Influence on Immunoreactive Folate-binding Proteins of Extracellular Folate

Concentration in Cultured Human Cells

Madeleine A. Kane,** Patrick C. Elwood,® R. M. Portillo,* Asok C. Antony,' Vesna Najfeld,' Andrew Finley,*

Samuel Waxman,*' and J. Fred Kolhouse®

*Cancer Chemotherapy Foundation Laboratory, and Departments of *Neoplastic Diseases and *"Medicine, Mt. Sinai Medical Center,
New York 10029; "Divisions of Hematology and Oncology, Indiana University School of Medicine, Indianapolis, Indiana 46223;
$Divisions of Hematology and Medical Oncology, University of Colorado Health Sciences Center, Denver, Colorado 80262

Abstract

The influence of extracellular folate concentration on cellular
levels of the folate transport protein and its soluble product
was studied directly in cultured human nasopharyngeal carci-
noma (KB) cells. As determined by radioimmunoassay, levels
of the folate transport protein and the soluble folate-binding
protein were 58+17 (mean+SD) and 5+2 pmol/mg cell pro-
tein, respectively, in KB cells maintained in standard medium
(containing 2,300 nM folic acid). These levels significantly
increased to 182+34 and 26+6 pmol/mg cell protein, respec-
tively, in KB cells serially passaged in low folate medium (con-
taining 2-10 nM 5-methyltetrahydrofolate). Increases in fo-
late-binding protein levels occurred more rapidly in KB cells
serially passaged in very low folate medium containing < 2 nM
folate and were prevented by the addition of 100 nM S5-meth-
yltetrahydrofolate or 0.1-1 uM S5-formyltetrahydrofolate to
this medium. When KB cells which had been passaged in low
folate medium were passaged back into either standard me-
dium or low folate medium supplemented with reduced folates,
the levels of both folate-binding proteins fell linearly towards
the levels in KB cells continuously maintained in standard me-
dium. The folate transport protein was identified in and under-
went similar changes in human and mouse mammary tumor
cells. These studies indicate that the folate transport system is
probably regulated by the extracellular folate concentration
through changes in intracellular metabolite levels.

Introduction

High-affinity folate-binding proteins (FBP)' have been identi-
fied in and purified from a number of mammalian and human
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1. Abbreviations used in this paper: FBP, folate-binding protein; KB,
human epidermoid carcinoma (cells); LMEM, folic acid-free MEM
supplemented with 10% (vol/vol) FBS; LMEM-D, folic acid-free MEM
supplemented with 10% (vol/vol) dialyzed FBS; SMEM, standard
MEM supplemented with 10% (vol/vol) FBS; SMEM-D, standard
MEM supplemented with 10% (vol/vol) dialyzed FBS.
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sources (1-25). Recently the membrane-associated FBP of
cultured human epidermoid carcinoma (KB) cells was shown
to be involved in 5-methyltetrahydrofolate (5-CH;H PteGlu)
and folic acid (PteGlu) transport in intact cells (20). This
membrane-associated FBP also bound large quantities of the
chemotherapeutically active folate analogue, methotrexate, in
KB cells grown in a physiologic concentration and form of
folate (26), suggesting a role for this folate transport protein in
methotrexate transport and/or storage.

Soluble FBPs have been found in serum (2, 17), milk (1, 2,
8, 13, 16), specific granules of leukocytes (3, 4, 10, 17), and
human spleen (25). Human lymphocytes in culture (18) and
KB cells (22-24) released soluble FBP into their growth me-
dium. The KB cell soluble FBP was immunologically cross-
reactive with KB cell folate transport protein (22-24), as well
as human placental folate receptor and human milk folate
binding proteins (22, 23). Several functions have been sug-
gested for soluble FBP, but none has been proven (3, 6, 9, 13,
20, 27-34).

A precursor-product relationship between the cell-asso-
ciated folate transport protein and the soluble FBP released by
human KB cells has recently been demonstrated by pulse-
chase studies (22). Both proteins were purified to homogeneity
and have been more thoroughly biochemically characterized
as glycoproteins, with the folate transport protein exhibiting
considerable hydrophobicity (23), consistent with its mem-
brane location and transport function.

Levels of membrane-associated receptors and transport
proteins may be upregulated or downregulated depending
upon the availability of their effector molecules (35, 36). Thus,
the levels of the folate transport protein and its soluble product
could be affected by the availability of the effector molecules
(folates) to the cell. The effects of extracellular folate concen-
tration and cellular folate content on levels of folate transport
protein and soluble FBP have not been studied directly. How-
ever, in KB cells cultured in growth medium containing a low
folate concentration (3-10 nM): (@) the amount of [*H]PteGlu
which bound to acid-washed particulate membrane prepara-
tions was increased (30); (b) the amount of folate specifically
accumulated by intact KB cells was increased 10-40-fold (19,
20); (c) the amount of methotrexate specifically accumulated
increased fivefold (26); and (d) the amounts of cell-associated
folate transport protein and its product increased as measured
by [*H]PteGlu binding (24) compared with KB cells cultured
in standard medium (2,300 nM folic acid). Increased specific
binding and uptake of 5-CH;H, PteGlu by folate-deficient
cultured monkey kidney MA 104 cells was also recently re-
ported (21). The amount of radioactive PteGlu taken up by the
livers of folated-deprived rats was also increased (37). Con-
versely, the lack of folate binding in Lactobacillus casei cul-
tured in medium containing 10 uM PteGlu was interpreted as



repression of the FBP by the presence of high folate levels (38).
Although these studies suggested changes in the levels of FBPs,
the results could not distinguish between changes in the num-
ber of available binding sites and changes in actual amounts of
FBP since quantitation relied on ligand binding or uptake.
Thus, these results could suggest upregulation of the FBPs
when the true quantity of FBPs was unchanged. Furthermore,
downregulation in high folate medium could appear to occur
but merely be the result of incomplete removal of endogenous
ligand.

