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ABSTRACT

The purpose of this study was to characterize the transport properties
of trimetrexate in WI-L2 human lymphoblastoid cells and determine the
mode of resistance that had developed in a subline, WI-L2/TMQ, that
was grown in increasing concentrations of trimetrexate. WI-L2/TMQ
cells were 62-fold resistant to trimetrexate and 68- and 96-fold cross-
resistant to the other lipophilic antifolates metoprineand piritrexim(BW
301U). No cross-resistance was observed with vincristine or doxorubicin,
and sensitivity was not increased with 5 fig/ml of verapamil, indicating
that it was not a typical multidrug resistance phenotype. WI-L2/TMQ
exhibited a 2-fold increase in dihydrofolate reducÃase;however, this did
not contribute significantly to the observed resistance, since these cells
retained full sensitivity to methotrexate. Nor were there any kinetic
alterations in dihydrofolate reducÃasetoward trimetri-vateor differences
in the levels of thymidylate synthase. The major difference between the
sensitive and resistant cell line was a 50% decrease in the influx rate of
YVI-L2/TMQcells which produced a corresponding decrease in cellular
trimetrexate at the steady state. No difference in efflux rates was detected
nor were there any differences in intracellular water or metabolism of
trimetrexate. Additional characterizationof trimetrexate transportin \VI-
L2 showed that influx was nonsaturable up to 5 HIMextracellular
trimetrexate, relatively insensitive to sodium azide, and exhibited a Qw
of 2.7. Influx was, however, inhibited in a dose-dependent manner by
concentrations of /Â»-chloromercuribenzylsulfonateabove 10 MM.Efflux
studies revealed a large nonexchangeable fraction of trimetrexate that
was well above the dihydrofolate reducÃasebinding capacity and varied
depending on the initial level of cell-associated drug. The intracellular
exchangeable trimetrexate concentration at the steady state was always
several-fold higher than the extracellular concentration. Retention of
trimetrexate appeared to be coupled to some component of energy me
tabolism, since the presence of sodium azide stimulated this process by
2- to 3-fold. The data suggest that trimetrexate enters cells by passive
diffusion but then is distributed and concentrated within the cell through
more complex mechanisms which may involve energy coupling, compart-
mentation, or binding to macrontolecules or organelles, although some
type of carrier-mediated process cannot be ruled out. Furthermore, this
study indicates that resistance to lipophilic antifolates can occur by
mechanisms other than alterations in the cellular level or kinetics of
dihydrofolate reducÃaseor thymidylate synthase and that an impaired
influx can develop for these compounds that may contributeto resistance.

INTRODUCTION

For the past 3 decades chemotherapeutic use of methotrexate
and other "classical" antifolates has been successful in the

treatment of such malignant diseases as acute lymphocytic
leukemia, non-Hodgkin's lymphoma, osteosarcoma, choriocar-

cinoma, breast cancer, and head and neck cancer (1). Despite
the extended use of methotrexate, its value has been limited by
severe toxicity toward normal tissues, failure to penetrate the
blood-brain barrier, and a lack of effect on many solid tumors.
Furthermore, a high incidence occurs of patients initially re
sponsive to methotrexate who develop clinical resistance to this
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agent after prolonged treatment. In an attempt to overcome
these difficulties, a number of "nonclassical" antifolates pos

sessing more lipophilic properties have been synthesized and
tested as inhibitors of dihydrofolate reducÃaseand antitumor
agents (2).

Trimelrexate j|5-melhyl-6-([(3,4,5-lrimelhoxyphenyl)ami-
no]methyl)-2,4-quinazolinediamine|j is one of a series of 2,4-
diaminoquinazolines synthesized in this effort (3,4). This com
pound, currently undergoing clinical trial, is a polenl inhibilor
of dihydrofolale reducÃaseand exhibils a broad speclrum of
aclivily againsl a variely of murine lumor models, many of
which are refraclory lo melhotrexale (5, 6). Furthermore, cells
which are resistant lo melholrexale by virtue of impaired mem
brane Iransport are sensitive to trimetrexate (7-10), suggesting
lhat ihis drug eniers cells by a transport process dislincl from
Ihe reduced folate syslem. Recently, this drug has been shown
to be useful for Ihe irealmenl of Pneumocystis carinii pneu
monia in palients with acquired immunodeficiency syndrome
(11,12).

