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Abstract

To better understand how the folate receptor (also known as
the membrane folate binder) is able to deliver 5-methyltetra-
hydrofolic acid to the cytoplasm of folate-depleted MA104
cells, we have examined the kinetics of movement from the cell
surface into the cytoplasm. Bound 5-methyltetrahydrofolic
acid was transferred into an acid-resistant membrane com-
partment at the rate of 0.9-1.0 pmol/106 cells per h. This
folate appeared in the cytoplasm at the same rate. Further-
more, cytoplasmic 5-methyltetrahydrofolic acid became poly-
glutamated at the rate of 0.6-0.7 pmol/106 cells per h. As soon
as intracellular 5-methyltetrahydrofolate reached 5-7
pmol/106 cells, however, cytoplasmic accumulation was mark-
edly inhibited even though the folate receptor remained func-
tional. Therefore, the acute regulation of 5-methyltetrahydro-
folic acid accumulation appears to be achieved by controlling
the movement of the vitamin from the receptor into the cyto-
plasm of the cell.

Introduction

Certain tissue culture cells, when grown in the presence of low
concentrations (< 5-10 nM) of 5-methyltetrahydrofolic acid,
express on their cell surface a high affinity membrane receptor
for folate (1, 2). This receptor is the membrane form (2, 3) of a
soluble folate-binding protein found in the plasma (4, 5), milk
(6), and placenta (7) of various animal species. Two lines of
evidence suggest that this receptor mediates the delivery of
physiologic concentrations of 5-methyltetrahydrofolate to the
cytoplasm of folate-depleted cells: (a) when KB cells are incu-
bated in the presence of an antibody to the soluble folate
binder that inhibits the binding of 5-methyltetrahydrofolic
acid, the cells fail to accumulate 5-methyl[3H]tetrahydrofolic
acid (1); and (b) folic acid, a high affinity folate that binds to
the folate receptor but is not delivered to the cytoplasm of the
cell (8), blocks the cellular accumulation of 5-methyl[3H]-
tetrahydrofolic acid in MA104 cells (2).

The complete amino acid sequence of the human folate
receptor has been deduced from a cDNA clone (9). The se-
quence contains the partial human folate-binding protein se-
quence reported by Sadasivan and Rothenberg (10, 1) and
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the amino acid sequence of the bovine milk folate-binding
protein (12). It is a glycoprotein of 257 amino acids with three
potential glycosylation sites and eight potential disulfide
bonds. At the amino terminus is a 20 amino acid long signal
sequence. Although there is not a typical membrane-spanning
region in the molecule, the COOHterminus ends with a
stretch of 14 hydrophobic amino acids that are not present in
the bovine folate-binding protein ( 12). The presence of a pre-
dicted COOH-terminal hydrophobic amino acid sequence in
the cDNAbut an absence of the sequence in the mature pro-
tein is diagnostic for a glycosyl-phosphatidylinositol-linked
protein (13). Since the receptor is released from MA104 mem-
branes by phosphatidylinositol-specific phospholipase C (9),
the membrane attachment predicted by the cDNA has been
confirmed by direct experimentation. Hydrolysis of this an-
chor could release the receptor from the membrane, thus ex-
plaining the difference between the membrane and soluble
forms of this protein (14, 15).

Wehave been interested in the cellular mechanism used by
the folate receptor to mediate the accumulation of 5-methyl-
tetrahydrofolic acid by folate-depleted MA104 cells (2, 8).
Using both 5-methyl[3H]tetrahydrofolic acid and [3H]folic
acid as ligands, four steps in the uptake process have been
identified: (a) binding of folate to the receptor; (b) transloca-
tion of the folate-receptor complex into a compartment where
it is protected from the releasing effect of low pH; (c) accumu-
lation of 5-methyltetrahydrofolate in the cytoplasm; and (d)
addition of multiple glutamic acid residues to form a folyl-
polyglutamate. Under a variety of conditions both occupied
and unoccupied receptors are cyclically transferred back and
forth between the acid-labile and acid-resistant compartments,
and both compartments are associated with the plasma mem-
brane fraction of the cell. Wehave interpreted this transfer to
be movement of the receptor into a membrane-bound vacuole
that is not in direct contact with the extracellular space. Ap-
proximately one-half of the receptors are in this compartment
and one-half are exposed at the cell surface. The appearance of
the 5-methyl[3H]tetrahydrofolate in the cytoplasm is blocked
by agents that neutralize acidic intracellular compartments;
however, these agents have no effect on receptor movement,
which suggests a key role for protons in the cytoplasmic deliv-
ery step (8).

If the folate receptor delivers 5-methyltetrahydrofolic acid
to a vacuolar compartment, how does 5-methyltetrahydro-
folate then traverse the membrane to reach the cytoplasm?
Since 5-methyltetrahydrofolic acid is an organic anion, free
passage across the hydrophobic lipid bilayer of the membrane
seems unlikely. Transmembrane movement, however, may be
facilitated by a membrane carrier mechanism. Such a carrier
could be a channel-forming membrane protein that is specific
for 5-methyltetrahydrofolate. Several groups of investigators
have reported that transmembrane movement of folates is
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mediated by a specific carrier (I16-19). Henderson and Zevely
(20), as well as Price and Freisheim (21), have used a cross-lin-
kable analogue of methotrexate to isolate putative transporter
proteins that have molecular weights of 36,000 and 46,000,
respectively.