Using a radioimmunoassay (RIA), daCosta and co-workers
found that compared to sera of healthy humans, the level of
soluble FBP was increased in sera of individuals with a variety
of conditions including folate deficiency (12, 39). However,
the cellular folate transport protein was not measured in these
studies, and it was unknown whether the increased level of
soluble FBP in the sera of these subjects was a reflection of
increased synthesis of soluble FBP, altered clearance of soluble
FBP, or both.

Since standard commercially available tissue culture media
contain supraphysiologic levels of folate, we wondered
whether FBP levels observed in cells cultured in standard
media might be artifactually different from levels in cells cul-
tured in medium containing more physiologic levels of folate.
In the present study, the changes in the levels of folate trans-
port protein and soluble FBP in KB cells exposed to standard
and specially prepared media containing different extracellular
folate concentrations and forms were studied. Initially, folate
transport protein and soluble FBP were quantified by [*H]-
PteGlu binding. However, to eliminate the ambiguity possibly
introduced by using radioactive folate binding to quantify FBP
levels, an RIA was constructed to measure each FBP directly.
Small quantities of folate transport protein and soluble FBP
were purified from KB cells and their conditioned medium,
respectively, the latter was radiolabeled, and both were utilized
as standards in developing the RIAs. This is the first study to
directly determine the effect of extracellular folate concentra-
tions on the levels of the immunoreactive folate transport pro-
tein and its product, soluble FBP, in a defined system.

Methods

Materials. Human KB cells (ATCC No. CCL 17), passage No. 363,
and human fibroblasts were obtained frozen from the American Type
Culture Collection, Rockville, MD. Human T47D mammary tumor
cells were obtained from Dr. Kathryn Horwitz, Division of Endocri-
nology, University of Colorado Health Sciences Center, Denver, CO.
Mouse alpha mammary tumor cells were obtained from Dr. Mary Jane
Yagi, Department of Neoplastic Diseases, Mt. Sinai Medical Center,
New York. Normal human lymphocytes were prepared from the
whole blood of a volunteer by Ficoll-Hypaque density gradient centrif-
ugation after erythrocyte removal (18). Eagle’s minimum essential me-
dium (MEM) with and without folic acid, fetal bovine serum (FBS),
penicillin and streptomycin, trypsin-EDTA, 10X, and chicken control
serum were purchased from Gibco, Grand Island, NY.
[3,5',7,9-*H]PteGlu, 5 Ci/mmol, Na'?I, 13-17 mCi/ug I, and Bol-
ton and Hunter reagent, 2,000 Ci/mmol, were obtained from Amer-
sham Corp., Arlington Heights, IL. The purity of the radioactive
PteGlu used in these studies was > 99% by HPLC analysis (20). (D,L)-
5-methyltetrahydrofolate and (D,L)-5-formyltetrahydrofolate were
purchased from Sigma Chemical Co., St. Louis, MO. HPLC analysis
revealed a purity of > 90% and > 99%, respectively. Dextran T70 was
from Pharmacia Fine Chemicals, Piscataway, NJ. Neutral Norit Char-

coal was obtained from Fisher Scientific, Fair Lawn, NJ. Polyethylene
glycol 6000 was obtained from Sigma Chemical Co. All other reagents
and chemicals were analytical grade and from either Fisher Scientific,
or Sigma Chemical Co.

Propagation of KB cells. KB cells were propagated as previously
described (20, 22-24) in four different media: (a) standard MEM sup-
plemented with 10% (vol/vol) FBS (SMEM); (b) folic-acid-free MEM
supplemented with 10% (vol/vol) FBS (low-folate MEM or LMEM);
(¢) standard MEM supplemented with 10% (vol/vol) dialyzed FBS
(SMEM-D); and (d) folic-acid-free MEM supplemented with 10%
(vol/vol) dialyzed FBS (LMEM-D). SMEM and SMEM-D contained
2.3 uM PteGlu. LMEM contained ~ 10 nM folate as predominantly
5-CH;H,PteGlu from FBS; LMEM-D contained <2 nM
5-CH;3;H,PteGlu (24). In some experiments, LMEM-D was supple-
mented with 100 nM 5-CH3;H,PteGlu or 0.1-1 uM 5-CHOH,PteGlu
as indicated.

Before cell harvest, conditioned growth medium was decanted,
pooled, and frozen for later purification of the soluble FBP. KB cells
were harvested and resuspended in SMEM, LMEM, SMEM-D, or
LMEM-D as appropriate. A passage was defined as splitting one flask
of near-confluent KB cells into two flasks of equal volume. Passages
were carried out every 48-96 h. Single-cell suspensions were obtained
by vigorously pipetting the entire volume of the cell suspension against
the wall of the container 10 times. Cells were quantified by counting on
a Coulter Counter, model No. 2 F (Coulter Electronics, Inc., Hialeah,
FL); values were reproducible and agreed within 10% with counts
obtained manually by hemocytometer or by protein determinations
(see below). Cell size was estimated by comparison of size distribution
profiles on the x-y recorder attached to the Coulter Counter with the
size distribution profiles of latex beads of known diameter. Cell viabil-
ity was > 90% in all experiments as determined by trypan blue exclu-
sion (40). Growth curves to obtain cell-doubling times were performed
by plating cells (1-2 X 10° cells/ml) into 1.6-cm diam wells in tissue
culture cluster plates (Costar, Cambridge, MA), and harvesting wells in
quadruplicate with trypsin-EDTA for cell counts at different times
after plating.

