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ABSTRACT

A K562 human erythroleukemia line (designated K562.4CF) was
selected for increased tetrahydrofolate cofactor transport in a growth-
limiting concentration (0.4 nM) of (6/Ã®,S)-5-formyltetrahydrofolate.
KS62.4CF cells exhibited elevated methotrexate uptake relative to pa
rental cells, attributable to a 10-fold increased influx / â€žâ€ž,.The rate of
methotrexate efflux in K562.4CF cells was somewhat increased (55%)
as well. The transport system in K562.4CF cells had similar and high
apparent binding affinities for methotrexate and 5-formyltetrahydrofolate
and a markedly reduced affinity for folie acid, properties typically asso
ciated with the "classical" methotrexate/tetrahydrofolate cofactor trans

porter in tumor cells. Methotrexate uptake in K562.4CF cells decreased
substantially under nonselective conditions; high levels of transport were
restored in 0.4 nM 5-formyltetrahydrofolate. Treatment of parental and
K562.4CF cells with /V-hydroxysuccinimide methotrexate inhibited meth
otrexate influx. /V-Hydroxysuccinimide-|3H|methotrexate (700 n.M) ra-
diolabeled a broadly migrating band at M, 76,000-85,000. Incorporation
from /V-hydroxysuccinimide-l'HImethotrexate into this band was in
creased 7-fold in K562.4CF over parental cells and was blocked by
unlabeled methotrexate, (65)-5-formyltetrahydrofolate, or, to a lesser
extent, folie acid. Whereas incubation with endoglycosidase F had no
effect on the electrophoretic migration of the labeled protein, treatment
with endoglycosidase F and glycopeptidase F, or endo-/3-galactosidase,
reduced the apparent molecular weight to M, ~52,000 or ~58,000,
respectively. These results suggest that the high-affinity transporter in
K562.4CF cells is an TV-linkedglycoprotein containing internal /J-galac-
tosidic linkages in, or immediately after, unbranched poly-jV-acetyllac-
tosamine sequences. Differences in the level of glycosylation may, in part,
account for the disparity in the apparent sizes of the homologous folate
transport proteins from human and murine cells.

INTRODUCTION

Membrane transport of chemotherapeutic drugs into tumor
cells is a critical event in antitumor activity since most agents
achieve their effects at intracellular loci, and drug-target inter
actions require membrane penetration. In fact, cytotoxic activ
ity is often limited by the inability of sufficient concentrations
of drugs to reach intracellular targets.

In certain cases, uptake is mediated by specific membrane
receptors. For instance, for methotrexate, a dianion, to enter
tumor cells and inhibit dihydrofolate reducÃase,the antifolate
must first bind to the carrier system normally used by 5-
methyltetrahydrofolate and other reduced folates to traverse
the cell membrane (1, 2). Uptake efficacy by this system corre
lates with in vivo methotrexate sensitivities for a number of
murine models (3) and has been implicated as an important
determinant of antifolate activity toward human tumor cells (4,
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5). Moreover, incomplete inhibition of dihydrofolate reducÃase
secondary to impaired metholrexate transpon is a major mech
anism of methotrexale resistance in in vitro (6-9) and in vivo
(10) models and has been suggested to be an important mode
of clinical resistance as well (11). A separate membrane folate-
binding protein has also been suggested to mediate methotrex
ate and folate uptake in certain mammalian cells ( 12, 13). Folate
binding proteins typically show extremely high affinities for
folie acid and lower affinities for reduced folates and
methotrexate.

Considerable interest has focused on the biochemical and
molecular determinants for dihydrofolate reducÃaseinhibition
by methotrexate in mammalian cells; however, only limited
characterization has been reported for the transport syslem for
melholrexate and tetrahydrofolate cofactors. Whereas radioaf-
finity labeling techniques have facililaled Ihe identification of a
M, 36,000-48,000 methotrexate-binding polypeptide in plasma

membranes from murine LI210 cells which has properties
expected for the "classical" methotrexate carrier (6, 14-16),

this species has not been further characterized. An analogous
transport system was described in human tumor cells by stand
ard kinetic approaches (2, 5, 17); however, the carrier protein
was not identified.

Because of the extremely low levels of the methotrexate
carrier in mammalian cells, it is notable that Sirotnak et al.
(18) devised a novel strategy for selecting murine L1210 cell
variants which "up-regulate" this system. Selection was based

on the idea that carrier-mediated uptake is rate limiting to
tetrahydrofolate cofactor utilization in rapidly dividing cells
and involved growing cultures on progressively decreasing and
growth-restricting concentrations of (6/?,5)-5-formyltetrahy-
drofolate (i.e., leucovorin). Under these conditions, only cells
which possessed increased transport capacities for reduced fol
ates were capable of sustained growth.

In this report, a similar approach was used to select a line of
K562 human erythroleukemia cells which shows increased ac
tivity of a membrane transport system with kinetic properties
analogous to the reduced folate/methotrexate transporter de
scribed in a number of cultured murine and human cells (1, 2,
5, 9, 17). We report herein the characteristics of this transport
up-regulated human line and the identification of a highly

glycosylated protein carrier for methotrexate.

