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Abstract

KBcells express a folate-binding protein that is anchored to the
plasma membrane by a glycosylated phosphatidylinositol
(GPI) tail and these cells can grow in medium containing a very
low folate concentration (1 nM). In contrast, mouse 3T3 cells
do not express a membrane-associated folate-binding protein
and cannot grow under similar low folate conditions. In these
studies, 3T3 cells were transfected with a vector containing the
cDNAthat codes for the KB cell folate-binding protein. In con-
trast to the wild-type 3T3 cells, the transfected 3T3 cells ex-
press a level of folate-binding protein similar to KB cells, 1 and
1.4 ng/,ug protein, respectively. The capacity for binding 13HI
folate to the surface of transfected 3T3 cells cultured in folate-
deficient medium is 7.7 pmol/ 106 cells, and this is - 50% of
the surface binding capacity of KB cells under similar culture
conditions. Moreover, after treatment of the transfected 3T3
cells with phospholipase C specific for phosphatidylinositol,
the binding of 13HI folate to the surface of these cells is reduced
by 90%, indicating that, like the KB cells, the folate-binding
protein is anchored to the plasma membrane by a GPI tail.
Although the doubling time of wild-type 3T3 cells markedly
increases after 13 d of culture in folate-deficient medium, the
doubling time of both the transfected 3T3 cells and KB cells do
not change. The results of these experiments indicate that the
GPI-anchored folate-binding protein provides a mechanism to
maintain a level of folate that permits the folate-dependent met-
abolic functions necessary for cell survival under low folate
conditions. (J. Clin. Invest. 1992. 90:840-847.) Key words:
complementary DNA* folate * folate-binding protein - plasma
membrane * transfection

Introduction

Two forms of human folate-binding protein (FBP),' a soluble
and a membrane-associated form, have been identified in the
cytosol and membranes of a variety of cells and in biologic
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fluids such as milk and plasma ( 1, 2). The KB cell, a cultured
cell line derived from a human epidermoid carcinoma, has a
high level of expression of a membrane FBP, a small fraction of
which is released as a soluble form into the culture medium
(3-5). We have recently demonstrated that the membrane
FBP in KB cells is a member of a unique group of proteins that
is anchored to the plasma membrane by a glycosylated phos-
phatidylinositol (GPI) tail, rather than by a transmembrane
hydrophobic peptide (6). A similar GPI-linked FBP has been
identified by Lacey and co-workers in MA104 cells, a monkey
kidney epithelial cell line (7).

Several other cell lines, such as L1 210 (8-10) and CCRF-
CEM( 11 ) leukemia cells, have been described in which a high-
affinity FBP, undetectable in the parental cell line, is induced
after selection of cells in low folate medium. However, unlike
these cell lines, KB cells survive without selection in medium
containing a low concentration of folate (1 nM), i.e., 2,000-
fold less than contained in normal, folate-replete medium (2.3
,uM) (3-5). Although the GPI-anchored FBP has a higher af-
finity for oxidized than reduced folates, it has been demon-
strated that this membrane FBP in KB cells mediates the up-
take of the physiologic folate, 5-methyltetrahydrofolate (5-
methyl THF) (12, 13). For these reasons, it has been
postulated that the GPI-anchored membrane FBP of KB cells
provides a mechanism for the uptake of folate when the con-
centration of folate in the medium is very low and this results in
the survival of KB cells under conditions of relative folate de-
pletion.

However, because the intracellular concentration of folate
in KB cells cultured under such folate deficient conditions is
very low, it is also possible that the ability to survive in folate-
deficient medium may be the consequence of an epiphenome-
non in this carcinoma-derived cell line which is independent of
the membrane-associated FBPor which is an additional adapta-
tion in concert with the expression of the FBP.

To address this question, we have transfected the cDNA
encoding the FBP in KB cells ( 14) into mouse 3T3 cells, a cell
line that does not express a membrane FBPand cannot survive
under folate-deficient conditions. This has provided the oppor-
tunity to study the growth characteristics under conditions of
folate depletion and folate excess in the transfected and wild-
type cells without requiring the selection of cells by slow condi-
tioning in culture medium containing low folate which could
lead to other adaptations in intracellular folate metabolism.

Methods

Materials
The KB cell line, derived from an epidermoid carcinoma, and the mu-
rine 3T3 cell line were purchased from the American Type Culture

840 Luhrs et al.



Collection (Rockville, MD). Dulbecco's minimal essential medium
(DME), specially prepared without folic acid and methionine was ob-
tained from Gibco Laboratories (Grand Island, NY), as well as hygro-
mycin and trypsin for tissue culture. Fetal calf serum (FCS), penicillin,
streptomycin, L-glutamine, Hanks' balanced salt solution (HBSS)
without calcium and magnesium were obtained from Sigma Chemical
Co. (St. Louis, MO). Ultrapure Triton X-100 was obtained from Inter-
national Biotechnologies Inc. (New Haven, CT). Dithiothreitol was
purchased from Calbiochem-Behring Corp. (La Jolla, CA). Prestained
and unstained molecular weight markers were obtained from Inte-
grated Separation Systems (Hyde Park, MA). Autofluor autoradiogra-
phy enhancer was obtained from National Diagnostics (Manville, NJ).
Protein A-Trisacryl and bicinchoninic acid protein assay reagent were
obtained from Pierce Chemical Co. (Rockford, IL). (6S)-N5-methyl
THFwas obtained from SAPECS.A. (Lugano, Switzerland).