Human fibroblasts, human T47D cells, and mouse alpha mam-
mary tumor cells were cultured and harvested in SMEM as for KB cells
unless otherwise indicated.

Gel filtration analysis. Cells were solubilized in Triton X-100 and
analyzed by Sephacryl S-200 gel filtration chromatography as pre-
viously described (22, 23).

Purification of folate transport protein and soluble FBP. KB cell
folate transport protein and soluble FBP from KB cell-conditioned
medium were purified as previously described (22, 23).

Analysis of FBP by [’H)PteGlu binding. For analysis of soluble
FBP and folate transport protein by [*H]PteGlu binding, samples of
conditioned medium and samples of KB cells were collected at indi-
cated times after plating. Conditioned medium was centrifuged at
30,000 g to remove cell debris containing folate transport protein (23),
and folate transport protein was solubilized from intact cells in potas-
sium phosphate, 0.01 M, pH 7.5, containing 1% (vol/vol) Triton
X-100 for 48 h at 4°C as previously described (20). Samples were then
dialyzed against 100 vol of acetic acid, 0.2 M, pH 2.7, for at least 48 h
at 4°C with buffer changes twice daily to remove endogenous folate,
and then dialyzed against 100 vol of potassium phosphate, 0.01 M, pH
7.5, containing NaCl, 0.15 M (buffered saline), for 24 h with two buffer
changes to raise the sample pH for the binding assay (22). Triton
X-100, 1% (vol/vol) was added to the dialysis buffer of the folate
transport protein samples. Aliquots of purified folate transport protein
and soluble FBP were analyzed to determine the number of moles
present, assuming a binding stoichiometry of one molecule of FBP to
one molecule of PteGlu (23). A final assay volume of 1 ml contained
1% (vol/vol) Triton X-100, an aliquot of sample to be assayed, 20 ul of
500 nM [*H]PteGlu (~ 22,000 cpm; added last to give a final concen-
tration of 10 nM) and buffered saline (13, 14, 19, 20, 22-24). After
samples were incubated at 37°C for 30 min, they were cooled to 4°C.
To adsorb unbound [*H]PteGlu, dextran-coated charcoal (41), 1 ml,
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was added at 4°C, vortexed twice, and incubated at 4°C for 10 min.
The charcoal was pelleted by centrifugation at 4,000 g for 10 min, and
an aliquot of supernatant was counted by liquid scintillation. Blank
supernatants (no FBP sample) contained 3-3.5% of the added [*H]-
PteGlu and were subtracted from values obtained from FBP samples.
Sample amounts were adjusted so that between 10% and 35% of the net
counts per minute added remained in the supernatant after charcoal
treatment. More than 75% of the total [*H]PteGlu radioactivity could
be retained in the supernatant by increasing the amount of FBP added.
At least two different volumes of sample were analyzed together so that
assay linearity could be ensured.

Todination of the soluble FBP. The purified soluble FBP was iodin-
ated by the chloramine-T method (42) at 22°C as follows. A sample
containing 10 ug of purified soluble FBP in 1 ml 0.1 M potassium
phosphate, pH 7.5, was incubated with 10 uM cold PteGlu to saturate
folate-binding sites. Na'?’I, 1 mCi in 2 ul, was added. Chloramine T, 4
mg/ml, in the same buffer, 160 ul, was added and mixed for 15 s. Then
NaHSO;, 2.4 mg/ml, in the same buffer, 100 ul, was added immedi-
ately and mixed for 15 s, followed immediately by KI, 1 M, 250 ul. 4
ml of the same buffer, but containing bovine serum albumin (BSA), 20
pg/ml, was next added. The iodinated soluble FBP was isolated at 4°C
using a Sephacryl S-200 gel filtration column, 2.5 X 30 cm, preequili-
brated, and eluted with buffered saline containing BSA, 10 ug/ml.
Fractions of 2.6 ml were analyzed for radioactivity directly. An identi-
cal column was calibrated with the following standards of known mo-
lecular weight: blue dextran 2000 (M, = 2 X 10°), human hemoglobin
(M, = 64,000), soluble FBP (M; = 40,000), and cytochrome ¢ (M,
= 14,500). Fractions from the radioactive peak which eluted at V,./V,
= 1.4-1.8, (which corresponded to the elution position of KB cell
soluble FBP), were pooled for use in the RIA. A satisfactory prepara-
tion of '**I-labeled soluble FBP was also obtained using the Bolton and
Hunter method of iodination as previously described (43).

Polyacrylamide gel electrophoresis (PAGE) and autoradiography.
125].]abeled soluble FBP was analyzed by PAGE in 0.1% sodium dode-
cyl sulfate (SDS) on 5-20% polyacrylamide gradient slab gels and
visualized by Coomassie blue staining and autoradiography, respec-
tively (44, 45).

