
MINIREVIEW 

Transport of Folates and Antifolates in Liver 
(43550A) 

DONALD W. HORNE’ 
Biochemistry Research Laboratory, Department of Veterans Affairs Medical Center, Nashville, Tennessee 3 721 2-263 7 

and Department of Biochemistry, Vanderbilt University School of Medicine, Nashville, Tennessee 3 7232-01 46 

Abstract. The characteristics and mechanisms of hepatic transport of folates and anti- 
folate cancer drugs, for example, methotrexate, have been studied in perfused liver, 
isolated hepatocytes (in both freshly isolated cells and in primary cell culture), and 
membrane vesicles isolated from the basolateral membrane. Both naturally occurring 
folates and antifolates are taken up by the perfused liver and secreted into bile by 
apparently active processes, since these compounds are concentrated in liver and bile 
compared with the perfusate. Transport of the naturally occurring folate 5-methyltetrah- 
ydrofolate in isolated hepatocytes and basolateral membrane vesicles is via cotransport 
with hydrogen ions, is electroneutral, and is inhibitable by other reduced folates and by 
methotrexate. Transport of methotrexate is by a multispecific anion carrier, is electro- 
genic, and is not inhibitable by reduced folates (e.g., 5-methyl- and 5-formyltetrahydro- 
folate). Thus, the hepatocyte has separate systems for uptake of the naturally occurring, 
reduced folates and for the 4-amino-substituted antifolates: [P.S.E.B.M. 1993, Voi 2021 

he coenzyme forms of folk acid are necessary for 
many essential reactions in intermediary metab- T olism. These include providing one-carbon units 

for the synthesis of purines and thymidine, for the 
interconversion of serine and glycine, for the degrada- 
tion of histidine and glycine, and for the methylation 
of homocysteine to regenerate methionine. Methionine, 
via S-adenosylmethionine, is necessary for a wide range 
of cellular methylation reactions, including methylation 
of DNA, RNA, and proteins. Folate antagonists, e.g., 
methotrexate, are used to treat cancer and rheumatoid 
arthritis. These “antifols” are toxic to normal tissues 
and hepatic injury is one aspect limiting the use of these 
drugs. 
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Transport of both folates and antifolates into the 
cytoplasm across the plasma membrane is the first step 
in their assimilation by cells. Subsequent to cellular 
uptake, these compounds are converted to the polyglu- 
tamate forms by addition of several glutamic acid resi- 
dues in y-peptide linkage. These polyglutamates are 
better retained in the cell and are generally better sub- 
strates for folate-utilizing enzymes and, in the case of 
antifolates, better inhibitors of their respective target 
enzymes. 

Hepatic transport of folate compounds, the subject 
of this review, is complex due to the polar nature of the 
hepatocyte. The hepatocyte takes up these compounds 
through the basolateral membrane from the portal vein 
or general circulation and secretes them into the bile 
through the canalicular membrane. The intestine may 
then reabsorb these compounds, thus giving rise to an 
enterohepatic circulation. The enterohepatic circula- 
tion of folates is beyond the scope of this review and 
the reader is referred to reviews of this topic (1, 2). 

Background and Previous Reviews 
The efficacy of the folate antagonists in cancer 

treatment has generated a large amount of work on the 
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mechanism of transport of these compounds and of the 
natural folate coenzymes in cancer cells and also in 
normal cells. The reader is referred to several excellent 
reviews which document studies in hematopoietic cells, 
choroid plexus, the small intestine, and kidney (3-6). 
Neoplastic cells generally express a single major folate 
transport pathway with high affinity for 5-substituted 
reduced folates and methotrexate and low affinity for 
folic acid, whereas normal cells have one or more 
transport systems that express differing relative affini- 
ties for folic acid, 5-substituted folates, and methotrex- 
ate (6). 