Resislance lo lipophilic or "nonclassical" anlifolales has been
described usually wilh regard lo elevaled levels of DHFR1 and

noi lo impairmenl of Iransport. In Ihis paper, however, we
describe a novel form of resislance lo Irimelrexale lhal is
distincl from an elevation or kinetic alteration of dihydrofolate
reducÃaseand which encompasses other lipophilic anlifolates.
We provide data to suggest lhal Ihe resislance may be due lo
impaired cellular uplake but does noi appear lo be related lo
lypical mullidrug resislance which has been described previ
ously (13). Since the mechanism and efficiency by which anli-
cancer drugs enler lumor cells have been recognized as a crilical
factor contributing lo efficacy, selectivity, and drug resislance,
a further characterization of Irimelrexale Iransporl in sensilive
WI-L2 cells is also presented lo answer basic queslions con
cerning Ihe mode of cellular enlry and exil for Ihis drug which
com piemen ts and adds lo a previous sludy on this subject (14).

MATERIALS AND METHODS

Chemicals. Trimetrexate ||5-methyl-6-|[(3,4,5-trimethoxyphenyl)
amino]methyl)-2,4-quinazolinediamine|| glucuronate and [9-14C]tri-
metrexate acetate were obtained from Warner-Lambert Co., Ann Arbor,
MI. Radiolabeled trimetrexate was purified by reverse-phase high-
pressure liquid chromatography on a Whatman ODS 5-juin column
(0.46 x 25 cm) equilibrated with 0.8% acetic acid in 50 mM sodium
phosphate, pH 5.5, and eluting with a linear gradient of 0 to 50%
acetonitrile over 1 h. BW 301U (piritrexim; 6-[(2,5-dimethoxy-
phenyl)methyl]-5-methylpyrido[2,3-</]pyrimidine-2,4-diamine) and me
toprine [5-(3,4-dichlorophenyl)-6-methyl-2,4-pyrimidinediamine] were
kindly supplied by Dr. Charles Nichols, Wellcome Research Labora
tories, Research Triangle Park, NC. Methotrexate-7-fert-butylmonoes-
ter was a gift from Dr. Andre Rosowsky, The Sidney Farber Cancer
Institute, Boston, MA. Methotrexate, doxorubicin, ellipticine, vincris
tine, verapamil, leucovorin, folie acid, dihydrofolate, NADPH,

1The abbreviations used are: DHFR, dihydrofoiate reducÃase;pCMBS, p-
chloromercuribenzylsulfonate; MDR, multiple drug-resistant.
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pCMBS, and sodium azide were from Sigma Chemical Co., St. Louis,
MO. Inu!in-['4C]carboxylic acid and tritiated water were from Amer-

sham Corporation, Arlington Heights, IL.
Cell Culture. The WI-L2 lymphoblastoid cell line was originally

cultured from spleen by Levy et al. (15). Cells were grown as a suspen
sion culture in RPMI 1640 medium supplemented with 10% dialyzed
fetal bovine serum and gentamicin (50 Mg/ml). Growth inhibition
studies were performed in 24-well Linbro plates (1.7 x 1.6 cm, flat
bottomed) into which dilutions of the test drugs in 20 ^\ of water were
placed, followed by 2 ml of cells at 3 x 104/ml. Plates were incubated
for 72 h at 37Â°Cin a humidified atmosphere containing 5% CO2 in air.

Cell growth was determined by cell count with a Coulter Model ZM
electronic cell counter (Coulter Electronics, Inc., Hialeah, FL). WI-L2/
TMQ cells were selected for resistance to trimetrexate by exposing
them initially to 0.02 MMdrug at 3 x 104/ml, allowing the cells to grow
to 5 x 105/ml, and then reseeding them at the lower density in fresh

medium containing a 50% higher concentration of trimetrexate. This
procedure was repeated until the cells grew at a maximum rate (24-h
doubling time) in 1 ^M trimetrexate and were maintained at this
concentration for 12 mo. Intracellular water was determined by the
method of Rottenberg (16) using tritiated H2O to determine total water
and [14C]inulin as a measure of the extracellular space.