Development of the RIA. An RIA utilizing purified placental folate
receptor as the standard and the iodinated protein and rabbit anti-
serum has recently been reported (46). The source of monospecific
antibody in this RIA was chicken anti-human placental folate receptor
antiserum (14). The amount of antiserum which would precipitate
70% of 10,000 cpm of '?’I-labeled soluble FBP was determined. Var-
ious amounts of the specific antiserum diluted in chicken control
serum to a total volume of 100 ul were incubated with the '*I-labeled
soluble FBP. An additional 100 ul of chicken control serum, 11.3 nmol
nonradioactive PteGlu, 1% (vol/vol) Triton X-100, 0.05 M NaCl, 0.01
M potassium phosphate, pH 7.5, and distilled water were added to
make a total volume of 700 ul. The incubation proceeded for 18 h at
4°C. An antigen-antibody precipitation curve was constructed for each
new batch of '**I-labeled soluble FBP. Duplicate samples containing
only control serum were the controls. After incubation as above, the
antigen-antibody complexes were precipitated by the addition, with
mixing, of 300 ul of polyethylene glycol 6000, 30% (wt/vol), in 0.05 M
potassium phosphate, pH 7.5, containing 0.75 M NaCl, at 4°C for 10
min as previously described (13), followed by centrifugation in a Mi-
crofuge B (Beckman Instruments, Inc., Fullerton, CA) at 12,000 g for 2
min at 22°C. The supernatant was aspirated and the pellets counted
directly as described below. Dissolution of pellets in 1 ml of distilled
water resulted in counts similar to those obtained with the solid pellets.

Standard curves were constructed using each of the purified folate
binding proteins. Dilutions of the purified proteins were shaken for 18
h at 4°C with 50-100 ul (depending upon the antigen-antibody precip-
itation curve) of monospecific antiserum which had been diluted 1:100
in chicken control serum as described above. The '*I-labeled soluble
FBP was then added to each sample to make a total volume of 700 ul,
and the samples were shaken for an additional 18 h at 4°C. The
antigen-antibody complexes were precipitated with polyethylene gly-
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col and the radioactivity determined as described above. A complete
standard curve for folate transport protein or soluble FBP was ana-
lyzed with each set of cell or conditioned medium samples. For analy-
sis of folate transport protein, cells were harvested without trypsin by
the addition of buffered saline containing Triton X-100, 1% (vol/vol),
directly to the monolayer in the flask followed by three cycles of
freeze-thawing, or by incubation with 20 mM EDTA in buffered saline
for 30 s at 37°C as previously described (23, 24). Either method gave
identical results. Cells were quantified by protein analysis as described
below, or by cell counts. Aliquots of solubilized cells containing folate
transport protein were analyzed as for the FBP standards, and the
amount of folate transport protein present determined from the stan-
dard curve. Conditioned medium was analyzed as for soluble FBP
standards after centrifugation at 30,000 g for 30 min at 4°C to remove
particulate cell debris containing folate transport protein (22, 23). Ali-
quots of samples of conditioned growth medium were diluted with
unexposed SMEM to a total volume of 400 ul of growth medium in
each sample. Unexposed (fresh) SMEM, 400 ul, was also added to each
standard and control.

Folate assays. Total folate was assayed in KB cells and growth
medium using a competitive radioligand binding assay with [*H]-
PteGlu, PteGlu standards, and g-lactoglobulin as the FBP (41, 47).

Protein determinations. Sample protein levels were determined by
the method of Lowry et al. (48) which was modified for samples con-
taining Triton X-100 (49). BSA served as the standard.

Determination of radioactivity in samples. Samples containing '2’I
were counted directly in a Searle Analytic Gamma Counter, model
1185. Samples containing *H were counted by liquid scintillation in a
Beckman Instruments, Inc. LS 250. The total golume of aqueous sam-
ple was adjusted to 1 ml with distilled H,0, and 10 ml ScintiVerse I
(Fisher Scientific) were added. The counting efficiency for *H was 40%.

Statistics. Student’s ¢ test was used to analyze differences in folate
transport protein and soluble FBP levels in KB cells cultured in differ-
ent extracellular folate concentrations (50).

Cytogenetics. Karyotypes of KB cells maintained for 18 passes in
LMEM or 19 passes in SMEM were performed by previously pub-
lished methods (51, 52).

Results

Properties of intact KB cells grown in different extracellular
Jolate concentrations. KB cells were readily maintained in
LMEM for more than 40 passages (10 mo) as observed by
others (30). The growth rate of KB cells cultured in LMEM
slowed after five to six serial passes (doubling time 35 h), and
apparent average cell size increased from 14.7 um as for KB
cells maintained in SMEM to 18 um in diameter. However,
after 12-15 passes in LMEM, the growth rate and size became
indistinguishable from that of KB cells cultured in SMEM
(doubling time 24 h). The karyotypes of KB cells maintained
in LMEM or SMEM for 18 or 19 passes were indistinguish-
able, with no double minute chromosomes or homogeneous
staining regions identified. KB cells cultured in SMEM-D ex-
hibited a doubling time of 36 h, indicating that dialyzable
factors in FBS other than the folate were necessary to maintain
the usual growth rate. The doubling time of KB cells propa-
gated in LMEM-D increased to 48 h after five to six passages in
this medium, but after 10-15 passages, these KB cells again
“adapted” to growth in low folate medium with a decrease in
their doubling time to 36 h. When KB cells, serially passed five
to six times in LMEM-D, were passed into LMEM-D supple-
mented with either 100 nM 5-CH3;H,PteGlu or 1 uM 5-
CHOH,PteGlu, growth rates returned to those of KB cells
maintained in SMEM-D within 24 h.