MATERIALS AND METHODS

Chemicals. [3',5',7-'HJMethotrexate (20 Ci/mmol). [3',5',7-3H]-
(6S>5-formyltetrahydrofolate (50 Ci/mmol), and |3',5',7-3H]folic acid

(40 Ci/mmol) were purchased from Moravek Biochemicals (Brea, CA)
and purified by reverse-phase high-performance liquid chromatography
as previously described (19, 20). [uC|Inulin was purchased from ICN
Biochemicals (Costa Mesa, CA). Unlabeled methotrexate and (6R,S)-
5-formyltetrahydrofolate were obtained from the Drug Development
Branch. National Cancer Institute (Bethesda. MD). Various chemicals.
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including NHS,' l-elhyl-3-(3-dimelhylaminopropyl)carbodiimide, and

folie acid, were purchased from Sigma Chemical Company (St. Louis.
MO). Unlabeled methotrexale and folie acid were purified by DEAE
chromalography (21) and high-performance liquid chromalography
(20), respeciively, prior lo use. Boehringer Mannheim (Indianapolis,
IN) was Ihe source of peroxide-free Trilon X-100, endo-/i-galaclosidase
(Bacteroides fragilis), and Ihe endoglycosidase F preparations (Flavo-
bacterium meningosepticum). Bio-Rad (Richmond, CA) was the source
of Ihe majorily of Ihe eleclrophoresis reagenls. For some experimenls,
unlabeled and l4C-labeled molecular weight markers for electrophoresis

were purchased from Belhesda Research Labs (Gailhersburg, MD).
Tissue cullure reagenls and supplies were purchased from assorted
vendors, wilh Ihe exceplion of felal bovine serum, which was oblained
exclusively from Grand Island Biological Company (Grand Island. New
York).

Cell Culture. The K562 human erylhroleukemia line was oblained
from Ihe American Type Cullure Colleclion (Rockville, MD). Cells
were mainlained in RPMI 1640 supplemented wilh 10% heal-inacli-
valed fetal bovine serum, 2 mM L-glulamine. penicillin (100 unils/ml),
and slreplomycin (100 Mg/ml). Cells were grown in a humidified al-
mosphere at 37Â°Cin the presence of 5% CO2/95% air. Cells were

routinely subcultured every 72-96 h, and cell numbers were determined
by direct microscopic counting with a hemocytometer. K562 cells were
initially plated, as previously described (22), into 60-mm cullure dishes
conlaining complele RPMI 1640, 10% serum, and 0.35% Bacio agar
(Difco). After 3-4 weeks, a single colony was chosen and expanded for
use as Ihe parenlal line in Ihe experimenls described in ihis report. For
Ihe selection of K562 cells wilh increased capacily for uptake of 5-
formyl['H]lelrahydrofolale and ['H]melholrexale, parenlal K562 cells
were previously depleled of endogenous folates by growth in folate-free
RPMI 1640 containing adenosine (60 MM)and thymidine (10 MM)for
2 weeks. Sofl-agar cloning using folale-free RPMI 1640 and dialyzed
felal bovine serum was used lo seleci clonal populalions capable of
growing in 2 nM (6/?,5)-5-formyllelrahydrofolale, inilially, and, subse-
quenily, 0.75 nM of the reduced folate. The final selection was per
formed in the presence of 0.4 nM (6/?,S)-5-formyllelrahydrofolate.
Belween sleps, lines were expanded from single colonies under Ihe
condilions used for seleclion: ihese were examined for growlh charac-
lerislics and Iransport of ['Hjmelholrexale and 5-formyl['H]tetrahydro-

folale. Only a single clonal line was used for Ihe nexl seleclion slep.
The final isolale (designaled K562.4CF) grew in 0.4 nM (6R,S)-5-
formyllelrahydrofolate wilh a generation time of 30.44 Â±0.06 (SD) h
(n = 2). Parental K562 cells were incapable of sustained growth in 0.4
nM (6/?,5)-5-formyltelrahydrofolate; however, they had a generation
lime of 25.67 Â±4.60 (n = 2) h in "complele" RPMI 1640 conlaining

2.3 MMfolie acid. Bolh parenlal and K562.4CF cells demonslraled low
levels of erylhroid differenlialion as defined by negalive benzidine
slaining (23).

Membrane Transport Methodology and Measurement of Dihydrofo-
lale ReducÃase.For membrane Iransporl measuremenls, logarithmically
growing cells were washed with DPBS (24) and suspended in phosphate-
buffered Hanks' balanced salt solulion (25). Transport experimenls

were performed in specially designed flasks equipped with motor-driven
slirrers under an almosphere of 95% O2/5% CO2. Cells were incubated
at 37Â°Cwith ['H]folates or ['Hjmelholrexale for various inlervals, and

Iransporl fluxes were slopped by injecling portions of Ihe cell suspen
sion imo 10 volumes of 0Â°CDPBS. The cell fraclion was separaled by
cenlrifugalion (500 x g; 5 min) and washed Iwice with ice-cold DPBS.
The cell pellels were digesled wilh 0.5 N NaOH (1 ml). Samples of Ihe
alkaline digesls were solubilized in Ready Value scinlillalion cocktail
(Beckman). Radioactivily was measured wilh a Tracor Analytic liquid
scintillation counter. Counling efficiencies were correcled by inlernal
slandardizalion wilh ['Hjloluene. Prolein delerminalions were done by