To better understand the relationship between binding of
5-methyltetrahydrofolic acid to the folate receptor and its
movement into the cytoplasm of the cell, we have examined in
detail the kinetics of 5-methyltetrahydrofolate movement for
each step in the transfer from the cell surface into the cyto-
plasm. Initially, folate-depleted cells deliver 5-methyl[3HJ-
tetrahydrofolic acid to the cytoplasm of the cell as rapidly as it
appears in an acid-resistant compartment. As soon as the cells
become replete with this folate, however, accumulation in the
cytoplasm is markedly inhibited even though functional re-
ceptor continues to move in and out of the acid-resistant com-
partment. These results suggest that the receptor is coupled to
a transmembrane transport step that is regulated by the cyto-
plasmic concentration of folate.

Methods

Materials
Tissue culture. Culture flasks (T-25) were from Costar (Cambridge,
MA). Medium 199 (M199)' with Earle's salts with (320-1150) or with-
out (82-0002) folic acid, glutamine (320-5030), and trypsin-EDTA
(610-5300) were purchased from Gibco Laboratories, (Grand Island,
NY). FCS (I12-10378) was obtained from Hazelton Research Products,
Inc. (Lenexa, KS). Dulbecco's PBS (DPBS) was made from a standard
recipe.

Chemicals and radiochemicals. Radiolabeled folic acid ([3H];
20-40 Ci/mmol, MT783) was purchased from Moravek Biochemicals
(City of Industry, CA). 5-Methyltetrahydrofolic acid and 5-
methyl[3H]tetrahydrofolic acid were synthesized from folic acid or
[3H1folic acid using enzymatic reduction and chemical methylation as
previously described (2). Folic acid polyglutamates were purchased
from Dr. G. Nair, Department of Biochemistry, University of South
Alabama, Mobile, AL. DL-5-Methyltetrahydrofolic acid (M-0 132) and
sodium Hepes (H-3375) were from Sigma Chemical Co. (St. Louis,
MO). Protease inhibitors leupeptin (L-2884) and aprotinin (A-1 153)
were also obtained from Sigma Chemical Co.

HPLCreagents. PIC-A (tetrabutylammonium phosphate, 85191)
and acetonitrile (84935) were purchased from Waters Associates (Mil-
ford, MA). HPLC-grade methanol (A-452) was from Fisher Scientific
Co., Pittsburgh, PA. Deionized water was made by filtration through a
model 1000 reagent water system (Hydro Service & Supplies, Inc.,
Research Triangle Park, NC). All HPLCsolvents were filtered through
either a 0.45-Mm filter (HAWPO4700; Millipore Continental Water
Systems, Bedford, MA) or, if the volume was < I ml, through a
0.45-jim Millex-HV4 filter unit (SJHVO04NS; Nihon Millipore,
Yonezawa, Japan).

Cell culture
MA104 cells, a monkey kidney epithelial cell line, were grown contin-
uously as a monolayer in folate-free Ml 99 supplemented with 5%
(vol/vol) FCS (medium A). This medium contained - 10 nM folate
and 0.68 mMglutamine. Fresh medium A was added to stock cultures
every 3 d. Cells for each experiment were set up according to a standard
format. On day 0 2.0 X 105 cells were seeded into a T-25 flask and
grown for 4 d in the same medium. Whenthe medium was assayed for
folate (2), by day 4 medium A contained < I nM folate and the cells

1. Abbreviations used in this paper: DPBS, Dulbecco's PBS; M199,
medium 199.

contained < 1 pmol/ 106 cells of folate. This modification of previous
culture conditions (8) avoided the use of charcoal treatment of the
serum and used the normal growth characteristics of the cells to deplete
the medium of folate. As a result, the cells became folate depleted by
the time of the experiment. The activity of the folate receptor in these
cells was indistinguishable from cells grown in folate-free medium (8).
For uptake studies medium A was replaced with medium B (folate-free
M199 containing 20 mMHepes, pH 7.2, and 0.68 mMglutamine) and
additions were made directly to the culture flask.

Measurement offolate binding and accumulation
To measure folate receptor activity, on day 4 (see figure legends) of cell
growth the medium was removed by aspiration and 1.5 ml of medium
B was added to each T-25 flask. The indicated type of radiolabeled
folate was added to the dish in the presence or absence of 100-fold
excess unlabeled folate and the cells were incubated for the indicated
time. In some experiments the medium was replaced with fresh me-
dium B and the cells were incubated for various times. Except for the
experiments shown in Figs. 8 and 9 and Table I, at the end of the
incubation the cells were chilled on ice and the medium was removed
by aspiration. After rinsing with 5 ml ice-cold DPBS, folate was re-
leased from the cells by washing rapidly for 30 s with 2 ml ice-cold acid
saline (0.15 MNaCI, adjusted to pH 3 with glacial acetic acid) followed
by a rinse with 1 ml cold DPBS. The radiolabeled folate in the acid
saline plus the I ml cold DPBSwash represented acid-labile folate. The
cells were released from the culture dish by incubating with 1 ml
trypsin-EDTA for 5 min at 370C degrees and then rinsed twice with 1
ml DPBS. The trypsin-EDTA suspension and washes were combined
and the amount of tritium, which corresponds to the acid-resistant
folate, was determined. The acid-labile measurements shown in Figs. 8
and 9 and Table I were carried out by doing the acid wash for 30 s at
370C. Radioactivity was measured by liquid scintillation counting
using a Tri-Carb counter (Packard Instrument Co. Inc., Downers
Grove, IL) that had an efficiency of - 40% in scintillation fluid pre-
pared as described previously (2). All values represent specific binding
or accumulation, which was calculated by subtracting the value for
[3H]folate in the presence of unlabeled folate (nonspecific) from the
value in the absence of unlabeled folate (total). Each value shown
represents the average of duplicate incubations. Nonspecific uptake or
binding was never > 5-10% of specific. Where indicated, the cell num-
ber in the trypsin EDTAsuspension was determined with a hemocy-
tometer, or the protein content was determined by the method of
Bradford (22). The protein content of cells used in some of the calcu-
lations was 400 ,ug/ I06 cells.