The folate content of KB cells maintained in SMEM was
50-60 pmol/10° cells. The folate content of KB cells main-
tained in LMEM fell rapidly over five passes to ~ 1 pmol/10°
cells, similar to previously reported results (26), but the folate
content in KB cells after more than 20 passes in LMEM re-
mained at ~ 1 pmol/10° cells. The folate content of KB cells
cultured in SMEM-D was 20-25 pmol/10° cells, as previously
reported (26). For cells in LMEM-D, the folate content fell to a
low of 0.3 pmol/10° cells after the fourth serial passage and
subsequently increased slightly to 0.6-0.8 pmol/10° cells in
passages 5-8 despite continued doubling in LMEM-D. The
doubling time of KB cells grown in LMEM-D for 5-10 pas-
sages “normalized” after three passages back into SMEM-D,
which was when their cellular folate content exceeded 1
pmol/10° cells.

Effect of extracellular folate concentration on folate trans-
port protein and soluble FBP measured by [°H]PteGlu specific
binding. As previously reported (22, 23), KB cells contained
no soluble FBP, and > 90% of the membrane-associated debris
in the conditioned medium was removed by centrifugation at
30,000 g for 30 min at 4°C or by passage through a 0.22-um
filter. Thus, this compartmentation simplified analysis of the
levels of cell-associated folate transport protein in the KB cells
and soluble FBP in their conditioned medium since the two
proteins did not need not to be separated from each other prior
to assay, except as described above (22).

As shown in Fig. 1 4, the levels of folate transport protein
measured by [*H]PteGlu binding to acid-dialyzed Triton
X-100 extracts of KB cells grown in LMEM for 12-13 passes
were elevated approximately threefold over levels in KB cells
grown in SMEM. The amount of folate transport protein per
mg cell protein did not change with time for at least 48 h after
plating of cells. Levels of soluble FBP measured by [*H]PteGlu
binding were also elevated in the conditioned medium of KB
cells grown in LMEM compared with those grown in SMEM
as shown in Fig. 1 B. Levels of soluble FBP per milligram cell
protein in the conditioned medium increased with time after
plating as shown.

Since KB cells contain ~ 0.3 mg protein/10° cells as de-

501A Figure 1. FBPs measured by
] [PHPteGlu binding in acid-
& ] dialyzed samples from KB
B 254 cells maintained in SMEM (13

passes, darkened bars) or
LMEM (12 passes, white bars).
Folate binding was determined
using [*H]PteGlu, 10 nM, in
— Triton X-100 solubilized KB
cell extracts (folate transport
protein) and their centrifuged
conditioned media (soluble
FBP) obtained 24 and 48 h
after plating and prepared as
described in Methods. Values
shown are means of duplicate
samples assayed in quadrupli-
cate, and standard deviations
were < 10% of the means. (4)
Folate transport protein. (B)
Soluble FBP.
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@

Folate Binding Protein (pmol [3H]PteGlu bound/mg
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termined by modified Lowry analysis, the cellular folate levels
were ~ 160 pmol/mg cell protein in cells maintained in
SMEM, markedly in excess of the folate transport protein
levels of 10 pmol/mg cell protein as measured by [*H]PteGlu
binding. However, in KB cells maintained for twelve passes in
LMEM, the folate transport protein levels of 35-40 pmol/mg -
cell protein exceeded the cellular folate content of 3-5 pmol/
mg cell protein by 7-13-fold.

Construction of the RIAs for folate transport protein and
soluble FBP. Folate transport protein was purified to apparent
homogeneity from 10® intact KB cells as previously described
(22, 23) with an overall recovery of 67%. Soluble FBP was
purified from 3 liters of centrifuged conditioned growth me-
dium as previously described (22, 23) with an overall recovery
of 36%. Assuming a 1:1 stoichiometry of [*H]folic acid binding
to each FBP, the molecular weights calculated using binding
data and Lowry protein analysis were 29,000 for the soluble
FBP and 45,000 for the folate transport protein, which agree
reasonably well with our M, estimate from SDS-PAGE for
soluble FBP as shown below and with reported results (23).

The apparent homogeneity of the soluble FBP was main-
tained after iodination as shown in Fig. 2. SDS-PAGE analysis
of the 'I-labeled soluble FBP revealed a single Coomassie
blue-staining band which coincided with a single band on the
autoradiogram of the same gel. This band had an estimated M,
of 31,000 compared with standards of known M, analyzed on
the same gel, and this value compared well with the calculated
M, of purified soluble FBP previously reported (23). In addi-
tion, as shown in Fig. 3, > 95% of the '**I-labeled soluble FBP
was precipitable with increasing amounts of the monospecific
antiserum to the purified placental folate receptor (14) while
< 5% was precipitable with control serum.

Standard curves using the purified KB cell folate transport
protein or soluble FBP were linear over a 10-fold range (0.5-5
pmol) as shown in Fig. 4. Close structural relationship between
the cell-associated folate transport protein and soluble FBP is
illustrated by their virtually identical immunologic cross-reac-
tivity with the human placental folate receptor antiserum (14)
in the standard curve for the RIA. Results were < 5% different

BSA

Figure 2. Lane I: Coomassie
blue staining of SDS-PAGE of
purified '*I-labeled KB cell
soluble FBP. (BSA was added
after the iodination as de-
=21 scribed in Methods.) Lane II:
Autoradiogram of lane 1. Mo-
lecular mass standards run si-
multaneously are indicated;
units are kilodaltons.