Ihe meihod of Lowry et al. (26). In ihis fashion, Ihe levels of lotal
inlracellular radioaclivily were routinely expressed as pmol/mg protein.
This provided a direct measure of Ihe level of radioaclive melholrexale
or folale accumulalion since Ihe prolein conlents (1.93 and 2.2 mg/107

3The abbreviations used are: DPBS. Dulbecco's phosphate-buffered saline:
NHS. jV-hvdroxvsuccinimide; SDS, sodium dodecy] sulfate.

cells) and Ihe inlracellular volumes (51.27 Â±6.03 and 63.08 Â±3.02 n\/
10*cells; n = 12 and 13, respectively) for parental and K562.4CF cells,
respeclively. were nearly ideniical. Inlracellular volumes were deler-
mined from the difference between the wet and dry weights of a known
number of cells minus Ihe [14C]inulin space (21). The conlribulion of

surface adsorplion lo Ihe lolal cell methotrexale was determined by
measuring ['Hjmetholrexale accumulalion al 0Â°C.A",and A"Â¡values for

melholrexale and folale inhibilors, respeclively, were calculaled from
Lineweaver-Burk plots.

Dihydrofolate reducÃaseenzyme levels were quanlilaied by measur
ing Ihe exlenl of ['H]melholrexaie binding in Ihe presence of high
concenlrations of NADPH. Cells (1 x IO7)were sonicated in a buffer

composed of 50 mM sodium cilrale (pH 6), 150 mM KC1, 1 mM EDTA,
50 mM 2-mercaploelhanol, and 100 MMNADPH. Following centrifu
gation (10.000 x g), cell-free extraÃ©iswere incubaled wilh 3 nmol ['Hj
melholrexale (10 min, 23Â°C)and chromalographed by rapid gel fillra-

lion using a cenlrifugal elulion lechnique (19, 27). Bolh radioaclivily
and proleins from Ihe column eluales were quanlilaied.

Quanlitation of Total Cellular Folates. Cells were maintained in
complete folale-free media in Ihe presence of 60 MMadenosine and 10
MMihymidine for 2 weeks followed by growth for 3-4 generalions in
folale-free media conlaining 5-formyl['H]lelrahydrofolale (withoul

adenosine and ihymidine). Tolal inlracellular folales were calculaled as
pmol/mg prolein, as described above.

Radioaffinity Labeling of Ihe Reduced Folale/Methotrexate Trans
porter and Preparalion of Cell Membranes. The preparalion of unlabeled
and radiolabeled NHS-metholrexale was performed as described pre
viously (6, 14). NHS-folic acid was prepared as for Ihe unlabeled
melholrexale. The radiospecific activilies of the NHS-['H]melholrexale
ranged from 5 lo 20 Ci/mmol. Cells [~5 x 107/ml in 20 mM 4-(2-
hydroxyelhyl)-l-piperazineelhanesulfonic acid (HEPES). 225 mM su
crose, pH lo 6.8 wilh MgO] were incubaled wilh affinity reagent at
23Â°C(while shaking) for 5 min. Cells were washed twice with DPBS,

and viabilities were assessed by irypan blue exclusion. The relalive
levels of ['Hjmethotrexale incorporalion into the membranes were

assayed as previously described (14). Briefly, the cell pellels were
exlracled wilh \% peroxide-free Trilon X-100 al room lemperalure for
30 min. The solubilized membrane proleins were precipilaled wilh an
equal volume of accione al â€”20Â°C.The precipitate was solubilized in

0.5 N NaOH for protein determinations and scintillalion counling or
in Laemmli "sample buffer" for gel eleclrophorelic analysis (see below).

The specificily of radioligand incorporalion was delermined in parallel
incubalions conlaining various concentralions of unlabeled methotrex
ate, (6S)-5-formyltelrahydrofolale, or folie acid.

In some experimenls, purified plasma membranes were isolaled from
NHS-['H]melhotrexale-labeled cells. In Ihis case, cells were suspended

in 10 mM Tris, pH 7, conlaining proleolylic inhibilors (hereafter
referred to as "proleolylic inhibitor cocklail") including: 0.5 Mg/ml

leupeplin, 0.7 Mg/ml pepslalin, 10 Mg/ml anlipain, 10 Mg/ml beslalin,
3 Mg/ml aprolinin, and 0.2 mM phenylmethylsulfonyl fluoride. The
cells were disrupted wilh a Parr nilrogen caviialor al 500 psi for 20
min. The homogenale was spun al 600 x g to remove cell debris and
nuclei; Ihe supernalanl was cenlrifuged al 200,000 x g in a Beckman
50Ti rolor for 90 min. The membrane pellel was suspended in 600 M'
of 10 mM Tris-HCl, pH 7, conlaining Ihe proleolylic inhibilor cocklail
and layered on a disconlinuous sucrose gradienl (2.0 ml 60% and 2.5
ml 20% sucrose in a SW50.1 rotor). Centrifugation was for l h at
58.000 x g. The 20%-60% inlerface conlaining plasma membranes was
removed, diluled approximalely 10-fold with 10 mM Tris-HCl (pH 7.0;
containing proleolylic inhibilors), and again centrifuged at 200,000 x
g for 60 min to pellel Ihe membranes.