It has recently been shown that a variety of cancer 
cell lines adapted for growth on low levels (nM) of 
folate express a glycosylphosphatidylinositol-linked 
membrane protein that binds folates. This protein is 
part of a receptor-mediated transport system for 5- 
methyltetrahydrofolate. This work has been done by 
Kamen and associates (7) in MA104 (monkey kidney 
epithelial) cells and by Antony and associates (8) in KB 
(human epidermoid carcinoma) cells. A recent article 
by Anderson et al. (9) and a review by Antony (10) 
summarize the current hypothesis regarding the role of 
this binding protein in folate transport in these cells. 
This protein has been cloned from KB cells (1 1, 12), 
Caco-2 cells ( 13), and human placenta ( 14). Of partic- 
ular interest, Elwood (1  1) did not find mRNA for this 
protein in human liver on Northern blot analysis using 
radiolabeled cDNA probes to the KB protein, but he 
did in KB cells and placenta. More recent work by 
Weitman et al. (1  5 )  using monoclonal antibodies, as 
well as Northern blot analysis, confirmed the findings 
of Elwood ( 1 1) and extended them to show the presence 
of this binding protein in choroid plexus, lung, thyroid, 
and kidney. These investigators also found no evidence 
of the binding protein in liver, intestine, muscle, cere- 
bellum, cerebrum, and spinal cord. 

Transport of Folates into Liver Cells 
Uptake and Biliary Secretion of 5-Methyltetra- 

hydrofolate in Perfused Liver. Strum and Liem (16) 
used isolated, perfused rat liver to study uptake and 
biliary secretion of 5-methyltetrahydrofolate. They 
found that uptake into liver and secretion into bile was 
inhibited by metabolic poisons. 5-Methyltetrahydrofo- 
late was concentrated in liver 1.3-fold and in bile 15- 
to 19-fold over the concentration in the perfusate. The 
apparent K m  was 450 pM. It has been reported that 
isolated hepatocytes also show a similar low-affinity 
camer system for 5-methyltetrahydrofolate-Km of 
12.6 mM ( 17). These values are quite high considering 
that the concentration in rat plasma is about 0.3 pM 
and the physiologic significance of these findings is 
doubtful. 

Transport of 5-Methyltetrahydrofolate into Iso- 
lated Hepatocytes and Purified Basolateral Mem- 
brane Vesicles. The isolated hepatocyte offers many 
advantages over perfused liver for transport studies, and 
freshly isolated and cultured hepatocytes have been 
used extensively for studying folate transport. Transport 
of 5-methyltetrahydrofolate, the predominant folate 
coenzyme in plasma, in freshly isolated hepatocytes was 
studied by Horne et al. (1 8). Uptake was found to be a 
complex process composed of a saturable system with 
an apparent Km of 0.89 pA4 and a second system that 
was not saturable at concentrations up to 20 pM. Both 
of these systems were less active in the absence of Na+ 
ions in the medium. 5-Methyltetrahydrofolate uptake 
was inhibited by the structural analogs 5-formyltetra- 
hydrofolate, methotrexate, and, to a lesser extent, folic 
acid. Uptake was inhibited by 2,4-dinitrophenol, cya- 
nide, and arsenate. Surprisingly, azide stimulated up- 
take of 5-methyltetrahydrofolate. This was attributed, 
at least in part, to inhibition of emux by azide. 

A recent study (19) showed that Smethyltetrahy- 
drofolate uptake into hepatocytes was dependent on a 
transmembrane hydrogen ion gradient, with uptake 
increasing linearly as the medium became more acid 
with respect to the cytosol. Scatchard plots of 5-meth- 
yltetrahydrofolate uptake versus hydrogen ion concen- 
tration indicated a Km for H+ of 24 nM (pH 7.6). Hill 
plots suggested a 1 : 1 stoichiometry for interaction of 5- 
methyltetrahydrofolate transport with protons. Both 
the apparent K m  and V,, for 5-methyltetrahydrofolate 
uptake were increased in hepatocytes incubated at ex- 
tracellular pH 5.5 vs 7.4, which suggests an increased 
number and/or increased activity of the carrier. In this 
study, it was also shown that 5-methyltetrahydrofolate 
uptake was not dependent on sodium ions when the 
initial uptake rate was determined immediately after 
resuspending the cells in sodium-free medium. How- 
ever, if hepatocytes were first preincubated in sodium- 
free medium for 30 min, uptake was dependent on 
sodium ions. Measurements of intracellular pH indi- 
cated that preincubation in sodium-free medium led to 
a decrease in the magnitude of the hydrogen ion gra- 
dient and, therefore, a decrease in the uptake of 5- 
methyltetrahydrofolate. Thus the sodium dependence 
reported previously ( 18) is apparently due to the ina- 
bility of hepatocytes to properly regulate intracellular 
pH in the absence of extracellular sodium ions. 