S-FBP
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Percent of Total CPM Precipitated

0 10 10 100
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Figure 3. Precipitation of '*I-labeled soluble FBP by monospecific
chicken anti-human placental folate receptor antiserum. The total
incubation volume was 700 ul as described in Methods.

in the presence of added saturating amounts of folic acid, in-
dicating that both apo and holo forms of the cell-associated
folate transport protein and soluble FBP had very similar im-
munoreactivity. The standard curve does not quite pass
through 100% because the '%’I-labeled soluble FBP is probably
slightly less immunoreactive than the native purified proteins.

Effect of folate concentration in the growth medium on the
levels of immunoreactive folate transport protein and soluble
FBP. The folate transport protein level in KB cells serially
passaged more than 20 times in LMEM was 182+34
(mean%SD, n = 19) pmol/mg cell protein compared with
58+17 pmol/mg cell protein (n = 12) for KB cells maintained
in SMEM for a similar number of passages (P < 0.001). The
soluble FBP levels were 266 pmol/mg cell protein (» = 8) and
5+2 pmol/mg cell protein (n = 3) for conditioned media of KB
cells cultured more than 20 passes in LMEM or SMEM, re-
spectively (P < 0.001). As shown in Fig. 5 4, folate transport
protein progressively increased as KB cells were serially passed
through LMEM until a plateau was reached after almost 30
passes. A similar increase in soluble FBP was also observed.
The amount of folate transport protein per mg cell protein
measured by RIA remained constant for 96 h after KB cells
were plated into either LMEM or SMEM. Soluble FBP levels
per milligram cell protein measured by RIA increased with
time after plating. Therefore, the soluble FBP data in Fig. 5

4
FBP (pmol)

Figure 4. Standard curves for folate transport protein (e) and soluble
FBP (0) in the radioimmunoassay. The same preparation of '2’I-la-
beled soluble FBP was used in the assays shown. The values for puri-
fied folate transport protein are the means of three separate assays
with standard deviations of points indicated, except for one value,
which was assayed in duplicate (no SD bars shown). The values for
soluble FBP shown are the means of duplicates analyzed in a typical
assay. Data is expressed as percent control.
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Figure 5. (A) The effect of serial passage through LMEM (10 nM fo-
late) on KB cell FBPs. (B) The effect on KB cell FBPs of serial pas-
sage back into SMEM (2.3 uM folate) of KB cells which had been
cultured for more than 30 passes in LMEM. (C) The effect of serial
passage through LMEM-D on KB cell FBPs. (D) The effect on KB
cell FBPs of serial passage into LMEM-D (< 2 nM folate) supple-
mented with 100 nM 5-methyltetrahydrofolate, 100 nM or 1 uM 5-
formyltetrahydrofolate, or SMEM-D (2.3 uM folate) after KB cells
had been cultured in LMEM-D for more than 10 passes. Samples of
KB cells and their conditioned media after the indicated number of
passes were prepared as described in Methods. The folate transport
protein is designated by the solid line and solid circles, and the solu-
ble FBP, by the dashed line and open circles.

were obtained on conditioned media analyzed at 48 h after cell
plating.

The effect on FBP levels of returning KB cells grown for
more than 30 passes in LMEM into SMEM was investigated.
In these KB cells, the folate transport protein and soluble FBP
levels linearly fell to 110 and 15 pmol/mg cell protein, respec-
tively, after 19 passes back into SMEM as shown in Fig. 5 B.
Extrapolation of the linear decreases in folate transport protein
and soluble FBP suggested that 30-40 passes into high PteGlu
medium would be required for the FBPs to return to control
levels.

Fig. 5 C shows that folate transport protein and soluble
FBP rose more rapidly in KB cells cultured in LMEM-D, but
the degree of increase was the same as in KB cells cultured in
LMEM. Further passage of these KB cells into LMEM-D con-
taining added reduced folates (100 nM 5-CH3;H,PteGlu or
0.1-1 uM 5-CHOH,PteGlu) resulted in a rapid return of folate
transport protein and soluble FBP to the same levels as those
present in cells cultured in SMEM-D (Fig. 5 D). Furthermore,
the addition of 100 nM 5-CH3;H4PteGlu or 0.1-1 yM



5-CHOH,PteGlu to LMEM-D prevented the increases in fo-
late transport protein and soluble FBP observed in KB cells
serially passaged in unsupplemented LMEM-D, with results
similar to those for cells maintained in SMEM-D (data not
shown). This data indicates that the threshold concentration
which results in FBP increases is > 10 nM (as in LMEM), but
< 100 nM for 5-CH;H,4 PteGlu or 5-CHOH, PteGlu, since
these additions to LMEM-D prevented the increases in FBPs
observed for cells cultured in LMEM (10 nM folate) or
LMEM-D (< 2 nM folate). Since racemic mixtures of the re-
duced folates were used in these experiments, the possible rela-
tive efficacy and thresholds for the D and L isomers cannot be
stated. As noted above, the maximum levels of FBP observed
were the same under both of these latter conditions, but the
increases occurred more rapidly in LMEM-D, just as the in-
tracellular folate concentration dropped more rapidly. After
the initial passage into SMEM-D, small increases in both the
folate transport protein (to 90 pmol/mg protein) and soluble
FBP (to 10 pmol/mg protein) occurred. These changes ap-
peared to be due to the removal of nonfolate compounds by
the dialysis of fetal calf serum since the levels of folate trans-
port protein and soluble FBP remained stable thereafter as KB
cells were serially passaged through SMEM-D.