Trimetrexate Transport Studies. Cells were washed by centrifugation
in transport buffer containing 136 mM NaCl, 4.4 mM KC1, 1.1 HIM
KH2PO4, 1.0 mM MgCl2, and 20 mM 4-(2-hydroxyethyl) pipera-
zineethanesulfonic acid at pH 7.4 and resuspended at approximately
10 cells/ml in the same buffer. Cells were agitated and maintained at
37Â°Cwith a shaking water bath. Fluxes were initiated by exposing the

cells to tritiated trimetrexate (specific activity, 14 nCi/Mmol) and abol
ished at designated intervals by injecting the cells into 10 volumes of
ice-cold 0.9% NaCl solution (saline). The cells were washed twice by
centrifugation with 5 ml of ice-cold saline, and the pellet was digested
in 1 ml of Protosol (New England Nuclear, Boston, MA). Radioactivity
was determined in a Beckman Model 6800 liquid scintillation counter,
and counting efficiencies were determined with quenched standards.
Efflux rates were determined by exposing cells to radiolabeled trime
trexate for 30 to 60 min, washing twice with excess ice-cold saline, and
resuspending into 37Â°Ctransport buffer.

Assay for Dihydrofolate ReducÃase.Approximately IO7 cells were
washed in saline and resuspended into 1 ml of 0.05 M Tris-chloride,
pH 7.2. The suspension was frozen and thawed 3 times and centrifuged
at 100,000 x g for 30 min at 4Â°C.The supernatant was used as the

enzyme preparation. In a 3-ml quartz cuvet, 2.5 ml of the above Tris
buffer, 0.02 ml of 5 mM NADPH, and 0.1 ml of enzyme were mixed
and warmed to 37Â°C.The reaction was started by addition of 0.05 ml

of 2 mM dihydrofolate, and the decrease in absorbance was monitored
at 340 nm with a Gary Model 219 spectrophotometer. K, values for the
inhibition of dihydrofolate reducÃasewere determined by the method
described by Jackson et al. (5).

RESULTS

Cross-Resistance Studies. Table 1 compares the effects of a
number of antifolates as well as several other cytotoxic drugs
on the growth rate of WI-L2 and WI-L2/TMQ. The resistant

Table 1 Cross-resistance studies with WI-L2/TMQ
IC50(nM)Â°

DrugTrimetrexateMetoprineBW

301UMethotrexate-7-tof-bu-tylmonoesterMethotrexateVincristineDoxorubicinEllipticineWI-L225

Â±2.8C84

Â±140.3
Â±0.576

Â±410

Â±0.3176
Â±1446

Â±31492
Â±112WI-L2/TMQ1558

Â±2535736
Â±49629

Â±8264
Â±5011

Â±0.3185
Â±3237

Â±22413
Â±483A/5*6268963.51.11.10.81.6

cell line was 62-fold resistant to trimetrexate and cross-resistant
to the other lipophilic antifolates metoprine and BW 301U by
68- and 96-fold, respectively. WI-L2/TMQ was sensitive, how
ever, to methotrexate and only 3-fold resistant to its lipophilic
ester methotrexate-7-Ãert-butylmonoester. The mutant cells
showed no resistance to vincristine, doxorubicin, or ellipticine
(Table 1), and sensitivity to trimetrexate was not increased by
5 Mg/ml of verapamil (data not included).

Dihydrofolate ReducÃase. Considering that the most com
monly described mechanism of resistance to lipophilic antifo
lates has been an elevation or alteration in dihydrofolate reduc
Ãase,these paramelers were initially investigaled as a probable
cause of resislance in WI-L2/TMQ. Table 2 shows lhal Ihere
was approximalely a 2-fold increase in the enzyme activily of
WI-L2/TMQ over WI-L2. Table 2 also shows lhal Ihere was
no difference in ihe affinily of irimetrexate for ihe enzyme from
eilher source as indicaled by K\ values of 43 and 48 pM for
sensilive and resislanl cells, respeclively. Since anlagonism lo
inhibitors of dihydrofolate reducÃasehas been reported ihrough
a decrease in ihymidylale synthase activily (17,18), Ihis enzyme
was also assayed. Aclivilies were idenlical in bolh sensilive and
resislanl cell lines (dala noi shown).