These findings in isolated hepatocytes have been 
confirmed and extended in transport studies using pu- 
rified basolateral membrane vesicles (BLMV) isolated 
from liver by Percoll density-gradient centrifugation 
(20). In these BLMV, uptake of 5-methyltetrahydrofo- 
late was similar when a 1 00-mM Na+ gradient or a 100- 
mM K+ gradient was imposed across the vesicle mem- 
brane, which proves that 5-methyltetrahydrofolate 
transport into the liver cell is independent of an Na+ 
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gradient. Uptake was, however, dependent on a gra- 
dient of hydrogen ions. The initial uptake rate was 
faster when an initial H+ ion gradient was imposed 
across the membrane (pH,,, = 5.0, PHi, = 7.5) and was 
faster at pH 5.0 (both out and in) than at pH 7.5 (out 
and in). In the presence of the H+ ion gradient, uptake 
at 3-5 min was about 2-fold higher than at equilibrium 
(60 min)-the so-called “overshoot” phenomenon. No 
overshoot was seen when both inside and outside pH 
were the same (i.e., both at pH 5.0 or both at pH 7.5). 
Uptake was saturable at pH 5.0, both with or without 
an inwardly directed H+ ion gradient (Km = 0.58 and 
0.36 pM, respectively). Interestingly, uptake was not 
saturable at pH 7.5. Uptake was inhibited by 5-formyl- 
tetrahydrofolate, methotrexate, and, to a lesser extent, 
folk acid under pH gradient conditions or pH = 5.0 
(no gradient). These analogs were not inhibitory at pH 
7.5 (no gradient), a finding that supports the lack of 
saturability at pH 7.5. Hill plots indicated a stoichi- 
ometry of 1:l for the interaction of protons with 5- 
methyltetrahydrofolate transport in the BLMV. Uptake 
of 5-methyltetrahydrofolate was not inhibited by sub- 
strates (e.g., sulfate, oxalate, chloride) of a multispecific 
anion camer present in liver (21). Transport of 5- 
methyltetrahydrofolate did not respond to a intravesic- 
ular electrical gradient. These same characteristics were 
seen for 5-methyltetrahydrofolate transport into human 
liver BLMV (D. W. Horne, unpublished observations). 
These data, taken together, strongly suggest that 5- 
methyltetrahydrofolate is taken up by the liver cell via 
cotransport with hydrogen ions. 

It is appropriate to question the physiologic signif- 
icance of the suggestion that 5-methyltetrahydrofolate 
is cotransported into the liver cell along with protons, 
because the extracellular fluid is, it is assumed, main- 
tained at about pH 7.4. The manner in which a trans- 
membrane H+ gradient across the liver cell could be 
maintained is not known. However, two separate sys- 
tems could be involved. The first is the Na+/H+ anti- 
porter (22), which is present in liver basolateral mem- 
branes. The second system is composed of a plasma 
membrane NADH oxidoreductase (23, 24) and a b- 
type cytochrome (25), which suggests the possibility of 
an electron transport system that may also translocate 
protons across the plasma membrane. In this regard, it 
has been shown that protons diffuse along the interface 
between water and phospholipid monolayers some 20 
times faster than in the bulk aqueous phase (26, 27). 
Therefore, the hepatocyte need not maintain a bulk- 
phase hydrogen ion gradient to energize transport sys- 
tems; the high proton conductivity of the phospholipid 
membrane could result in the delivery of protons ex- 
truded via either the Na+/H+ antiporter or the NADH 
oxidoreductase system directly to the membrane car- 
rier, in effect, generating a “localized” hydrogen-ion 

gradient that could be utilized for active transport of 
solutes. 

Effect of Aging on 5-Methyltetrahydrofolate 
Transport into Hepatocytes. The effect of aging on 5- 
methyltetrahydrofolate transport and metabolism has 
been studied in isolated rat liver cells (28). The initial 
rate of uptake and the ability to accumulate 5-methyl- 
tetrahydrofolate was significantly decreased in hepato- 
cytes from 24-month-old rats as compared with rats 
aged 3 or 12 months. Neither the total folate level nor 
the distribution of the individual coenzymes was af- 
fected by age, which suggests that membrane transport 
is not the limiting factor in hepatic folate assimilation. 