Measurement of membrane and cytoplasmicfolate
Previously we separated membranes from cytoplasm using Percoll
gradients (8). To simplify the methodology we lysed cells by freeze-
thawing in a hypotonic buffer and separated the membranes from the
cytoplasm by ultracentrifugation. After the labeling experiments as
indicated, the cells were washed with DPBSand 1.5 ml of buffer A (10
mMTris-base, pH 8.0, 0.02 mg/ml aprotinin, 0.02 mg/ml leupeptin,
and 1-10 gM DL-5-methyltetrahydrofolic acid) was added to each
T-25 flask at 4°C and the flasks were placed at -80°C for at least 15
min. After the freezing step the cells were placed on an ice tray and 0.5
ml of ice-cold buffer A was added to the dish to thaw the cells. The
dissolved extract was aspirated, each flask was rinsed with 1 ml of
buffer A, and the two samples were combined, all at 4°C. The com-
bined extracts were centrifuged for 1 h at 100,000 g in either an L8-70
using a 50 TI rotor or a TL-100 using a TLA 100.3 rotor (Beckman
Instruments Inc., Palo Alto, CA) to separate the membrane fraction
(pellet) from the cytoplasmic fraction (supernatant fluid). Based on a
direct comparison, this technique separated membrane-bound folate
from cytoplasmic folate as well as the Percoll gradient method. The
addition of unlabeled folate to the isolation buffer served to prevent
cytoplasmic [3H]folate from binding to unoccupied receptors on the
membrane. The unlabeled folate did not displace receptor-bound
[3H]folate at 4-C.
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Preparation of cell extracts for analysis of
radiolabeledfolate
Analysis of radiolabeled folate in cells was carried out as previously
described (8). Likewise, cytoplasmic and membrane fractions were also
analyzed using the acetic acid-d mercaptoethanol buffer system for
extracting folate from cellular extracts (8). There was one important
change in the methodology. We found that iodoacetate, which was
used previously as a protease inhibitor (8), interfered with the chro-
matographic separation of the folates. For this reason, buffer A con-
tained leupeptin and aprotinin instead of iodoacetate to inhibit pro-
teolysis. In the absence of iodoacetate the overall recovery of tritium
that cochromatographed with an authentic folate increased from 75%
as reported earlier (8) to > 90% in the current experiments.

Preparation for HPLCanalysis and analysis of
folylpolyglutamates
HPLC analysis of 5-methyl[3H]tetrahydrofolic acid, analogues, and
metabolites was carried out exactly as described previously (8).

Results

Rate of 5-methyltetrahydrofolic acid internalization. Pre-
viously 5-methyltetrahydrofolic acid accumulation in the cy-
toplasm of folate-depleted MA104 cells was measured while
the cells were continuously incubated in the presence of the
radiolabeled folate. With this protocol we could not rule out
the remote possibility that 5-methyl[3H]tetrahydrofolic acid
was entering the cell independently of the folate receptor.
Therefore, to more accurately assess the delivery function of
the folate receptor, MA104 cells were incubated in the pres-
ence of 40 nM 5-methyl[3H]tetrahydrofolic acid for 2 h at
370C to allow saturation of the receptor, washed at 370C to
remove all extracellular ligand, and then incubated in medium
alone for various times at 370C. At each time point cells were
chilled and the quantity of acid-labile (bound to exposed re-
ceptors) and acid-resistant (internal receptors) label was mea-
sured (Fig. 1). As the chase was lengthened there was an in-
crease in the amount of 5-methyl[3H]tetrahydrofolic acid that
was resistant to acid release and a corresponding decline in the
amount that was released by the acid wash. After 4 h at 370C
only 18% of the total 5-methyl[3H]tetrahydrofolic acid re-
mained accessible to the acid wash. Since only a small amount
of the label appeared in the media (Fig. 1), the bulk of the
5-methyl[3H]tetrahydrofolic acid initially bound at the cell

2 Figure 1. Time-dependent
change in the distribution of

-J 1.6 - receptor-bound 5-methyl[3H]-
-j

tetrahydrofolic acid after incu-
° I.2 _t bation in folate-free medium.
_z 1.2
W ff

MA104 cells grown 4 d in me-

dium A were washed with
-j 0.8o_ 0.8 4_warm DPBSand incubated for

0 2 h in medium B containing
a. 04 40 nM 5-methyl[3H]tetrahy-

____________________ drofolic acid at 370C. The me-
o99?-, dium was removed, the cells

were washed once with warmT I ME (hours)
DPBS, and fresh medium B

was added, all at 370C. Cells were incubated for the indicated times,
chilled to 40C, and acid-labile (i) and acid-resistant (-) radiolabeled
folates measured as described. There was little loss of tritium into the
medium (o).

surface was transported into the cell after 4 h. The initial rate
of internalization, determined by measuring the slope of the
curve at the initiation of the chase, was 0.9-1.0 pmol/ 106 cells
per h.