Similar quantitative changes in folate transport protein
levels were obtained in other cultured cells as well. Human
T47D mammary tumor cells, normal human fibroblasts, nor-
mal human lymphocytes, and mouse alpha mammary tumor
cells contained a membrane-associated high affinity FBP
which could be solubilized with Triton X-100 and eluted with
M, = 160,000 when analyzed by S200 gel filtration chromatog-
raphy, identical with the results of the human KB cell folate
transport protein (19, 20, 22, 23). In T47D cells, > 95% of this
folate transport protein could be immunoprecipitated with
chicken antiserum to the human placental folate receptor (14)
(< 5% precipitated with chicken control serum). The level of
this FBP progressively increased from 7.1 pmol/mg cell pro-
tein in T47D cells cultured in SMEM-D to 22.6 pmol/mg cell
protein after five serial passages into LMEM-D. Similarly, im-
munoreactive FBP increased six-fold in mouse alpha mam-
mary cells and two- to four-fold in their medium after nine
passes in low folate medium. Thus, the upregulation of the
folate transport protein in cells exposed to a low extracellular
folate concentration was not a unique property of human KB
cells.

Discussion

Slowing of the growth rate and increase in cell size of KB cells
grown in LMEM or LMEM-D after five to six serial passes in
these media correlated with the rapid drop in cellular folate
content to 1 pmol/10° cells and 0.3 pmol/10¢ cells, respec-
tively. Recovery of growth rates to those of cellsin SMEM and
SMEM-D, respectively, was accompanied by an increase in
both the cell-associated folate transport protein and the soluble
FBP. The rate of FBP increase was more rapid in KB cells
passaged in LMEM-D, which contained folate levels lower
than those reported for normal nonhepatic tissues. The slower
rate of increase in folate transport protein in the KB cells
serially passaged in LMEM reflected their more adequate fo-
late content secondary to their higher extracellular folate con-
centration.

An increase in cellular folate content above 1 pmol/10°
cells did not accompany the increase in folate transport pro-
tein, however. Several properties of the folate-FBP system
may explain this. First, folate transport protein and soluble
FBP levels in “control” KB cells cultured in the very high
PteGlu levels in SMEM and SMEM-D may be artifactually
low compared with the normal physiologic situation due to
downregulation as a result of the extremely high intracellular
folate levels. Secondly, although cell-associated folate trans-
port protein appears to be involved in folate uptake by cells,
~ 60% of the total cell-associated folate transport protein is
insensitive to trypsin and appears to be intracellular. This in-
tracellular portion has been postulated to play a role in intra-
cellular folate availability and retention of folates by cells, and
its upregulation may result in more efficient intracellular fo-
late utilization. Thirdly, the intracellular folate levels necessary
for normal cellular metabolism in nonhepatic tissues appear
to be on the order of 1 pmol/10° cells, much lower than in the
“control” cells.

Thus, the fall in intracellular folate levels as KB cells are
maintained in physiologic (LMEM) or low (LMEM-D) extra-
cellular folate concentration apparently stimulates the cell to
increase the levels of cell-associated folate transport protein in
order to maintain an adequate uptake and content of cellular
folates. Although not studied here, the composition of the in-
tracellular folate pool may be changing during the FBP upreg-
ulation, and the distribution of the cell-associated FBP be-
tween its transport function and its intracellular role may favor
the transport, rather than the retention, compartment. The
lower folate content of KB cells in SMEM-D compared with
SMEM suggests that folate retention by cells may, in part,
depend upon the extracellular 5-CH3;H,PteGlu concentration
and/or nonfolate soluble dialyzable factors present in serum.
When KB cells were passaged into media containing unphy-
siologically low folate concentrations (LMEM-D), the cellular
folate concentration rapidly fell, then rose as the quantity of
folate transport protein increased. Despite this increase in cel-
lular folate, the final folate level was < 1 pmol/10° cells and the
doubling time did not return to “normal” (i.e., 24 h) until after
the cells were placed in media containing physiologic folate
concentrations that resulted in a rapid increase in the cellular
folate to 1 pmol or greater per 10° cells. Endogenous folate
levels in normal human erythrocytes and leukocytes (52, 53),
are ~ 1 pmol/10° cells. Human K562 cells failed to demon-
strate any alteration in their DNA synthesis until cellular folate
levels were < 1 pmol/10° cells (54). Since the KB cells cultured
in LMEM contained more nearly physiologic levels of folate
than cells cultured in SMEM, their properties of folate acqui-
sition may more nearly reflect the physiologic situation.