Effect of Alcohol on 5-Methyltetrahydrofolate 
Transport into Hepatocytes. Ethanol is known to in- 
terfere with folate metabolism (2) and to affect folate 
uptake into hepatocytes. Ethanol was shown to stimu- 
late uptake of 5-methyltetrahydrofolate (by about 40% 
over control) in isolated hepatocytes (29). The effect 
was specific for 5-methyltetrahydrofolate, because 
ethanol resulted in inhibition of uptake of methotrexate 
and folic acid. This stimulation required ethanol me- 
tabolism since it required time for the effect to be seen 
(maximal stimulation at 50 min of incubation) and was 
abolished by the alcohol dehydrogenase inhibitor, pyr- 
azole (30). 

Transport of 5-Methyltetrahydrofolate into Hep- 
atoma Cells. Galivan (31) has studied the transport of 
5-methyltetrahydrofolate into H35 hepatoma cells. Up- 
take of 5-methyltetrahydrofolate obeyed saturation ki- 
netics: K m  = 2.5 pM and V,, = 1.9 pmol/min/mg 
protein. The H3 5 cells accumulated 5-methyltetrahy- 
drofolate some 5-fold over the medium concentration 
(2 pM). Methotrexate was a competitive inhibitor of 5- 
methyltetrahydrofolate transport, with a Kj = 10.4 pM. 
An H35 cell line that was resistant to methotrexate 
growth inhibition showed greatly decreased uptake and 
accumulation of 5-methyltetrahydrofolate and metho- 
trexate. Inhibitor studies showed that 500 p M  5-meth- 
yltetrahydrofolate or 500 pM methotrexate did not 
inhibit uptake of 10 pM methotrexate or 10 pM 5- 
methyltetrahydrofolate, respectively which indicates 
that the resistant cell line had lost the folate carrier. 
This is supported by the fact that 5-formyltetrahydro- 
folate caused transstimulation of 5-methyltetrahydro- 
folate uptake in the parent H35 cell line but not in the 
resistant line. 

Transport of Antifolates into Liver Cells 
Uptake and Biliary Secretion of Methotrexate in 

Perfused Liver. Transport of the antifolate drug meth- 
otrexate from blood to bile has been studied using the 
isolated perfused liver. Strum and Liem (32) found that 
hepatic uptake was saturable with a K m  of 1.3 mM. 
Uptake was energy dependent and inhibited by folk 
acid. Methotrexate was concentrated in the liver 4.6 
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times and in the bile from 70 to 120 times that in the 
perfusate. Subsequently, it was shown that the uncon- 
jugated bile acids, cholate and deoxycholate, inhibited 
liver uptake by about 75% and biliary secretion of 
methotrexate by about 95% (33). Deutsch and Kol- 
house (34) used an in vivo model with systemic admin- 
istration of compounds to show that methotrexate up- 
take into liver apparently is composed of two system 
one inhibitable by cholate and the other inhibitable by 
unlabeled methotrexate or folic acid. They ascribed the 
biliary output of methotrexate to the cholate-sensitive 
hepatic uptake. 

Transport of Methotrexate into Isolated Hepa- 
tocytes and Purified Basolateral Membrane Vesi- 
cles. Transport of methotrexate into isolated liver cells 
was found to be via an energy-requiring process(es). 
There is apparently a low-afinity system (Km = 2.3 
mM) (35) and a high-affinity system (Km = 5.9 pM)  
(36). Both transport systems were inhibited by meta- 
bolic poisons, anaerobiosis, and removal of glucose 
from the incubation medium. Both systems were di- 
minished by ouabain and replacement of sodium with 
choline. Maximal uptake of methotrexate was seen at 
pH = 7.0 (19). 