The purified membranes were solubilized in an appropriale deter-
genl-conlaining buffer in Ihe presence of Ihe proleolylic inhibitor
cocklail for Ihe glycosidase digeslions or Ihe exlraclion of membrane
proteins for Laemmli SDS gel electrophoresis.

Enzymic Deglycosylation. Plasma membranes were prepared, as de
scribed above. Membrane proleins were treated with endo-/i-galactosid-
ase (0.75 unit/ml) in 50 mM sodium phosphate (pH 6.0), 2 mM
dilhiothreitol, 2 mM EDTA, 0.5% 3-[(3-cholamidopropyl)dimelh-
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ylamino|-l-propanesulfonate (CHAPS), 0.4 mg/ml bovine serum al
bumin, and the proteolytic inhibitor cocktail in a total volume of 120
n\. Control incubations were performed under identical conditions
without the glycosidase. Digestions with endoglycosidase F (in the
presence and absence of glycopeptidase F) were in 120 /il of 100 m\i
sodium phosphate (pH 6.0), 50 m.\i EDTA, and 75 HIM2-mercaptoeth-
anol at a concentration of 1.2 units/ml. For the experiments using the
endoglycosidase F:glycopeptidase F mixture, both activities were pres
ent at 1.2 units/ml. All digestions were for 4 h at 37Â°C.

The samples were concentrated under vacuum and the aliquots were
diluted into Laemmli "sample buffer" containing 2% SDS. Samples

were frozen and thawed 10-15 times using a dry ice/acetone bath and
loaded onto polyacrylamide gels for electrophoresis, as described below.

SDS-Polyacrylamide Gel Electrophoresis. SDS-polyacrylamide gel
electrophoresis was performed by the procedure of Laemmli (28) on
either 7.5% or 3-17% linear gradient gels. Typically, 1.5-mm gels were
used. Samples were routinely solubilized in 1% SDS/125 m,M Tris-
HCI, pH 6.8, containing the proteolytic inhibitor cocktail and repeat
edly frozen and thawed (10-15 times) using a dry ice/acetone bath.
Insoluble materials were sedimented by centrifugation in a microcen
trifuge, and the supernatants were added to one-third volume of 3x
Laemmli "sample buffer" (28) for loading onto the gels. Unstained or
'4C-labeled standard molecular weight marker proteins were prepared
for electrophoresis according to the supplier's instructions.

For quantitation of radioactive proteins, the gels were sliced into 2-
mm segments, and the pieces were suspended into 5 ml of 3% Protosol
in Econofluor (Dupont/New England Nuclear) and incubated overnight
at 37Â°C.The following day, the vials were cooled, and the radioactivity

was measured.

RESULTS

Characterization of 5-Formyltetrahydrofolate and Methotrex-
ate Transport in K562 Cells with Up-regulated Influx Capacity.
A clonal variant of the K.562 human erythroleukemia (desig
nated K562.4CF) was selected in soft agar in the presence of
0.4 nM (6/?,S)-5-formyltetrahydrofolate. By comparison, 10 niu
(oA^-S-formyltetrahydrofolate is the minimum concentration
capable of supporting maximal growth of parental K562 cells.

K562.4CF cells and parental cells were initially assayed for
uptake of 5-formylpHltetrahydrofolate (0.1 /Â¿M)4and ['Hjmeth-

otrexate (0.5 n\\) (Fig. 1). For both compounds, transport at
37Â°Cwas markedly enhanced in K562.4CF cells. This was

reflected in both the initial influx rates (increases of 4.4- and
6.8-fold, respectively) and the apparent steady-state accumula
tions (elevated 3.1- and 4.2-fold, respectively). Negligible ac
cumulation of ['Hjmethotrexate by both parental and
K562.4CF cells was observed at 0Â°C(less than 0.05 pmol/mg
after 210 s), direct evidence that the drug was being "internal
ized" via a specific temperature-dependent uptake process.
First-order drug efflux at 37Â°Cin K562.4CF cells was slightly

increased over that of parental cells (55%; Fig. 2). Conversely,
there was no loss of intracellular drug at 0Â°C,in either the

presence or the absence of 200 ^M unlabeled methotrexate. In
contrast to the results with 5-formyltetrahydrofolate and meth
otrexate, folie acid (4.5 ÃŸ\\)uptake was increased only 56% in
K562.4CF over parental cells (data not shown).

Kinetic analyses of the influx rates for ['H]methotrexate in

parental and K562.4CF cells were performed. The kinetic con
stants are summarized in Table 1. These values were calculated
by Lineweaver-Burk analyses of initial uptake velocities at 37Â°C,

4 Except where stated otherwise, the concentration of 5-formyltetrahydrofolate
refers to the racemic mixture of (6A,.V)-5-formyltetrahydrofolate stcreoisomers.
For (6.S")-5-formyl['H]tetrahydrofolate. one-half is associated with a radioactive
(6.C)-5-formyl[3H]tetrahydrotolate form: i.e.. 0.1 MM(6S)-5-formyl|'H]tetrahydro-
folate contains 0.05 n\\ unlabeled (6/f )-5-forniyltctrahydrofolate and 0.05 nM
(65)-5-formyl['H]tctrahydrofolate.