Unidireclional and Nel Transport of Trimelrexale in Sensilive
and Resistant WI-L2 Cells. Fig. 1 shows a comparison belween
Ihe resislanl and sensilive cell lines of nel Iransporl and influx
in Ihe presence of 5 pM irimelrexale and efflux after cells were
loaded with 5 J/M drug for 30 min and then resuspended in
drug-free medium. Trimelrexale was laken up very rapidly inlo
WI-L2 cells and achieved a sleady slale wilhin approximalely
10 lo 15 min. Uptake in WI-L2/TMQ cells was qualitalively
similar; however, ihe inlracellular sleady-slale levels achieved
were significami) lower in Ihese cells. Unidireclional influx
rales were depressed lo a similar degree in WI-L2/TMQ; how
ever, efflux rales were idenlical in ihe iwo cell lines. Table 2
lisls Ihe Unidireclional influx and efflux rale conslanls (assum
ing a firsl-order process) for bolh cell lines and indÃcaleslhal
influx for ihe resislanl line was aboul 50% slower, whereas the
efflux rates were idenlical. Also lisled in Table 2 are Ihe values
for inlracellular waler, showing no significanl difference be
lween ihe cell lines, an indicalion lhal changes in cell volume
cannot account for ihe decrease in nel uplake in WI-L2/TMQ.
Since melaboliles of Irimelrexate have been reported lo be
formed, al leasl in vivo (19, 20), Ihere was a possibility lhal Ihe
differences in cellular drug accumulalion belween Ihe 2 cell
lines could represenl a difference in trimetrexale melabolism.
Bolh cell lines were incubaled wilh 5 Â¿tMradiolabeled irime
lrexale for up lo 4 h, and cell exlracls were analyzed by high-
pressure liquid chromalography using Ihe syslem described in
"MalcriÃ¡is and Melhods." Nolhing olher lhan ihe parenl drug

was delecled in any of Ihe extracts.
Exchangeable versus Nonexchangeable Trimelrexale. Certain

queslions arise as lo whal fraclion of ihe cell-associated trime-

Table 2 Comparisons between selected parameters of WI-L2 and WI-L2/TMQ
cellsParameterDihydrofolate

reducÃase(^mol/
min/ 10' cells)

Inhibition of DHFR by trimetrex
ate, KÂ¡(pM)

Intracellular water (>il/106cells)
Efflux rate constant (min"1)'
Influx rate constant (min~')*
CÃoinflux'WI-L20.11

Â±0.07"

43Â±51.5

Â±0.1
0.33 Â±0.03

3.2 Â±0.1
2.7 Â±0.2WI-L2/TMQ0.29

Â±0.03

48Â±41.6Â±0.2

0.34 Â±0.08
1.7 Â±0.2
2.5 Â±0.02

" ICso, concentration of drug necessary to inhibit cell growth by 50%.
* IC50of WI-L2/TMQ (A) divided by the IC50of WI-L2 (S).
c Mean Â±SE of 3 determinations.

Â°Mean Â±SE of at least 3 experiments.
* Assuming a first order process.
c Ratio of the influx rate at 37Â°Cto that at 27Â°C.
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Fig. I. Comparison of net uptake, influx, and efflux of trimetrexate in WI-L2
and WI-L2/TMQ. For net uptake and influx, cells were exposed to 5 /IM
trimetrexate. For efflux, cells were exposed lo 5 /IM trimetrexate for 30 min,
washed free of drug with ice-cold phosphate-buffered saline, and resuspended into
transport buffer at 37'C. Efflux is shown as a loss of exchangeable trimetrexate
which represents total cellular drug minus the nonexchangeable fraction. â€¢¿�,WI-
L2; â€¢¿�WI-L2/TMQ.

trexate is bound and what fraction is osmotically free and
whether both or just one fraction is reduced in the WI-L2/
TMQ. Some information can be obtained by dividing cell-
associated trimetrexate into exchangeable and nonexchangeable
drug based on what proportion leaves the cell in drug-free
medium. Fig. 2 is representative to illustrate the dependency of
the nonexchangeable fraction on the initial level of cell-associ
ated trimetrexate. As would be expected, steady-state levels
were progressively elevated as the extracellular concentration
of drug was increased. If at the steady state the extracellular
drug was removed and exchangeable drug allowed to efflux,
intracellular drug plateaued at different levels, indicating that
the nonexchangeable fraction was not constant but depended
on the level of intracellular exchangeable drug at the time of
efflux. Fig. 3 shows a comparison of the exchangeable (portion
of intracellular drug that freely effluxes from the cell in the
absence of extracellular drug) and the nonexchangeable fraction
that exists at various steady-state levels. Both the steady-state
exchangeable and nonexchangeable fraction in both cells in
creased linearly over an extracellular concentration range from
1 to 40 fiM trimetrexate. The largest difference between the two
cell lines was in the exchangeable fraction, although the nonex
changeable fraction in WI-L2/TMQ was also somewhat de
pressed perhaps as a consequence of overall lower steady-state
levels. It is of interest to note that the exchangeable cellular
trimetrexate concentration is always several fold higher than
the extracellular concentration.

