotherapy,
relatively little work has been done to systematically
investigate the role of active site residues of this
enzyme. A better understanding of the structure
—function relationships of mammalian DHFR
started to emerge through analysis of mutants with
altered catalytic activity and antifolate inhibition
properties; although much less frequent than MTX
transport alterations and DHFR gene amplification,
antifolate-resistant mutants with altered (i.e. re-
duced) DHFR afhinity for folate analogs were
isolated and characterized. In parallel to this,
site-directed mutagenesis studies of the DHFR gene
were undertaken in an attempt to determine the
importance of amino acid residues at the putative
active site. These time-consuming studies could
have been accelerated if mammalian cell cultures
bearing resistance to MTX could have been rapidly
screened on a single-cell basis and initially

Antifolate resistance and flow cytometry

characterized for altered DHFR. Brown and
Schimke'? observed that MTX-resistant mouse
3T6-R400 cells highly overproducing DHFR
stained poorly much to their surprise (i.e. at
wild-type drug-sensitive cell level), even when
using saturating concentrations of F-MTX. This
observation was the basis for a thorough
characterization of a structurally altered DHFR that
displayed a 270-fold reduction in its affinity for
MTX, a 20-fold decrease in dihydrofolate (i.e. the
preferred substrate of DHFR) turnover number, as
well as a 3-fold increase in the K, for this
substrate.'> The dramatic reduction in the affinity
of DHFR for MTX was subsequently shown to
originate from a leucine to arginine substitution at
position 22.* It was suggested that the arginine
would protrude in the mutated active site more than
the leucine residue in the wild-type active site and
thus could hinder the positioning of antifolates
either by its steric effect or by allowing the penetra-
tion of water molecules into the active site pocket.®!
These studies suggest that when using appro-
priate controls (e.g. wild-type drug-sensitive cells),
saturating F-MTX labeling and flow cytometry
could serve as an invaluable tool for the rapid and
facile identification of cells displaying a re-
producible and significant reduction in F-MTX
labeling in a heterogenous antifolate-resistant cell
population. These cells that could be sorted out are
likely to possess a structurally altered DHFR.!%13
Gaudray e 4/.% raised the possibility that reduced
F-MTX labeling may teflect an altered (i.e.
decreased) entry of F-MTX and not necessarily
altered antifolate binding to DHFR. However,
several lines of evidence suggest that mammalian
cells do not contain a diminished accumulation of
F-MTX and that, within a given species, cellular
F-MTX labeling appears to be reproducible and
consistent. First, as mentioned previously, unlike
MTX uptake, F-MTX accumulation in mammalian
cells occurs via diffusion and/or facilitated diffusion,
which are clearly energy-independent processes.’’
Second, F-MTX accumulation is distinct from the
carrier-mediated transport route of MTX because
mammalian cells which are completely deficient in
the transport of MTX inward® accumulate
wild-type levels of F-MTX.” Third, a large number
of MTX-resistant rodent clonal variants'®"? as
well as lipophilic antifolate-resistant cells®!="%
display wild-type F-MTX labeling when no
qualitative or quantitative changes in DHFR could
be observed; these suggest that changes in F-MTX
labeling do not appear to result from potential
alterations in F-MTX accumulation per se.
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Decreased accumulation of hydrophilic
and lipophilic antifolates
Membrane transport of folate analogs® %% i5 a
key factor in the effectiveness of antifolate-
containing chemotherapy.! Thus, a better know-
ledge as to the properties of this transport process
is not limited only to biochemical interest but bears
pharmacological significance as well. MTX and
other 4-aminofolate analogs accumulate in mouse
cells by an energy-dependent transport sys-
tem,>*6>6* the preferred substrate of which is the
circulating plasma folate, 5-methyltetrahydrofolate.
Resistance to the classical hydrophilic antifolate
MTX is observed as a primary phenomenon in
tumor cells or it can be acquired by sensitive cells
that undergo antifolate selection. Impaired mem-
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brane transport of MTX has been well established
as an important and frequent mechanism of
resistance.” 19?8 Although a genetic and mole-
cular characterization has not been achieved to
date, transport defects are known to result from
quantitative (reduced influx 17,) or qualitative
(increased influx K_) alterations of the reduced
folate/MTX transport system, or changes in both
parameters.” ' However, regardless of the
exact nature of the qualitative and/or quantitative
MTX transport alteration, transport defects
have been characterized by reduced levels of
free antifolate within the intracellular com-
partment.” '%*¢3% Thus, given the various MTX
transport alterations that appear in clonal variants
following antifolate selection as well as the
subsequent reduction in the intracellular concentra-