measured during the first 25-80 s of exposure to various
concentrations of methotrexate (0.5-5 /UM),prior to the ap
pearance of appreciable unbound intracellular drug. Influx was
constant with time (data not shown) at all of the concentrations
used. The calculated K, values between K562.4CF and parental
K562 cells showed only minor differences. However, the influx
Fmaxin K562.4CF cells was elevated approximately 10-fold.
Table 1 also summarizes data which show that dihydrofolate
reducÃase levels between the two cell lines were essentially
unchanged.
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Fig. 1. Uptake of 5-formyl['H)tctrahydrofolate (.^-O/O-f//.,; 0.1 â€žM)and |'H]
methotrexate (MT\; 0.5 /j\i) by parental and K5614CF cells. Cells (1 x 107/ml)
were incubated at 37"C in Hanks' balanced salt solution with the radioactive
compounds, t'ptake was determined as described in "Materials and Methods."

The dihydrofolate reducÃasebinding capacity for both parental and K562.4CF
cells in this analysis was 2.3 pmol/mg protein.
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Fig. 2. Rates of methotrexate efflux in parental and K562.4CF cells. Parental
and K562.4CF cells were incubated for 20 min with ['H]methotrexate ( 10 MMand
2 /IM, respectively). Cells were washed with DPBS (O'C) and resuspended in drug-
free Hanks' balanced salt solution at 37Â°C.Aliquots of the cell suspension were
removed over time and processed as described in "Materials and Methods." Data

are plotted as the percentage of free methotrexate (in excess of the dihydrofolate
reducÃaselevel) on a logarithmic ordinate for the calculation of the first-order
efflux rate constants. The rate constants for the parental and K562.4CF lineswere 0.148 and 0.228 min~'. respectively. A/7".V.methotrexate.

Table 1 Characteristics of parental K562 and K562.4CF cells

CelllineParent

K562.4CFMTX

transportparameters"'''Influx

A', Influx ('â€žâ€ž

(n\i)(pmol/mg/s)4.64

Â±2.11 0.081 Â±0.021
7.48 Â±1.31 0.807 Â±0.162DHFR

levels*'

(pmol/mg)2.12

Â±0.21
1.72 Â±0.73

" Kinetic constants for methotrexate (MTX) transport were calculated by
Lineweaver-Burk analysis of initial rate data over a range of concentrations (0.5-
5 â€žM).

* Data reported as the mean Â±SD from 4-8 separate experiments.
r Dihydrofolate reducÃase(DHFR) levels Â»ereassayed by |'H]melhotrexate

binding as described in "Materials and Methods."
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Fig. 3. Inhibition of |'H]methotrexate (MTX: I /JM) and 5-formyl['H]tetra-
hydrofolate (CHO-FHÂ¿ 2 p\i) influx in K562.4CF cells by assorted folates. Influx
was measured for the radiolabeled compounds from 0 to 180 s. Data are shown
for the effects of varying folie acid (open symbols], (6.S)-5-formyltetrahydrofolate
(â€¢),and methotrexate (A) on these uptake processes and are expressed as the
percentage of methotrexate uptake rate relative to an untreated control.

Table 2 Correlation between cellular folate levels and p H] methotrexate
uptake capacity"

5-CHO-mPteGlu
Line(n\i)ParentK562.4CFK562.4CF

K562.4CF''10100.4 0Cellular

folates*(pmol/mg

pro
tein)13.6429.104.08MTX

uptake'

(pmol/mg/s)0.00520.01110.0316

0.0144
* Cells were depleted of endogenous folates in folate-free media containing 60

(jM adenosine and 10 J/Mthymidine for 2 weeks, followed by growth in (6A,S)-5-
formyltetrahydrofolate (5-CHO-H4PteGlu; 10 or 0.4 n.\i) for 3-4 generations.

* Cellular folate pools were quantitated as total tritiated folates from (6S)-5-
formylpH|tetrahydrofolate, as described in "Materials and Methods."

' Initial rates of ['H]methotrexate (MTX; 0.5 Â¿Â¡M)uptake were assayed at 37'C

from 0 to 210 s.
dCells were grown in folate-free media containing 60 MMadenosine and 10

/IM thymidine for 2 weeks to deplete endogenous folates prior to assay of uptake
rates.

cn
â€¢
"3

a
NHS-MTX

0 1000 2000

Inhibitor (nM)
Fig. 4. Effect of Â¡V-hydroxysuccinimideesters of methotrexate and folie acid

on [3H]methotrexate influx in K562.4CF cells. Cells were treated with increasing
concentrations of NHS-mcthotrexate (NHS-MTX) or NHS-folic acid, washed
with DPBS. and assayed for uptake of [3H]methotrexate (0.5 /IM) after 210 s.
Data are expressed as mean values (Â±SD:n â€”4) in units of pmol/mg at the time
of measurement.

A distinguishing feature among the different folate trans
porter systems in mammalian cells relates to their affinities for
methotrexate and reduced folates, relative to folie acid. In Fig.
3, data are shown for the concentration-dependent inhibitions
of ['Hjmethotrexate uptake by folie acid and 5-formyltetrahy-
drofolate and of 5-formyl['H]tetrahydrofolate uptake by folie

acid and methotrexate. In both cases, folie acid was significantly
less inhibitory than the other compounds. Although the exper

iments depicted in Fig. 3 were performed with the K562.4CF
subclone, essentially identical results were obtained in parental
K562 cells (not shown).