20 40 SO SO 100
INCUBATION TIME (minutos)

Fig. 2. Net uptake and efflux of trimetrexate in WI-L2 cells exposed to varying
extracellular concentrations of trimetrexate. Cells were incubated with the indi
cated concentrations of trimetrexate. At 60 min, cells were washed twice in ice-
cold phosphate-buffered saline and resuspended into transport buffer at 37*C. A,

l /IM;D, S /IM;O, 10 /IM;â€¢¿�20 /IM;Â».40 //M.

Saturability of Influx. To provide additional information on
the characteristics of trimetrexate transport, further studies
were conducted with the sensitive line.

Fig. 4 shows the influx rates (30-s fluxes) of trimetrexate as
a function of the extracellular drug concentration. The left
panel ranges from 2 to 20 UM and the right from 0.05 to 5.0
HIM.There was a linear increase in influx rate with increasing
concentration of drug up to 0.5 HIMand, although a somewhat
nonlinear relationship ensued above this concentration, satu
ration was never attained with drug levels as high as 5 HIM.
Related to these data is the fact that, although WI-L2/TMQ
cells were cross-resistant to metoprine and BW 301 U, these
drugs did not affect trimetrexate influx even at concentrations
as high as 1 HIM nor was there any indication of a trans-
stimulatory effect on influx when cells were preloaded with
trimetrexate or the other antifolates (data not shown).

Effect of Metabolic Inhibitors on Trimetrexate Transport. To
get an indication as to energy requirements or any involvement
of ATP metabolism, the effects of sodium azide, an inhibitor
of electron transport within the process of oxidative phospho-
rylation, were assessed on net transport. Fig. 5 shows that the
cellular levels of trimetrexate were depressed by at least 50% in
the presence of azide. The effects of azide were also assessed
on unidirectional fluxes. Azide decreased influx rates by only
15% (data not shown); however, much greater effects were seen
on efflux (Fig. 6). Azide stimulated this parameter by 2- to 3-
fold which could adequately account for the decrease in steady-
state levels. Glucose partially reversed this stimulation. Since
sodium-dependent transport systems often exhibit an energy-
requiring process that retards efflux, the effect of cubain (an
inhibitor of the plasma membrane Na*-K+-ATPase which col
lapses the Na+ gradient) was assessed on net transport of

trimetrexate. A 1 mM concentration of oubain, however, had
no significant effect (data not shown).

To determine whether sulfhydryl groups play any role in the
transport of trimetrexate, routine transport experiments were
performed in the presence or absence of pCMBS. pCMBS
decreased net uptake of trimetrexate in a dose-dependent man
ner. The threshold for minimum inhibition was 10 MM,and
uptake was nearly abolished at 50 /AI (data not shown). The
effect on net uptake could be accounted for by inhibition of
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Fig. 3. Comparison of the exchangeable and nonexchangeable fractions at the
steady state in WI-L2 and WI-L2/TMQ exposed to varying concentrations of
extracellular trimetrexate. Cells were incubated with the indicated concentrations
of drug for 60 min. The cells were then washed twice with ice-cold phosphate-
buffered saline and resuspended into transport buffer at 3TC. The exchangeable
fraction represents that portion of drug that freely effluxes from the cell. The
nonexchangeable fraction represents the level of drug retained after l h in drug-
free transport buffer.
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Fig. 4. Influx as a function of the extracellular concentration of trimetrexate
in WI-L2 cells. Cells were exposed to the indicated concentrations of trimetrexate
for 30 s and processed as described in "Materials and Methods."

influx, since inhibition of this parameter by pCMBS obeyed
approximately the same dose-response relationship as net up
take. pCMBS had no significant effect on efflux at concentra
tions ranging from 1 to 50 /<M.

Finally data concerning the temperature sensitivity of influx
are shown in Table 2 as a Q\0. This represents the ratio of influx
rates at 37Â°and 27Â°C,respectively, and was 2.7. Influx was
completely abolished at 4Â°C.