Figure 2. Displacement by hydrophilic and lipophilic
antifolates of F-MTX labeling in parental CHO cells and
their MTX transport deficient clonal variant MTXR'C-2.
Following growth for several generations in antifolate-
free medium (a-minimal essential medium; Biological
Industries, Beth Haemek, Israel), exponentially growing
parental AA8 cells and their MTX-resistant MTX"'C-2
clonal derivative (YG Assaraf, unpublished data) were
stained for 8h in medium containing 2 uM F-MTX
(Molecular Probes, Eugene, OR). F-MTX staining medium
was also supplemented with 5% dialyzed fetal calf serum
(dFCS; Biological Industries) in order to prevent any
competition with folates or their reduced forms (i.e.
tetrahydrofolates) present in whole serum. The medium
also contained 30 uM each of glycine, hypoxanthine and
thymidine in order to protect labeled cells from the
cytotoxic effect of F-MTX. Following saturation of
intracellular DHFR with F-MTX some parental AA8 and
MTXR'C-2 cultures were exposed to competition with
various concentrations of MTX (A) or TMTX (B) to initiate
F-MTX displacement. Control cultures of parental AA8
and MTXR'C-2 cells received an antifolate-free medium.
Cells were then incubated for 2-3 h after which monolayer
cells were washed twice with phosphate-buffered saline
(PBS), briefly trypsinized, and resuspended to a density
of 3 x 10°-10%/ml in ice-cold PBS containing 1% dFCS.
Cells were then analyzed for mean linear fluorescence
per cell by a flow cytometer. Fiow cytometric analysis
was carried out on a Becton-Dickinson FACStar plus flow
cytometer (Becton-Dickinson, San Jose, CA). F-MTX was
excited with a 488 nm line from an argon ion laser
(Coherent, Palo Alto, CA). Emitted cellular fluorescence
was collected through a 525 nm bandpass filter. A
minimum of 10* cells were analyzed per each determina-
tion. Mean linear fluorescence values shown were
corrected for the individual autofluorescence (about 15%
of F-MTX labeling) emitted from unlabeled cells. Based
on the fluorescence of control cells that were not exposed
to competition with antifolates, the percentages of F-MTX
displaced versus antifolate concentration were plotted
and the 50% displacement concentration was derived for
each antifolate used in each cell line.



tion of MTX, a single cell-based flow cytometric
protocol that utilizes F-MTX labeling is presented
here (Figure 1) in an attempt to identify the
various modalities of MTX resistance in a
heterogenous antifolate-resistant cell popula-
tion, T RHTATREILS 42 In this assay antifolate-
resistant cells are first labeled with F-MTX for 8-9 h
in order to saturate intracellular DHFR. Cells that
display wild-type F-MTX labeling are then exposed
to competition with various concentrations of
hydrophilic and lipophilic folate analogs (Figures 2
and 3). This competition of cellular F-MTX
labeling is designed to probe for the ability of
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Figure 3. Displacement by hydrophilic and lipophilic
antifolates of F-MTX labeling in wild-type CHO AAS8 cells
and their lipophilic antifolate transport deficient Pyr?™®
and Pyr®'® variants.®' Drug-sensitive AA8 cells and their
pyrimethamine-resistant Pyr®'® and Pyr®'® sublines were
labeled with F-MTX after which a displacement analysis
was performed with MTX (A) and the lipophilic antifolate
antibiotic pyrimethamine (B). This analysis was per-
formed as detailed in the legend to Figure 2.

Antifolate resistance and flow cytometry

drug-resistant cells to accumulate antifolates. The
larger the intracellular concentration of the
antifolate is, the greater the competition of
DHFR-bound F-MTX; subsequent to competition
is the dose-dependent loss (i.e. displacement) of
F-MTX labeling'® (Figure 2A). Thus, cells that
retain their initial F-MTX staining upon challenge
with hydrophilic antifolates (Figure 2A), still lose it
with a lipophilic antifol (Figure 2B), and possess a
reduced (or abolished) hydrophilic antifolate (e.g.
MTX) accumulation'®**%* (Figure 1). In contrast,
cells that lose their F-MTX labeling with
hydrophilic antifolates (Figure 3A), but maintain it
in the presence of lipophilic antifolates (Figure 3B),
are cells that display a decreased accumulation of
lipid-soluble antifolates® (Figure 1). Moreover,
during the course of the development of the
F-MTX labeling and the antifolate competition
flow cytometric assay presented here, it became
evident that the antifolate concentration yielding
50% displacement of initial F-MTX labeling (i.e.
DCs) bears a major quantitative value. When the
DCy value obtained for an antifol in drug-resistant
cells is divided by that found in wild-type cells, a
reliable measure of the severity of the antifolate
transport defect could be obtained'®*** (Figure
3B). The higher this ratio is, the greater the severity
of the transport alteration,'%3"%

A successful F-MTX displacement analysis is
based on two criteria of which one at least must be
met: (i) the affinity of DHFR for the competing
antifolate should be higher than for F-MTX and/or
(i1) the higher the intracellular concentration of the
competing antifolate is, the more efficient is the
displacement of F-MTX. This was exploited, as
mentioned, to establish a sensitive F-MTX-based
bioassay capable of detecting nanomolar concentra-
tions of MTX and other antifolates in sera of cancer
patients.*® Surprisingly, however, the 2 4-diamino-
pyrimidine (DAP) lipophilic antifolate pyrimetha-
mine that is currently used as an antiparasitic agent,
that bears a 32-fold less affinity for mammalian
DHFR as compared with MTX, exhibited a 3-fold
more efficient displacement of intracellular DHFR-
bound F-MTX.*' Therefore, based on these factors
that control the efficiency of antifolate competition
of F-MTX labeling, it was suggested®' that DAP
lipophilic antifolate antibiotics, including meto-
prine, pyrimethamine and trimethoprim, accumu-
late to high concentrations within mammalian cells.
This increased intracellular antifolate concentration
compensates well for the low afhnity of DHFR for
DAP, thus enabling an efficient competition of
F-MTX. Therefore, antifolate competition of
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cellular F-MTX labeling can also report on the
intracellular accumulation of lipophilic antifolates
that bear a poor affinity for mammalian DHFR.
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