KÃŒvalues for 5-formyltetrahydrofolate and folie acid were
calculated from Lineweaver-Burk double-reciprocal plots. For
K562.4CF cells, the K, values for (6A,S)-5-formyltetrahydro-
folate and folie acid were 7 and 110 Â¿JM,respectively.5 For

parental K562 cells, the calculated values were 7.2 and 164 ^M,
respectively. These results confirm that the transport system in
K562 cells has a significantly lower binding affinity for folie
acid, compared to methotrexate or 5-formyltetrahydrofolate.
Moreover, they strongly suggest that the marked enhancement
of methotrexate and 5-formyltetrahydrofolate uptake in
K562.4CF cells derives from increased activity of the "classical"

reduced folate and methotrexate transport system (1,2).
Stability of Up-regulated Transport in K562.4CF Cells. The

increased methotrexate uptake capacity in K562.4CF cells de
creased approximately 65% following growth for 3-4 genera
tions in 10 nM 5-formyltetrahydrofolate (Table 2). This effect

correlated with the repletion of the cellular cofactor pools to
an extent exceeding that in parental cells under these condi
tions. However, transport was also suppressed in K562.4CF
cells grown without any folates (i.e., in folate-free media con
taining 60 nM adenosine and 10 UM thymidine; Table 2).
Maximal influx rates (95% of maximum) could be reinduced in
both folate-replete and -deplete K562.4CF cells in the presence
of 0.4 nM 5-formyltetrahydrofolate for 3-4 generations (data
not shown).

Radioaffinity Labeling of the Methotrexate Transport System
with NHS-[3H|Methotrexate. As in L1210 cells, NHS-metho-
trexate is an inhibitor of [3H]methotrexate influx into

K562.4CF (Fig. 4) and parental K562 cells (not shown). Con
versely, NHS-folic acid was notably less inhibitory (Fig. 4). On
this basis, NHS-pHjmethotrexate was used as a specific radioaf-
finity ligand for the methotrexate transport system in these
lines. Following incubations with various concentrations of this
agent (140-700 nM), cells were washed with DPBS, and the
relative levels of radiolabeled membrane proteins were assayed
by the method of Henderson et al. (14). The levels of "nonspe
cific" incorporation in this assay were measured in parallel

incubations, containing 0.5 ITIMunlabeled methotrexate in ad
dition to the radioaffinity reagent. Total and nonspecific [3H]
methotrexate incorporations from NHS-[3H]methotrexate are

illustrated in Fig. 5. The levels of specific labeling were calcu
lated as the difference between total and nonspecific compo
nents. At 700 nM, specific labeling for K562.4CF cells was 6.7-
fold greater than for the parental line.

To associate the specific incorporation of radioactivity from
NHS-[3H]methotrexate with the reduced folate/methotrexate

transporter, experiments were performed which examined the
relative effects of folie acid and 5-formyltetrahydrofolate on
this process (Fig. 6). In these experiments, folie acid was
significantly less effective than 5-formyltetrahydrofolate over a
25-fold concentration range in inhibiting covalent incorpora
tion of radioaffinity label. These effects are similar to those on
[3H]methotrexate influx (Fig. 3).

For the K562.4CF cells, SDS gel electrophoresis of mem
brane proteins on 3-17% gradient gels showed that radioactiv
ity from NHS-['H]methotrexate was associated with a single

5Whereas the A'Â¡sfor 5-formyltetrahydrofolate are calculated from the concen

tration of the racemic (6A,5) mixture and expressed on this basis, Sirotnak et al.
(29) demonstrated that the (6/Ã•)stereoisomer has a minimal inhibitory effect on
|'H]methotrexate transport.
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Fig. 5. Enhanced methotrexate uptake in K562.4CF cells is accompanied by
increases in relative incorporation from NHS-('H]methotrexate. Cells were
treated with various concentrations of NHS-['H]methotrexate. Membrane pro
teins were extracted with Triton X-IOO and precipitated with acetone, and the
incorporation of radioactivity was determined (14). Data are shown for total
( ) and nonspecific ( ) incorporations into parental and K562.4CF
cells. Nonspecific incorporation was determined in the presence of 0.5 mM
unlabelcd methotrexate. "Specific" labeling was calculated as the difference

between total and nonspecific levels.
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Fig. 6. Inhibition of radioaffinity labeling from NHS-['ll|mcthotrexate by folie

acid and (6S)-5-formyltetrahydrofolate (CHO-FH4). K562.4CF cells were treated
with 700 nM NHS-['H]methotrexate in the presence of the indicated additions.