The specificity of the methotrexate transport sys- 
tems is of particular interest. Neither the low- nor high- 
affinity systems were inhibited by 100- to 1000-fold 
excess of folic acid, 5-formyltetrahydrofolate, or 5- 
methyltetrahydrofolate, whereas unlabeled methotrex- 
ate and aminopterin similarly inhibited uptake of the 
drug. These inhibition patterns indicate that the 4- 
amino group of the pteridine moiety of methotrexate 
and aminopterin is a structural determinant in the 
specificity of these transport systems. Furthermore, 
these findings show that the hepatocyte has a separate 
route( s) for uptake of methotrexate and the naturally 
occurring, reduced folates (e.g., 5-methyl- and 5-for- 
myltetrahydrofolate), since methotrexate markedly in- 
hibits 5-methyltetrahydrofolate uptake (vide supra) 
whereas 5-methyltetrahydrofolate does not inhibit 
methotrexate uptake. 

Gewirtz et al. (37) found that bile salts and various 
organic anions were potent inhibitors of methotrexate 
influx. At I00 pM concentrations, taurocholate, cho- 
late, bromsulfophthalein, and rose bengal inhibited up- 
take of 1 pM methotrexate by 70-90%. The Ki for 
taurocholate inhibition was 20 pM and high concentra- 
tions of methotrexate inhibited uptake of taurocholate, 
which suggest that these two compounds may share a 
transport site(s), at least in part. Similarly, the organic 
anion probenecid was found to competitively inhibit 
methotrexate uptake (K,  = 100 pM)  into hepatocytes 
(38). These findings would indicate that the methotrex- 
ate transport system has a relatively broad specificity 
for organic anions. In this regard, it is not known why 
methotrexate uptake is not inhibited by the reduced 

folates when they are, indeed, organic anions-except 
that they lack the 4-amino group which methotrexate 
and aminopterin both possess (vide supra). 

The addition of dibutyryl cyclic AMP (Bu2cAMP) 
or isobutyl methyl xanthine to hepatocytes stimulated 
efflux of accumulated, freely exchangeable drug and of 
a small portion of apparently intracellularly bound drug 
(39). The efflux induced by Bu2cAMP was energy de- 
pendent, leading the authors to suggest that this agent 
may induce a “secretory” pathway whereby the drug is 
released into the capillary sinusoid and/or the bile 
canaliculus. The mechanism whereby Bu2cAMP or iso- 
butyl methyl xanthine induces this efflux phenomenon 
was unclear, since other compounds that raise CAMP 
levels (glucagon and isoproterenol) were without effect 
on methotrexate efflux. 

A role for reduced sulfhydryl groups in methotrex- 
ate transport in isolated hepatocytes was suggested by 
inhibition by p-chloromercuriphenylsulfonate ( pCMS) 
(36) and iodoacetamide (35). This role was confirmed 
by studies showing that reduced glutathione (GSH) 
stimulated methotrexate transport (40). Stimulation of 
uptake required preincubation with GSH and was de- 
pendent on GSH concentration increasing as the extra- 
cellular GSH concentration increased up to 5 &. As 
one would expect, added GSH reversed the inhibition 
by pCMS. In a subsequent study (41), rats were fasted 
for 24 to 28 hr or treated with phorone 2 hr before 
hepatocyte isolation. Both treatments deplete cellular 
GSH, but, interestingly, titration with [203Hg]pCMS 
showed up to three times greater amounts of free -SH 
groups on external membranes from hepatocytes from 
fasted and phorone-treated rats. The increased number 
of external -SH groups was associated with a decrease 
in the methotrexate transport K m  ( I  .2 pM vs 4 pM in 
the experimental and control groups, respectively), 
while the transport Vmax was unchanged. This depend- 
ence on GSH was also demonstrated by diurnal changes 
in the transport Km and cellular GSH levels-the K,,, 
decline paralleled the decline in cellular GSH levels 
(42). These findings suggest that the redox state of 
plasma membrane -SH/-S-S- groups may control the 
methotrexate transport system in the hepatocyte. 

Methotrexate transport has been studied in pri- 
mary cultures of hepatocytes. Galivan (43) showed that 
after 24 hr in culture, hepatocytes accumulated meth- 
otrexate (over a 2-hr incubation) to a much higher level 
than that in cells cultured for 48 or 72 hr. Furthermore, 
uptake after 24 hr of culture was inhibited by azide. 
This is in accord with the inhibition of methotrexate 
uptake by azide reported in freshly isolated hepatocytes 
(30, 36). However, after 48 or 72 hr of culture, metho- 
trexate uptake was greatly diminished and was no 
longer sensitive to azide inhibition. Subsequently, it 
was shown that inclusion of glucagon, hydrocortisone, 
and tocopherol in the culture medium resulted in in- 
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creased uptake and at least partial restoration of azide 
sensitivity in cells cultured for 48 hr. These results show 
that hepatocytes cultured in minimal medium lost the 
native methotrexate transport system and that this can 
be ameliorated by adding factors, such as hormones 
and antioxidants, which the cells normally encounter 
in vivo (44). 