The internalization of receptor-bound 5-methyl[3H]-
tetrahydrofolic acid in the absence of an exogenous source of
the ligand can be divided into two steps: (a) movement of the
receptor-ligand complex into an acid-resistant membrane
compartment, and (b) transfer across the membrane into the
cytoplasm. To determine the rate of the first step we analyzed
the movement of [3H]folic acid into the acid-resistant com-
partment since this folate remains bound to the receptor and is
not delivered to the cytoplasm of the cell (8). Folate-depleted
MA104 cells were incubated for 5 min at 370C with 5 nM
[3H]folic acid, washed at 37°C, and incubated for various
times at 37°C before measuring acid-resistant [3H]folic acid.
As shown in Fig. 2, during the first 15 min of the chase there
was a linear increase in the quantity of acid-resistant [3H]folic
acid associated with the cell. The decline in the apparent rate
of folic acid internalization is because of receptor recycling
(i.e., [3H]folic acid being initially internalized to an acid-resis-
tant compartment and then returning again to an acid-labile
state) (8). From the slope of the curve during the initial 10 min
we calculated that the folic acid-receptor complex moved into
the acid-resistant compartment at a rate of 0.9 pmol/106 cells
per h.

The movement of 5-methyltetrahydrofolic acid into the
cytoplasm was determined by incubating the cells in the pres-
ence of 5-methyl[3H]tetrahydrofolic acid for various times at
37°C, homogenizing the cells, and measuring the amount of
label in a 100,000 g membrane pellet and the amount that
remained in the soluble, cytoplasmic fraction (Fig. 3). After
only 15 min of incubation there was 1.6 pmol/106 cells of
5-methyl[3H]tetrahydrofolic acid in the membrane fraction
and virtually no label in the cytoplasmic fraction, which es-
tablishes that the 5-methyl[3H]tetrahydrofolic acid was not ar-
tifactually released from the membrane during the homogeni-
zation step. With longer incubation times, however, there was
a slow rise in the amount of 5-methyl[3H]tetrahydrofolic acid
in the membrane fraction, but a rapid, linear increase in the
amount in the cytoplasmic fraction. The initial rate of accu-
mulation in the cytoplasmic fraction was calculated to be 0.8
pmol/ 106 cells per h.

Q5 Figure 2. Change in the

Cn
distribution of receptor-

4OA bound [3H]folic acid at
Zo 37°C. MA104 cells
z 0.3 /> were grown 4 d in me-
0 ./ dium A, washed with

<,0.2 / DPBS, and incubated 5
o min in medium B con-
U.

° /taining 5 nM [3H]folic
0
2 { acid at 37°C. The me-

dium was removed and
0 10 20 30 40 50 60

TIME (minutes) the cells were washed
once with DPBSat

370C and incubated for the indicated time with fresh medium B at

37°C. At the end of each incubation the cells were chilled to 40C
with ice-cold DPBS. The acid-resistant (-) [3H]folic acid was mea-
sured as described.
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4 Figure 3. Accumulation
of 5-methyl[H]-

W 3 / tetrahydrofolic acid into
* ~ @ the membrane (.) and
"I cytoplasmic (o) frac-
F2 - *P~ * / tions of folate-depleted

0 { -5/ MA104 cells. MA104
oj /cells were grown for 4 d
a. in medium A. At the

beginning of the experi-
o /°_. _._._._ ._ ._ ment the medium was

2 3 4 5 6 replaced with medium
TINE (hours)

B containing 40 nM 5-
methyl[3H]tetrahydrofolic acid and incubated at 370C for the indi-
cated time. At the end of each incubation the cells were chilled to
40C with ice-cold DPBS, the membrane and cytoplasmic fractions
separated using the freeze-thaw/ultracentrifugation method, and the
quantity of folates in each fraction measured as described.

The final step in the sequence of 5-methyltetrahydrofolate
internalization is the formation of folylpolyglutamates in the
cytoplasm. The kinetics of polyglutamate formation was mea-
sured by incubating folate-depleted MA104 cells in the pres-
ence of 5-methyl[3H]tetrahydrofolic acid for various times at
370C and then measuring the amount of radiolabeled folyl-
polyglutamate in both the soluble cytoplasmic fraction and the
membrane fraction by HPLC(8). Starting at 0.5 h of incuba-
tion (Fig. 4) there was a linear increase in the concentration of
[3H]polyglutamate (principally 5-methyl[3H]tetrahydrofolyl-
pentaglutamate) in the supernatant fraction. During the same
time period there was a slow but detectable appearance of
[3H]polyglutamate in the membrane fraction. The rate of ap-
pearance of [3H]polyglutamate in the cytoplasmic fraction was
0.6 pmol/106 cells per h.