Covalent incorporation of radioligand was quantitated as previously described
(14). The "nonspecific" and "specific" fractions were calculated as described in

Fig. 5. Data are expressed as the percentage of the specific radioaffinity incor
poration relative to a control without any folate additions.

broad band at M, 75,000-86,000 (median A/r, 80,410 Â±2,410,
n = 4; Fig. 7). Tritium incorporation into this band was com

pletely abolished when labeling was performed in the presence
of 0.5 mM (65)-5-formyltetrahydrofolate (Fig. 7) or an equiva

lent amount of unlabeled methotrexate (not shown). A similar
electrophoretic profile was observed when parental K562 cells
were treated with NHS-['H]methotrexate (not shown); how

ever, the net extent of incorporation was significantly reduced.
The specificity of tritium incorporation from NHS-['H]meth-

otrexate into the broadly migrating protein band from
K562.4CF cells strongly suggests that this corresponds to the
methotrexate transporter. The correlation between the in
creased extent of specific tritium incorporation into this protein
from K562.4CF over parental cells and the relative methotrex
ate uptake capacities of these lines further implies that the
radiolabeled protein is the carrier.

Glycosylation as the Basis for the Microheterogeneity of the
NHS-|-'H|Methotrexate-labeled Transporter. It was of particular

interest that the apparent molecular weight of the radioaffinity
labeled protein from K562.4CF cells was somewhat dependent
on the gel system used for analysis. Hence, on 7.5% gels, the
band shifted to M, 85,000-99,000 (median A/r, 92,220 Â±3,450;
n = 10; Fig. 8). This property, coupled with the broad electo-
phoretic profile for NHS-['H]methotrexate-labeled carrier, is

characteristic of highly glycosylated proteins (30). To evaluate
the possibility that the methotrexate transporter protein is a
glycoprotein, K562.4CF cells were labeled with NHS-pHlmeth-
otrexate, membranes were prepared, and detergent-solubilized
proteins were digested with commercial glycosidases. As illus
trated in Fig. 8, endo-ÃŸ-galactosidase treatment resulted in a
sharpening of the broad radiolabeled band and a shift to a lower
molecular weight (M, 57,800 Â±7.730; n = 5), establishing its
glycosylation. In additional experiments, endoglycosidase F
alone had no effect on the electrophoretic migration of the
NHS-pHjmethotrexate-labeled carrier; however, endoglycosi
dase F:glycopeptidase F (1:1) converted the carrier to a M,
52,390 (Â±5,110;n = 2) polypeptide (not shown).
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Fig. 7. Radiolabcling of the methotrexate carrier with NHS-['H]methotrexate.
K562.4CF cells (I x 10") were treated with 700 nM NHS-[3H]methotexale.
Membrane proteins were solubilized with lrr Triton \-IOO.acetoneprccipitated.
and solubilized in Laemmli "sample buffer." Samples (400 Mg)were electropho-
resed on a 3-l7c; gradient gel in the presence of SDS. The gels were sliced into
2-mm segments, and the radioactivity was extracted as described in "Materials
and Methods." Data are shown for the extent of labeling in the absence of any
additions (O) and in the presence of 500 /JM (6.S')-5-formyltetrahydrofolate (A).
The migration positions for '4C-labeled standard proteins of known molecular

weights (in thousands) are indicated. The tracking dye migrates at fraction 54.

600

400

200

0 10 20 30 40 50 60
sliceno.(2mm)

Fig. 8. Effect of endo-ii-galactosidase treatment on the NHS-['H)tnethotrexate-
labeled glycoprotein. K562.4CF cells (5 x IO7) were treated with NHS-|'H]

methotrexate (700 nM). Membranes were prepared and proteins were solubilizcd
with lrr 3-|(3-cholamidopropyl)dimethylamino|-l-propanesulfonate. Equal por
tions were incubated for 4 h at 37'C in the presence and absence of endo-fi-
galactosidase (0.75 unit/ml). The digests were electrophoresed on a 7.5rÂ¿poly-
acrylamide gel in the presence of SDS. The gel was sliced into 2-mm segments,
and the radioactivity was extracted and counted. â€¢.no treatment; O. endo-ff-
galactosidase-treated sample. The migration positions for 14C-labeled standard

proteins of know n molecular weights are indicated including myosin (M, 200,000),
phosphorylase b (M, 97,400), bovine serum albumin (M, 68,000), and ovalbumin
(A/r 43,000). The tracking dye migrates at fraction 51.
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DISCUSSION

The strategy used for the selection of a human erythroleu-
kemia line with increased transport capacity for tetrahydrofo-
lates was based on a concept originally elaborated by Sirotnak
et al. (18) for studying the regulation of this membrane process
in murine leukemia cells. Selection involved growing cells on
progressively decreasing concentrations of (6A,5')-5-formylte-

trahydrofolate, conditions under which only variants with en
hanced cofactor transport were capable of sustained growth. As
with these up-regulated L1210 lines (18), uptake of methotrex-
ate in K562.4CF cells was augmented as well. Methotrexate
efflux was increased to a much reduced extent, further direct
evidence for the separateness of influx and exit processes in
tumor cells (31).

Increased methotrexate uptake in K562.4CF over parental
cells was associated with greater incorporation from NHS-['H]

methotrexate into an anomalously electrophoresing membrane
protein, identified as the methotrexate transporter. Incorpora
tion was selectively blocked by folie acid or 5-formyltetrahydro-
folate, to extents paralleling the inhibition of ['H]methotrexate

transport by these compounds. The increased amount of label
ing in K562.4CF over parental cells implies that their differ
ential uptake capacities derive from corresponding changes in
the levels of the carrier system for methotrexate. However,
unrecognized factors (i.e., endogenous folate pools; Ref. 32)
may influence carrier accessibility to this reagent.