DISCUSSION

The present study indicates that a line of human lymphoblas-
toid cells (WI-L2/TMQ) had developed a stable resistance to
trimetrexate after exposure to step-wise increases in drug con
centration over several months. Common mechanisms of re
sistance to lipophilic antifolates, however, did not seem to be
operative in these cells. Dihydrofolate reducÃaselevels in the
resistant cells were elevated by only 2-fold, which most likely
could not account for the 62-fold resistance to trimetrexate.
Nor were there any kinetic differences for inhibition of the
enzyme from the 2 cell lines by trimetrexate. Complete sensi-

20 M40

TIME (minutaÂ«)
Fig. 5. Effect of sodium azide on the net uptake of trimetrexate in WI-L2

cells. Cells were exposed to 5 /AI trimetrexate with or without 10 mM sodium
azide. Cellular drug was determined as described in "Materials and Methods."

0.7

0.1

0.02

1 azide

234
TIME (minutes)

Fig. 6. Effect of sodium azide and/or glucose on trimetrexate efflux. Cells
were incubated with 5 MMtrimetrexate for 1 h, washed twice in ice-cold phosphate-
buffered saline, and resuspended into transport buffer at 3TC with or without 10
mM sodium azide and/or 10 mM glucose. Cellular trimetrexate (TMQ) was
determined as described in "Materials and Methods." [TMQ]0 represents the

initial exchangeable drug at time 0. [TMQ\, represents the exchangeable drug at
time r beginning at the point of efflux.

tivity of the mutant subline to methotrexate also reinforced the
concept that elevated or altered dihydrofolate reducÃasedid not
contribule to resistance. The resistance appears to be specific
for lipophilic antifolates but nonspecific for any particular class
as evidenced by considerable cross-resislance lo a diaminopy-
rimidine (meloprine), a pyridopyrimidine (BW 301W), as well
as Ihe quinazoline (Irimelrexale). Melhotrexate--y-te/f-butyl-
monoesler lo which ihese cells exhibited only a 3-fold resislance
lends lo be an exceplion, since ihis agenl also appears to
circumvent Ihe reduced folale carrier syslem (21,22). However,
this molecule possesses a free carboxyl which may dramalically
affect its interaclion with Ihe cells. Lipophilicily, though, does
noi appear lo be Ihe sole crilerion for resislance, since Ihe cells
were sensilive lo elliplicine, a lipophilic inlercalalor. Further
more, Ihese cells were complelely sensilive lo doxorubicin and
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vincristine, implying that this was not a form of typical multi-
drug resistance which has been described before with regard to
trimetrexate (13). Although resistance to lipophilic antifolates
has also been reported with regard to an increased transport
rate for leucovorin (23), this mechanism did not appear to be
relevant, since methotrexate and folate accumulations were
normal in these cells.2

Significant differences between the cell lines were noted in
the transport of trimetrexate as indicated by a 50% reduction
in the influx rate of the resistant relative to the sensitive cell
line. Since efflux rates were identical, this correlated with a
50% drop in exchangeable trimetrexate at the steady state.
Several questions arise from these studies. The first is whether
a 50% reduction in influx rate for trimetrexate can translate
into a 62-fold resistance to that drug. To address this question,
it should be realized that, unless the intracellular disposition of
all drug can be accounted for, there is usually no simple formula
to relate the magnitude of transport impairment with degree of
resistance. Trimetrexate, like methotrexate, is a tight-binding
yet reversible inhibitor of dihydrofolate reducÃase(5), and there
fore a finite amount of osmotically free drug above the dihydro
folate reducÃasebinding capacity must be present for complete
suppression of this enzyme. Although a substantial "exchange
able" component was present in the resistant cells which was

far above the dihydrofolate reducÃasebinding capacity, Ihere is
no guaranlee lhat this fraction of drug is in a location enabling
it to inhibit dihydrofolate reducÃase. Hence, while it appears
superficially lhal a 50% drop in nel cellular trimetrexate is
insufficieni to account for a 62-fold resislance, the difference
between the two cell lines in osmotically active drug available
for enzyme inhibition may indeed be grealer.