Wealso compared the percentage of [3H]polyglutamate vs.
monoglutamate in the soluble, cytoplasmic fraction of cells
incubated continuously at 370C in the presence of 5-
methyl[3H]tetrahydrofolic acid. Fig. 5 shows that there was a
reciprocal increase in the proportion of polyglutamate and a
decrease in the proportion of monoglutamate with time of
incubation. Of interest was that after 7 h of incubation the
percentage of the [3H]folate that was polyglutamated was

75-80% of the total cytoplasmic folate.

4 Figure 4. Accumulation
of folylpolyglutamates

W 3 in the cytoplasmic frac-
tion (o) and the particu-
late fraction (.) of fo-

$ 2 / late-depleted MA104-jO / cells. MA104 cells were

grown for 4 d in me-
a.| dium A. At the begin-

ning of the experiment
0 2 the medium was re-

2 3 4 5 6 placed with medium B
TIME (hours) containing 40 nM 5-

methyl[3H]tetrahydrofolic acid and incubated at 370C for the indi-
cated time. At the end of each incubation the cells were chilled to
40C with ice-cold DPBS, homogenized by freeze-thawing, and the
particulate (.) and cytoplasmic (o) fractions separated by ultracentri-
fugation. The amount of [3H]folylpolyglutamate in each fraction was
measured as described.

100 - Figure 5. Change in
ratio of folylpolygluta-
mates (.) to folylmono-

75 0* Glun glutamate (o) in the cy-
toplasmic fraction of fo-

>_ t Adlate-depleted MA104
t 50 - \ J cells. MA104 cells were

>grown for 4 d in me-
dium A. At the begin-

<o 25 -I \ ning of the experiment
4
a: I Ok Glu the medium was re-

0
_ *o placed with medium B

0 au
0 15 20 25

s D containing 40 nM 5-

T I ME (hours) methyl[3H]tetrahydro-Mfolic acid and incubated
at 370C for the indicated time. At the end of each incubation the
cells were chilled and the quantity of monoglutamate (o) and polyglu-
tamate (e) in the cytoplasmic fraction was determined as described
(Fig. 4). The proportion of radioactivity that could not be identified
(a) at each time was always < 10%. The total folate in the cytoplas-
mic fraction ranged from 0.7 pmol/ 106 at 1 h to 5 pmol/ 106 cells at
24 h of incubation.

Folate-replete cells fail to accumulate 5-methyl[3H]tetrahy-
drofolic acid. Previous studies have shown that cellular accu-
mulation of 5-methyltetrahydrofolate plateaus after folate-de-
pleted cells are incubated in the presence of 40 nM 5-
methyl[3H]tetrahydrofolic acid for 4-6 h at 370C (2, 8). The
preceding experiments suggested that the uptake of 5-methyl-
tetrahydrofolate could be regulated at multiple sites in the
internalization pathway. Wefirst examined the effect of folate
repletion on the ability of externally bound (acid-labile) 5-
methyl[3H]tetrahydrofolic acid to move into the acid-resistant
compartment. Folate-depleted cells were incubated in the
presence of 40 nM 5-methyl[3H]tetrahydrofolic acid for 2, 4,
and 20 h at 370C. The cellular content of labeled folates at the
end of each incubation was 3.2, 3.9, and 6.8 pmol/106 cells,
respectively. The cells were then washed with DPBSto remove
extracellular ligand and incubated for an additional 0.5, 1, or 2
h at 370C in folate-free medium. The cells were chilled each
time and the acid-labile and acid-resistant fractions were mea-
sured (Fig. 6). Cells labeled for 2 h before the chase (Fig. 6 A)
readily transferred 5-methyl[3H]tetrahydrofolic acid from the
acid-labile to the acid-resistant fractions. 4-h labeled cells (Fig.
6 B) also transferred some ligand during the chase. The cells
that had been incubated for 20 h (Fig. 6 C), however, did not
lose any detectable 5-methyltetrahydrofolate from the acid-la-
bile fraction, nor was there any increase in the acid-resistant
fraction.

The cell fractionation technique (Fig. 3) was used to mea-
sure the effect of folate repletion on the movement of 5-meth-
yltetrahydrofolate from the membrane fraction into the solu-
ble, cytoplasmic fraction (Fig. 7). Folate-depleted cells were
incubated in the presence of 40 nM 5-methyl[3H]tetrahydro-
folic acid for either 2 or 12 h. The cells were washed and then
incubated in folate-free medium for the indicated time. At the
end of each chase period the membrane and cytoplasmic frac-
tions were prepared for analysis. As shown in Fig. 7 A, cells
incubated for 2 h transferred 5-methyl[3H]tetrahydrofolate
from the membrane to the cytoplasmic fraction. During the
1-h chase 0.5-0.6 pmol/106 cells left the membrane and a
corresponding amount appeared in the cytoplasm. On the
other hand, there was no transfer of 5-methyltetrahydrofolate
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Figure 6. Effect of folate repletion on the movement of receptor-
bound 5-methyl[3H]tetrahydrofolic acid into the cell. MA104 cells
were grown for 4 d in medium A. At the beginning of the experi-
ment the medium was replaced with medium B that contained 40
nM 5-methyl[3H]tetrahydrofolic acid and the cells were incubated
for 2 (A), 4 (B), or 20 h (C). At the end of each incubation the me-

dium was removed, the cells were rinsed with DPBS, and fresh me-

dium B was added, all at 370C. Each set of cells was then incubated
at 370C for the indicated time before chilling to 4VC and measuring
acid-labile (AL) and acid-resistant (AR) 5-methyl[3H]tetrahydrofolate
as described. The change in the initial ratio of AR to AL for each in-
cubation time reflects the increase in 5-methyl[3H]tetrahydrofolic
acid in the AR fraction of the cell (see text). More than 90% of the
radioactivity remained associated with cells during each chase time.

during the chase in cells that had been incubated with ligand
for 12 h (Fig. 7 B).