We have utilized purified membrane vesicles iso- 
lated from the BLMV from rat liver to study metho- 
trexate transport into the liver cell. Uptake of metho- 
trexate into the vesicles was not affected by imposition 
of a sodium ion gradient across the vesicular mem- 
brane. Uptake displayed a broad pH optimum-no 
significant difference in uptake was seen at extravesi- 
cular pH ranging from 5.5 to 7.5. Uptake was not 
stimulated nor was there an overshoot (as seen with 5- 
methyltetrahydrofolate uptake, see above) when a hy- 
drogen ion gradient was imposed across the membrane. 
Transport was saturable K,,, = 0.15 pM, V,,, = 11.4 
pmol/ 10 sec/mg protein. Uptake of methotrexate was 
not inhibited by 5-methyltetrahydrofolate or 5-formyl- 
tetrahydrofolate, in agreement with findings in isolated 
hepatocytes (see above). Uptake was weakly inhibited 
by folk acid. Uptake of methotrexate was also inhibited 
by several structurally unrelated anions: ATP and ADP 
(but not adenosine), chloride, sulfate, and oxalate. 
There was no transstimulation of uptake in vesicles 
preloaded with anions (ADP, sulfate, or oxalate), such 
that a %fold gradient of the anions (inside > outside) 
existed across the membrane. Methotrexate uptake was 
electrogenic, as shown by stimulation of uptake by an 
inside positive electrical potential induced by valino- 
mycin and an inwardly directed potassium gradient. 
These results suggest that methotrexate is transported 
into the hepatocyte as an anionic species via an electro- 
genic, carrier-mediated system (45). 

The lack of sodium dependency seen in the BLMV 
transport of methotrexate and the apparent sodium 
dependence reported in hepatocytes (35, 36) are difi- 
cult to reconcile. The hepatocyte is a much more com- 
plex system than the isolated BLMV. The hepatocyte 
has both the basolateral membrane, through which 
substances are transported from and into the circula- 
tion, and a canalicular membrane, through which sub- 
stances (including methotrexate) are secreted into the 
bile. Transport characteristics determined in the iso- 
lated hepatocyte could reflect a combination of the 
properties of systems in both membranes. In this regard, 
it has been shown that the canalicular membrane con- 
tains a sodium-dependent system for transport of glu- 
tamate (46) and glycine (47). In addition, the hepato- 
cyte maintains an electrical potential across the plasma 
membrane (about 32 mV, cytosol negative with respect 
to the medium) and it is known that replacement of 
sodium in the medium with potassium and ouabain 
results in perturbation of the electrical gradient (48, 

49). Since methotrexate transport is electrogenic, per- 
turbation of the electrical gradient should affect uptake 
of this compound. Indeed, Gewirtz et al. (39) have 
shown that Bu2cAMP caused enhanced emux of meth- 
otrexate from hepatocytes and CAMP is known to cause 
a hyperpolarization (15-20 mV more negative) of the 
hepatocyte membrane (49). Since methotrexate trans- 
port is electrogenic, the more negative electrical poten- 
tial could result in enhanced efflux of methotrexate 
because it is transported across the membrane as a 
negatively charged species. 

Transport of Methotrexate in Hepatoma Cells. 
Methotrexate transport into H35 hepatoma cells has 
been shown to be a saturable process with K, of 5.2 
pM. Uptake was inhibited by 5-methyltetrahydrofolate, 
a finding that is quite different from the case of normal 
hepatocytes wherein 5-methyltetrahydrofolate or 5-for- 
myltetrahydrofolate did not inhibit methotrexate up- 
take (35, 36). Thus it would appear that the transfor- 
mation from normal hepatocyte to the neoplastic state 
resulted in changes in the transport systems such that 
H35 cells have a single system for transport of metho- 
trexate and the reduced folates similar to that generally 
seen in neoplastic cells (6). 