The second issue lhat emerges from this study is concerned
with the following queslion. If cells can become resislanl lo
irimelrexale by impairing enlry of Ihe drug inlo Ihe cell, does
Ihis imply lhal Ihere is a dislincl iransporl process for Irime
lrexale wilh alterable al finit ics or capacilies? The presenl dala,
al Ihe momenl considering only influx, are more compatible
wilh a diffusional process lhan anything else. This is based on
the following, (a) The influx process was nonsaturable. Influx
rales increased linearly over a range of extracellular trimelrex-
ale concenlralions from 2 /Â¿Mlo 0.5 mM and never reached
saluralion al concenlralions up lo 5 mM. The devialion from
linearily when concenlralions exceeded 0.5 mM could simply
be due lo aggregale formalion or slacking of Ihe drug which
eniers Ihe cell more slowly. Il musi be poinled oui, however,
lhal Ihere is a somewhal similar situation if Ihe cells had a
salurable Iransporl process bui a high Kmin Ihe mM range plus
a diffusional component (b) Trimetrexate influx was not af
fected by other lipophilic antifols to which WI-L2/TMQ had
become resistanl. (c) Sodium azide had lillle effecl on ihe influx
process, (d) Tra/is-slimulalion of influx could noi be demon-
slraled in cells preloaded wilh Irimelrexale or olher lipophilic
anlifolales. (e) A QÃŒOof 2.7 is low compared lo olher known
carrier-medialed Iransporl systems which might range from 4
lo 6. Since fluidity and struclural organizalion of a lipid bilayer
can be dramatically influenced by temperature changes, a Q\o
of 2.7 is noi incompatible wilh passive diffusion.

The only discrepancy wilh Ihe concepÃ¬of irimelrexale influx
occurring by passive diffusion is Ihe inhibilion produced by
pCMBS. However, allhough Ihis may be laken as indirect
evidence for involvemenl of a prolein sulfhydryl, inhibilion
occurs only al excessive concenlralions well above lhal needed

2 Unpublished results.

lo inhibil olher sulfhydryl-requiring iransporl systems, such as
the reduced folate carrier process (24).

Considering lhal passive diffusion mighl be a viable mecha
nism, one possible explanation ihen for Ihe decrease in influx
in WI-L2/TMQ is a structural change or alteration in fluidity
in the plasma membrane which decreases the diffusion conslanl
for irimelrexale.

Once Irimelrexale is on ihe cyloplasmic side of Ihe mem
brane, Ihe data suggest thai cell distribution and efflux may be
more complex lhan simple diffusion. This implication is derived
from ihe following dala, (a) Sodium azide slimulales efflux,
implying some sort of energy coupling which helps retain drug.
This observalion is of inleresl since il is essentially opposile lo
Ihe effecl lhal azide or other metabolic inhibitors have on
melholrexale efflux (25). (b) The intracellular exchangeable
trimetrexale concenlralion al Ihe sleady slale is always several
fold higher lhan ihe extracellular concenlralion. This suggesls
eilher lhal Ihe drug is concentrated againsl a chemical gradienl,
comparlmenlalized, or weakly and reversibly bound lo an inlra-
cellular macromolecule or organelle. (c) The nonexchangeable
fraclion of Irimetrexate is well above any known folale or folale
analogue binding prolein and is variable depending on Ihe initial
amount of cell-associaled Irimelrexale. Pari of Ihis componenl
may be surface binding, bui il also suggesls lhat there is some
intracellular comparlmenlalion occurring or lighl binding lo
proleins or organelles. The faci lhal Ihe influx rale conslanl is
nearly 10-fold higher lhan ihe efflux rale constant (Table 2)
implies thai Ihere is asymmelry presenl belween Ihe inlracel-
lular and extracellular compartments.

Olher informalion which suggesls lhal Irimelrexale may be
subjecl lo complex inlracellular channeling is Ihe faci lhal cells
possessing ihe MDR phenolype are cross-resislant to trime
trexate (13). Several mechanisms for the MDR phenolype have
been proposed (reviewed in Ref. 26) which include Ihe exislence
of a broad speclrum efflux pump, altered drug binding, or
sequeslralion into acidic compartments. Although none of Ihese
Iheories have been proven, Ihere are dala compalible wilh each
mechanism which reinforce Ihe probabilily lhal ihe inlracellular
movemenl of Irimelrexale is more complex lhan simple diffu
sion.

In conclusion, Ihe above data suggest thai resislance lo iri
melrexale can develop due lo impaired cellular uplake which is
unassocialed wilh lypical multiple drug resislance and may
exlend lo olher nonclassical anlifolales. Allhough siili a con-
leniious subjecl, Ihe properlies of Irimelrexale iransporl at least
in WI-L2 cells suggesl lhal Ihis agenl may enler cells by passive
diffusion bul Ihen is dislribuled and concentrated within Ihe
cell Ihrough more complex mechanisms which may involve
energy coupling, comparlmenlalion, or binding lo macromole-
cules.
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