The failure of folate-replete cells to accumulate 5-
methyl[3H]tetrahydrofolic acid in the cytoplasmic fraction
could be due to either an inhibition of transfer from the recep-
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Figure 7. Effect of folate repletion on the movement of 5-methyl[3H]-
tetrahydrofolic acid from the membrane fraction (-) to the cytoplas-
mic fraction (o). MA104 cells were grown for 4 d in medium A. At
the beginning of the experiment the medium was replaced with me-

dium B containing 40 nM 5-methyl[3H]tetrahydrofolic acid and the
cells were incubated for either 2 (A) or 12 h (B). At the end of the in-
cubation the medium was removed, the cells were washed with
DPBS, and fresh medium B was added, all at 370C. Each set of cells
was then incubated at 370C for the indicated time before subjecting
them to the homogenization and fractionation procedure as de-
scribed. The quantity of radiolabeled 5-methyltetrahydrofolate in the
membrane fraction (-) and the cytoplasmic fraction (o) was mea-

sured as described. The quantity of 5-methyl[3H]tetrahydrofolic acid
that was transferred from the membrane fraction to the cytoplasmic
fraction during the 1-h chase was 0.5-0.6 pmol/106 cells (A) and 0
pmol/ 106 cells (B).

tor to the cytoplasm or an inhibition of receptor movement
between the acid-labile and acid-resistant membrane fractions.
As shown previously (8), receptor movement can be detected
by first labeling both internal and external receptors with 5-

methyl[3H]tetrahydrofolate, removing 5-methyl[3H]tetrahy-
drofolate from externally oriented receptors by acid treatment,
allowing the cells time to return internal, occupied receptors to
an external location, and assaying for the quantity of radiola-
beled 5-methyltetrahydrofolate bound to these externalized
receptors. If the two receptor populations completely mix, 50%
of the occupied, acid-resistant fraction should become acid
labile (8). Cells were incubated in the presence of 40 nM 5-
methyl[3H]tetrahydrofolic acid for 22 h and subjected to an

acid wash treatment at 370C. 1 pmol/106 cells of 5-methyl-
tetrahydrofolate was released (Fig. 8). The same set of cells was

then incubated at 370C for 30 min to allow occupied receptors
in the acid-resistant fraction (containing 1 pmol/ 106 cells of
radiolabeled 5-methyltetrahydrofolate) to move to the acid-la-
bile fraction. When these cells were acid washed, 0.55
pmol/106 cells of 5-methyl[FH]tetrahydrofolic acid was re-

leased. The cells were repeatedly acid washed and incubated at
370C; each time approximately one-half of the remaining
membrane capacity was released. By contrast, this repeated
acid wash procedure only lowered the cytoplasmic fraction by
10-15% (data not shown).

The combined acid-labile and acid-resistant receptor pools
bind - 2 pmol/ 106 cells of 5-methyltetrahydrofolic acid (8). If
the two groups exchange with each other, continuous incuba-
tion of cells in the presence of an agent that displaces recep-
tor-bound 5-methyl[3H]tetrahydrofolic acid from the receptor
should release 2 pmol/106 cells of 5-methyltetrahydrofolate,
but only half this amount if they do not exchange. Therefore,
as another test of receptor movement in folate-replete cells,
cells were incubated in the presence of 5-methyl[3H]-
tetrahydrofolic acid for 22 h, washed, and then either incu-
bated for 8 h in the presence of 10 ,uM methotrexate to displace
bound 5-methyltetrahydrofolate, or subjected to the multiple
acid wash protocol. As shown in Table I, both methotrexate
displacement and multiple acid washes released - 2.0
pmol/106 cells of 5-methyl[3H]tetrahydrofolic acid. Neither
treatment caused a significant change in the amount of 5-
methyltetrahydrofolate in the cytoplasm because nearly all of
the cell-associated label (Table I) was found in the supernatant

a Figure 8. Movement of 5-

' 1.0 methyl[3H]tetrahydrofolic acid

from the acid-resistant to the acid-
0

> 0.8 labile receptor fraction in folate-
-J

0 replete cells. MA104 cells were

0.6 . grown for 4 d in medium A. At

a
the beginning of the experiment

the medium was replaced with
Us 0.4 . medium B containing 40 nM 5-
W methyl[3H]tetrahydrofolic acid
, 0.2 and incubated for 22 h at 370C.The same set of cells was then
U. subjected to repeated acid washes

2 3 4 5 (30 s at 370C), followed in each
TREATMENTNo. case by a 30-min incubation in

medium B at 370C. The cycle was repeated five times (treatment
No.) and the quantity of radiolabeled 5-methyltetrahydrofolate re-

leased with each acid wash was measured.
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Table L Effects of Acid Wash and Methotrexate
on Release of Folates