Quantitative FBP levels were two- to threefold higher for
folate transport protein and five- to sixfold higher for soluble
FBP as determined by RIA vs. [*H]folic acid binding assay
when data in Figs. 1 and 5 are compared. This difference could
have been due to artifacts in the binding assay such as: (a)
inadequate removal of endogenous folate from samples ana-
lyzed by binding assay; (b) inaccurate [*H]folic acid specific
activity, which would result in lower apparent values; (¢) dena-
turation of binding sites by acid treatment for folate removal;
(d) loss of FBP during binding assay due to nonspecific ad-
sorption to the dextran-coated charcoal. The acid dialysis pro-
cedure was successful at removing endogenous folate as evi-
denced by the linearity observed in binding results when dif-
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ferent volumes of the same samples were analyzed. The
[*H]PteGlu was radiochemically pure as determined by HPLC
analysis. More than 95% could be adsorbed to dextran-coated
charcoal and at least 80% could be bound by FBP in the bind-
ing assay. Denaturation of the FBPs during acid dialysis did
not occur as samples from KB cells maintained in LMEM or
LMEM-D had similar results by binding assay before and after
dialysis. Finally, since the estimates of the molecular weights of
the FBPs were based on [*H]folic acid binding, protein assays
and a 1:1 stoichiometry, significant adsorption of the FBPs
themselves to the dextran-coated charcoal seems unlikely.
These estimated molecular weights are 5-10% lower than
those reported and this could be due to a small amount of FBP
adsorption. However, this is negligible compared with the ob-
served differences in levels of FBP obtained by [*Hlfolic acid
binding vs. RIA. Thus, this difference does not appear to be
due to artifacts in the binding assay. Another more likely ex-
planation is that the RIA which employs a specific polyclonal
antiserum is detecting nonfolate-binding FBP precursor or
degradation products that contain immunoreactive, but non-
folate-binding domains.

Although only one immunoreactive peak was observed
from Triton-solubilized KB cells which coeluted with the peak
of [*H]folic acid binding on Sephacryl S200 (46), quantitation
of the folate transport protein by binding was not given for
comparison and thus the relative values could have been
markedly different. This does not appear to be an artifact in
that the ratio of values obtained by binding assay and by RIA
are always 2-2.5 for the folate transport protein and 5-6 for
S-FBP, whether from cells cultured in SMEM or LMEM.
Therefore, the presence of immunologically cross-reactive, but
nonfolate binding, precursor or degradative moieties of the
folate transport protein, and probably degradative fragments
of the S-FBP is the most likely explanation for the difference
observed.

The possibility was considered that the increases in folate
transport protein and soluble FBP were due to the selection of
a clone of high FBP-containing cells during the adaptation to
low folate medium rather than to upregulation. However, this
possibility did not account for all of the observed changes,
especially the rapid decreases in folate transport protein and
soluble FBP levels in cells returned to high folate medium after
serial passage through low folate medium. In addition, prelim-
inary data on clones of KB cells cultured in high folate me-
dium show similar levels of folate transport protein for all
clones studied (Kane and Waxman, unpublished observa-
tions).

Pulse-chase studies of the FBPs of KB cells indicate that
folate transport protein is the precursor of soluble FBP (22).
That soluble FBP levels rose and fell as did those of folate
transport protein, as well as the essentially identical immuno-
reactivities of these two proteins observed in the RIA, is con-
sistent with this precursor-product relationship. This evidence
suggests that the soluble FBP in human serum may arise from
the cellular folate transport protein in a similar manner, and
this point deserves further study.

Since the RIA measured both apo- and holo-FBP equally,
the possibility of incorrect results due to interference by endog-
enous folates that may be obtained when ligand binding or
uptake is used to quantify FBPs, especially in cells cultured in
medium containing high folate levels, was avoided. The slow-
ing of growth rates, marked increases in both the folate trans-
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port protein and soluble FBP in KB cells grown in LMEM
(< 10 nM folate), and the more rapid increases in KB cells
grown in LMEM-D (< 2 nM folate) suggested that these pro-
teins are extremely important in cellular folate acquisition.
These increases may have allowed the KB cells to adapt to the
lower extracellular folate concentration.

Prevention of changes in folate transport protein and solu-
ble FBP levels by the addition of reduced folates to LMEM-D,
as well as rapid decreases in folate transport protein and solu-
ble FBP that occurred after the addition of reduced folates to
the growth media, indicated that it was the folates, and not
some other dialyzable factor in FBS, that were key determi-
nants of the cellular changes leading to upregulation and
downregulation of the folate transport system. In KB cells
maintained in SMEM or SMEM-D, the great excess of cellular
folates over folate transport protein indicated a high degree of
saturation with endogenous ligand, whereas folate transport
protein was present in great excess over cellular folates in KB
cells serially passed in LMEM or LMEM-D. The actual intra-
cellular form(s) of folate, or specific metabolites requiring fo-
late coenzymes for their synthesis or conversion, which stimu-
late the intracellular mechanism for folate transport protein
upregulation have not been identified in these studies. Also,
the mechanism by which the increases took place, e.g., gene
amplification, increased rate of transcription or translation,
reduced rate of degradation, remain to be elucidated, although
karyotypes of KB cells adapted to LMEM for 19 passes con-
tained no double minute chromosomes or homogeneous
staining regions and could not be distinguished from KB cells
maintained in SMEM.

Thus, these results clearly demonstrate for the first time in
the same cell system that levels of immunoreactive soluble
FBP and the folate transport protein, and not simply binding
sites, were influenced by extracellular folate concentration. In
addition, similar results were obtained not only with KB cells,
but with cultured human and mouse mammary tumor cells.
The importance of these proteins in cellular folate metabolism
seems unequivocal. Further investigations are underway using
the KB cell model system, as well as other human sources of
cells, to define the subcellular distribution of the folate trans-
port protein, the function of the soluble FBP, the biochemical
relationship of these two proteins, and the metabolic controls
and molecular mechanisms of their regulation.
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