The high apparent binding affinities of the K562 membrane
carrier for methotrexate and 5-formyltetrahydrofolate relative
to folie acid are typically associated with the "classical" folate

transport system, described in numerous cultured murine and
human lines (1, 2, 5, 9, 17). This system is clearly distinct from
the homologous folie acid-binding proteins described in KB
cells (12) and human placenta (13) since the latter show ex
tremely high affinities for folie acid (HM) compared to reduced
folates and methotrexate and appear to function by endocytosis.
Whereas no immunological cross-reactivity can be demon
strated between the folate-binding protein from KB cell mem
branes and the K562.4CF methotrexate transporter, when as
sayed on Western blots with anti-KB folate binder antiserum,6

there may be at least a partial conservation of epitopes for
antibody binding between the human placenta! high-affinity
folate binder and the murine LI210 tetrahydrofolate cofactor
carrier (33).

The physiological importance of neither the high-affinity
folate binder, typified by that in KB cells, nor the methotrexate/
tetrahydrofolate transporter, described herein, is firmly estab
lished. However, it appears from earlier reports (34, 35) that
the latter system can suffice as the sole uptake route for reduced
cofactors under physiologically relevant folate concentrations.
A pharmacological role for the reduced folate transporter is
equally probable since it mediates methotrexate uptake over a
wide range of clinically relevant concentrations (1,2, 36).

While elevated methotrexate uptake in K562.4CF cells was
sustained as long as cells were maintained in 0.4 n\i 5-formyl
tetrahydrofolate, transport capacity markedly decreased under
"nonselective" growth conditions (i.e., in the presence of 10 nivi

5-formyltetrahydrofolate or in the absence of folates alto
gether). A similar effect of preincubation with "physiological"

concentrations of reduced folates on methotrexate uptake was
reported in transport-up-regulated CCRF-CEM (CEM-7A)
cells (37). For both K562.4CF and CEM-7A cells, high levels

of transport could be restored upon resuspension into "selec
tive" folate-free medium containing 0.4 and 0.25 nM 5-formyl

tetrahydrofolate, respectively. The reversible nature of the up-
regulated transport in these experiments directly implicates
reduced folates or folate-dependent products (i.e., nucleotides)
as regulators of cofactor uptake in these cells. In such a case,
the increased transport capacity of K562.4CF versus parental
K562 cells may derive from an enhanced sensitivity of these
control mechanisms to regulatory effectors rather than a protein
overexpression/gene amplification phenomenon. A gene am
plification-related cytogenetic abnormality (i.e., homogene
ously staining region) was associated with up-regulated folate

transport in an LI210 line (38). In our karyotype analyses,
neither homogeneously staining regions nor double minute
chromosomes were detectable in the K562.4CF subclone.7

Although the apparent molecular weight for the reduced
folate/methotrexate transporter in K562.4CF cells varied
slightly with the gel system used, in both cases it was notably
different from its presumed counterpart in LI210 cells (re
ported as M, 36,000-48,000 for the NHS-[3H]methotrexate-
labeled protein; Refs. 6, 14-16). A number of higher-molecular-
weight (M, 56,000, 63,000, and 67,000) methotrexate-binding
membrane proteins were also identified in murine cells (39);
however, their relationship, if any, to the methotrexate carrier
was not established. In the present study, difficulties with
protein aggregation were not uncommon, particularly during
electrophoretic analyses of "crude" membrane homogenates

(i.e., Fig. 8); however, this does not seem to account for the
disparity in the apparent molecular weights between the ho
mologous folate transport proteins from the human and murine
systems.

The anomalous electrophoretic profile of the transporter
protein in K562.4CF cells was suggestive of a microhetero-
geneity typical of glycoproteins. Carrier glycosylation was con
firmed by treatment with endo-0-galactosidase, which reduced

the estimated molecular weight of the broad polypeptide to M,
-58,000. Whereas endoglycosidase F had no effect on the

carrier, a mixture of endoglycosidase F and glycopeptidase F
decreased the molecular weight by approximately 52,000. These
results indicate that the transporter is an TV-linkedglycoprotein
containing internal /3-galactosidic linkages in, or immediately
after, unbranched poly-A'-acetyllactosamine sequences (40).

The absence of an effect by endoglycosidase F, alone, implies
that the glycoprotein may contain bisected hybrid, triantennary
complex, or tetraantennary complex structures which are read
ily cleaved by glycopeptidase F (40). In any case, differences in
the extent of glycosylation between the human and murine
methotrexate carriers may account for the disparity in their
apparent sizes.

In summary, in this report we have identified the high-affinity
membrane carrier for methotrexate and reduced folates in a
transport up-regulated human erythroleukemia line. Our dem
onstration that human transporter is extensively glycosylated
raises the possibility that lectin-agarose affinity chromatogra-
phy may be useful for purifying this species. Indeed, our initial
studies confirm this supposition since the NHS-['H]methotrex-
ate-labeled glycoprotein from K562.4CF cells can be isolated

in nearly homogeneous form by Ricinus communis agglutinin
I-agarose chromatography (41). These results will be described
in a more complete form elsewhere.

' L. H. Matherly and C. A. Czajkowski. unpublished observation. 7A. Mohamed and L. H. Matherly. unpublished data.
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