Folates

Treatment Released Cell associated

pmol/106 cells

Acid wash 2.2 4.7
Methotrexate 2.1 5.2

MA104 cells were grown for 5 d in medium A. At the beginning of
the experiment the medium was replaced with medium B containing
24 nM 5-methyl[3H]tetrahydrofolic acid and incubated for 22 h at
370C. At the end of the incubation one set of cells was washed with
DPBSat 370C and processed to release radiolabeled 5-methyltetra-
hydrofolate by the repeated 370C acid wash procedure at 0, 2, 4, and
8 h of incubation at 370C in medium B. All acid washes were at
370C. A second set of cells was washed with 370C DPBSand incu-
bated for 8 h in fresh medium B containing 10 ,M methotrexate at
370C. At the end of 2 and 4 h in methotrexate the medium was re-
moved and fresh medium B containing 10 FMmethotrexate was
added to the dish. The medium at each time point was analyzed for
the amount of [3H]folates released. These values were combined to
give total [3H]folates released. More than 85% of the total [3H]folates
that were released occurred during the first 2 h of incubation in 10
MMmethotrexate.

fraction when we used the freeze-thaw assay to separate mem-
branes from cytoplasm (data not shown).

The acid-labile 5-methyl[3H]tetrahydrofolic acid that ap-
peared at the cell surface during the 370C incubation after
each acid wash (Fig. 8) must have come from the acid-resistant
receptor pool. This experiment did not rule out the possibility,
however, that with time the empty receptors generated during
the acid wash can acquire 5-methyltetrahydrofolate from the
cytoplasm. Fig. 9 shows that even when cells were incubated
up to 4 h after an acid wash that removed 5-methyl[3H1-
tetrahydrofolic acid from receptors exposed at the cell surface,
the receptors remained empty. That is, there was no increase in
the amount of labeled 5-methyltetrahydrofolate released in the
second acid wash.

Figure 9. The effect of incuba-
. .0 tion time on the transfer of 5-

0.8 methyl(3H]tetrahydrofolic acid
2 0.8 - from the acid-resistant recep-
o tor fraction to the acid-labile
e 0.6 - lreceptor fraction in folate-re-

ii H plete cells. MA104 cells were
a04 _ grown for 4 d in medium A.

_H At the beginning of the experi-
cc 0.2 _ment the medium was re-F ~~~~~~~~placedwith medium B con-

o . L _ taining 40 nM 5-methyl[3H]-
I. - IL

0 30 60 120 240 tetrahydrofolic acid and
TIME (minutes) incubated for 22 h at 370C.

The cells were washed with DPBSat 370C, treated with acid saline at
370C, and then incubated at 370C in medium B for an additional 0,
30, 60, 120, and 240 min before chilling to 40C and doing a second
acid wash. The amount of radiolabeled 5-methyltetrahydrofolate in
the acid wash was measured as described.

Discussion

To establish a function for the folate receptor in delivering
5-methyltetrahydrofolic acid to the cytoplasm of folate-de-
pleted cells, each step in the movement of receptor-bound
5-methyltetrahydrofolate from the cell surface into the cyto-
plasm must be identified. Our previous studies suggested that a
key event in initiating this traffic pattern was the cyclic move-
ment of the receptor from the cell surface into a membrane-
bound vacuole and back to the cell surface (8). The current
results indicate that when the cells are incubated with 5-
methyl[3H]tetrahydrofolic acid at 370C, washed, and incu-
bated for various times without changing the temperature, the
surface-bound 5-methyltetrahydrofolate moves into the cell.
This establishes that the receptor can directly deliver 5-methyl-
tetrahydrofolate to the cell interior. Approximately 1 pmol of
folates per 106 cells will bind to externally oriented receptors,
which corresponds to 600,000 receptors exposed at the sur-
face of each cell. Based on the initial rate of disappearance
from the acid-labile sites (0.9 pmol/106 cells per h), each min-
ute 1.5% of the receptors (or 9,000 molecules) are internalized.

Kinetics of transport. Since the final destination of the 5-
methyltetrahydrofolic acid is the cytoplasm, we were inter-
ested in comparing the rate of receptor internalization
(transfer of acid-labile to an acid-resistant compartment) with
the rate of ligand delivery to the cytoplasm. Wemeasured the
former by following the movement of [3H]folic acid, since this
folate remains bound to the receptor as it recycles instead of
accumulating in the cytoplasm (8). On the other hand, the rate
of movement of 5-methyl[3H]tetrahydrofolic acid into the cy-
toplasm was measured by using centrifugation to separate the
membrane fraction from the cytoplasmic fraction at various
times after the cells were incubated in the presence of the
ligand at 370C. This strategy revealed that the initial rate of
receptor internalization and the initial rate of delivery to the
cytoplasm were nearly identical (0.8-0.9 pmol/106 cells per h).
Since the rate of disappearance of 5-methyl[3H]tetrahydrofolic
acid bound to externally oriented receptors (Fig. 1) was 0.9
pmol/106 cells per h, in the time frame of this experiment (4 h)
most of the ligand must have appeared in the cytoplasm (see
Fig. 7 A). These kinetic measurements implicate the receptor
internalization step as being necessary for delivery of 5-methyl-
tetrahydrofolic acid to the cytoplasm.