Identification of Membrane Proteins Involved in 
Transport of Folates and Antifolates in Liver. Zami- 
erowski and Wagner (50) were the first to find evidence 
for folate-binding proteins in liver plasma membranes. 
Rats were injected with [3H]folic acid and subcellular 
fractions were prepared from liver at various times. At 
30 min after injection, labeled folic acid was found in 
association with the plasma membrane fraction. Da 
Costa and Rothenberg (51) have identified two forms 
of folate-binding protein (FBP) by gel filtration of Tri- 
ton X-100 extracts of rat liver plasma membranes 
labeled noncovalently with [ 3H]folic acid. Gel filtration 
in Triton X-100 containing buffers gave Mr of 55,000 
and 100,000. These proteins were not purified, nor was 
sodium dodecyl sulfate-polyacrylamide gel electropho- 
resis performed, so that the subunit molecular weights 
are not known. The relative affinities of the FBP were 
folic acid > dihydrofolic acid >> 5-methyltetrahydro- 
folate >>> methotrexate and 5-formyltetrahydrofolate. 
This FBP probably does not function in the transport 
of folates into the liver cells as it had no detectable 
affinity for methotrexate or 5-formyltetrahydrofolate, 
both of which are excellent inhibitors of 5-methylte- 
trahydrofolate uptake in liver cells (1 8). Holm et al. 
(52) have identified two FBP in Triton X- 100 extracts 
of human liver membranes precipitated with CaC12. 
Gel filtration gave Mr of 25,000 and 100,000. Immu- 
noblots using rabbit anti-human milk FBP of sodium 
dodecyl sulfate gels of the 25,000 and 100,000 M, gel 
filtration peaks showed a single band at Mr of 65,000. 
No explanation for this finding was given. The rele- 
vance of these proteins to folate transport is unknown. 
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We have recently utilized N-hydroxysulfosucci- 
nimide-activated [3H] 5-methyltetrahydrofolate (NHSS- 
MTHF) or [ 3H]methotrexate (NHSS-MTX), prepared 
according to the methods of Henderson and Zevely 
( 5 3 ) ,  to covalently label a membrane protein in BLMV 
from rat liver. Treatment of BLMV with NHSS-MTHF 
resulted in inhibition of uptake of 5-methyltetrahydro- 
folate into the vesicles. Sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis and autoradiography of 
extracts of vesicles covalently labeled with NHSS- 
MTHF showed one major band at M, of 35,000, 
whereas treatment with NHSS-MTX labeled the same 
band plus additional bands at about 50,000, 100,000, 
and 1 1 5,000. The 5-methyltetrahydrofolate band 
(35,000) was specifically labeled, since inclusion of 
unlabeled 5-methyltetrahydrofolate in the reaction mix- 
ture competitively inhibited labeling. The NHSS-MTX- 
labeled bands were specifically labeled because unla- 
beled methotrexate inhibited labeling; however, unla- 
beled 5-methyltetrahydrofolate did not inhibit labeling 
of the =lOO,OOO bands by NHSS-MTX, but it did 
inhibit labeling of the 35,000 band. These labeling 
patterns are consistent with the transport characteristics 
for these compounds, since methotrexate inhibited 5- 
methyltetrahydrofolate uptake whereas 5-methyltetra- 
hydrofolate did not inhibit methotrexate uptake in 
hepatocytes or BLMV (D. W. Horne and K. A. Reed, 
unpublished observations). 

This identification of liver basolateral membrane 
proteins that bind 5-methyltetrahydrofolate and meth- 
otrexate with the same specificity as the individual 
transport systems will allow us to purify these carrier 
proteins. We will then be able to obtain specific anti- 
bodies and amino acid sequence information which 
may be used in cDNA cloning of the carriers and, thus, 
the amino acid sequence to be inferred. Antibodies and 
DNA probes should permit us to estimate the amount 
of these carriers in liver and to determine whether the 
same or antigenically similar proteins are expressed in 
other tissues and to explore the regulation of expression 
in both normal and neoplastic cells. 

This study was supported by the Department of Veterans Affairs 
and by NIH Grant DK-32 189. 
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