The conversion of 5-methyl[3H~tetrahydrofolic acid from a
monoglutamate to a polyglutamate may be important for re-
tention of the folate in the cell as well as other physiologic
functions (reviewed in reference 23). The folate-depleted cell
offers a unique opportunity to measure both the rate of con-
version of monoglutamate to polyglutamate as well as the pro-
portion of cytoplasmic folate that is polyglutamated during
5-methyltetrahydrofolate accumulation. Almost as soon as 5-
methyl[3H]tetrahydrofolic acid reached the cytoplasm, poly-
glutamate derivatives were formed. Moreover, the rate of
polyglutamate formation was only slightly slower than the rate
of 5-methyltetrahydrofolate delivery to the cytoplasm, which
indicates that the delivery system can supply enough substrate
for the polyglutamate synthetase enzyme. After 6 h the frac-
tion of 5-methyltetrahydrofolic acid that was polyglutamated
was 75-80%, which is the proportion of total 5-methyltetrahy-
drofolate ordinarily found as a polyglutamate in cultured
MA104 cells grown in physiologic concentrations of folate.
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Regulation of transport. A characteristic behavior of the
folate-depleted tissue culture cell is that after 4-6 h of incuba-
tion in the presence of 5-methyl[PH]tetrahydrofolic acid, 5-
methyltetrahydrofolate accumulation begins to level off(2, 8).
At this time the amount accumulated corresponds to the con-
centration found in MA104 cells cultured in regular medium
(5-7 pmol/106 cells). Eventually the number of folate recep-
tors declines when cells are grown in the presence of adequate
amounts of the vitamin (24); however, this loss is too slow to
account for the acute regulation of uptake.

Wesearched for several potential causes of this acute regu-
lation in 5-methyltetrahydrofolate uptake: (a) receptor inacti-
vation; (b) inhibition of receptor recycling; (c) competition for
receptor binding by intracellular folate; and (d) inhibition of
transmembrane transport. Using two different assays we found
a marked inhibition of 5-methyl[3H]tetrahydrofolic acid
movement from the cell surface receptor into the cytoplasm
when cells had physiological levels of intracellular folates. The
receptors in folate-replete cells bound normal levels of 5-
methyl[3Hjtetrahydrofolic acid. They also recycled properly,
as indicated by the methotrexate replacement assay (Table I)
and the multiple acid wash assay (Fig. 8). Neither treatment
would have completely displaced both acid-resistant and acid-
labile, membrane-bound 5-methyltetrahydrofolate (2
pmol/ 106 cells) unless the receptors were recycling. The rate of
cycling also was unchanged as compared with folate-depleted
cells (compare Fig. 8 with Fig. 6 in reference 8). To see if
cytoplasmic folates were competing with extracellular 5-meth-
yltetrahydrofolate for binding to receptors in replete cells (Fig.
9) we generated empty receptors at the cell surface by acid
washing, allowed the unoccupied receptors to cycle for various
times at 370C, and then assayed for the number of occupied
receptors by doing a second acid wash. These experiments
showed that the acid-stripped receptors remained empty.
Therefore, the receptor appears not to be accessible to cyto-
plasmic folates. This leaves transmembrane transport as the
likely site of regulation.

Exactly how regulation of movement across the membrane
is achieved remains to be elucidated. Much more needs to be
known about how the charged 5-methyltetrahydrofolate mole-
cule traverses the membrane. A considerable body of research
implicates a folate transporter or carrier molecule as mediating
uptake by cells. Conceivably the folate receptor is coupled to
such a transporter molecule.

Receptor coupled transmembrane transport. The function
of the folate receptor may be to concentrate the 5-methyltetra-
hydrofolic acid to a level that allows for optimal transport by a
folate transporter. There are many examples where membrane
receptors function to concentrate specific molecules at the cell
surface. In eukaryotic cells the best example is receptor-me-
diated endocytosis, which is crucial for delivery of metaboli-
cally important molecules to the interior of cells (25). A trans-
port mechanism that appears to be more analogous to folate
transport, however, is the periplasmic transport system in
gram-negative bacteria (26). There is considerable evidence
that low molecular weight nutrients such as histidine (27),
maltose (28), f3-methyl galactoside (29, 30), phosphate (31),
and cobalamin (32) are delivered to the cytoplasm of these
bacteria by a periplasmic permease complex that consists of a
high affinity substrate-binding protein and one to three mem-
brane-bound components. The substrate-binding protein con-

centrates the nutrient in the periplasm and transfers it to the
membrane-bound component, which moves it across the
inner membrane. This mechanism has evolved in bacteria be-
cause of the need to concentrate molecules in the cell against
gradients as large as 105-fold (26).

Summary. In the cultured MA104 cell the folate receptor
allows the cell to accumulate micromolar amounts of folate
when the 5-methyltetrahydrofolate present in the medium is at
concentrations of only 20-40 nM. Although this receptor is
present in other cultured cell lines and apparently induced by
growth in physiological rather than pharmacological folate
(33-35), there is no information about how the receptor func-
tions in vivo. This is an important future goal.

The folate transport system uncovered by studying folate-
depleted tissue culture cells (1, 2, 8, 24, 33-35) may be an
example of a concentrative mechanism used by eukaryotic
cells to take up a wide variety of important low molecular
weight molecules. Wehope that further work on the folate
receptor will lead to a better understanding of how this trans-
port system delivers molecules to the cell interior.

This work was supported by American Cancer Society grant CH-228
to Dr. Kamen, who is also a Burroughs Wellcome Scholar in Clinical
Pharmacology.
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