Trans-[35S] (80% [35S]methionine, 20% [35S]cysteine) (sp act
> 1,000 Ci/ mmol) was obtained from ICN Biochemicals (Costa Mesa,
CA). [3H]folate (sp act 56 Ci/mmol) was purchased from Moravek
Biochemicals (Brea, CA). [32p] a dCTP (sp act 6,000 Ci/mmol) was
purchased from New England Nuclear Research Products (Boston,
MA). Restriction enzymes were obtained from NewEngland Biolabs
(Beverly, MA). Labeling of cDNAwas done by the Random Primer
Labeling kit from United States Biochemical Corp. (Cleveland, OH).
All other chemicals used were of reagent grade.

Phospholipase C specific for phosphatidylinositol (PI-PLC), par-
tially purified from Bacillus thuringiensis was generously provided by
Dr. Sidney Udenfriend (Roche Institute of Molecular Biology, Nutley,
NJ). The activity of the enzyme was determined as previously de-
scribed ( 15).

Methods
Construction of the vector (pCAR 1 7) for transfection of the cDNA en-
coding the FBP in KB cells. Because the cDNA for the KB cell FBP
cloned in our laboratory lacked the full-length nucleotide sequence
encoding the signal peptide ( 14), the nucleotide sequence for this re-
gion of the protein, as determined by Elwood ( 16) for the same cDNA,
was prepared by reverse transcription from KB cell poly(A)+ RNA,
followed by amplification of the 5' coding fragment by the polymerase
chain reaction (PCR) using specific oligonucleotides encompassing
this domain. The integrity of the amplified fragment was confirmed by
DNAsequencing.

The specific steps for the construction of this vector are as follows:
Oligonucleotide (RD7-22C) contains an Nco I restriction site (un-

derlined) in the 5' portion of the FBP signal sequence with the initia-
tion codon shown in bold print. Its sequence is:

5'- CAGCCATGGCTCAGCGGATGAC- 3'

Oligonucleotide (RD8-18C) contains a Sal I restriction site (under-
lined) and is complementary to a coding sequence within the FBP
cDNAbeginning 163 bp downstream from the ATGstart site. Its se-
quence is:

5'- CCAGGGTCGACACTGCTC-3'

Whole-cell KBmRNAwas incubated with oligo RD8-1 8C and the
murine leukemia virus reverse transcriptase for 30 min at 42°C,
thereby synthesizing RNA-DNAhybrids from FBPmRNA.This reac-
tion was performed in PCRbuffer (Cetus Corp., Emeryville, CA), 200
MMdNTPs, and I MMof the oligonucleotide RD8-1 8C. To this mix-
ture, 5 U of Taq DNApolymerase, the primer RD7-22C (to attain a
final concentration of 1 ,uM), and 50 Ml paraffin oil were added. The
reaction was incubated according to the following schedule: 5.0 min at
94°C (one cycle); 1.5 min at 94°C, 2.5 min at 50°C, 3.5 min at 72°C
(35 cycles); and 10 min at 72°C (one cycle).

The reaction product was extracted twice into chloroform/isoamyl
alcohol (24:1), precipitated in ethanol, resuspended in 30 Ml 10 mM
Tris/ 1 mMEDTA, pH 7.5, and 2 ul were subjected to electrophoresis
in a 1.2% agarose gel to determine the yield.

The PCRfragment was cut with Nco I and Sal I and replaced the
truncated 5' end of the original cDNAwhich had been cloned in the
Eco RI site of a pUC18 derivative. The FBP cDNA in this pUC 18
derivative had been previously modified to add the Kozak consensus
sequence, which provided the Nco I restriction site into which the pro-
cessed PCR-generated fragment was cloned. This complete cDNAcod-
ing region was then excised at flanking SmaI and Tha I sites and cloned
between the Stu I and Sma I sites of pYZ28 (17, 18). The resulting
plasmid, pCAR 17, contains the FBP cDNA sequence between an
SV40 early promoter and polyadenylation signals (Fig. 1). As a con-
trol, a similar vector was constructed with the chloramphenicol acetyl-
transferase (CAT) gene, replacing the FBP cDNA.

Transfection of3T3 cells with pCAR17. Monolayer 3T3 cells were
grown to 70% confluence in 60-mm plates and were co-transfected
using the calcium phosphate precipitation method ( 19) with 10 Mg of
pCAR 17 and 1 Mg of a control vector containing the hygromycin
resistance gene under the control of an SV40 promoter. The cells were
incubated for 16 h at 37°C in 3%CO2and then placed in fresh medium
and incubated for 24 h in 5%CO2. The cells were then harvested and
seeded in fresh medium containing 100 gg/ml hygromycin B at either
a 1:20 or a 1:40 dilution and incubated at 37°C in 5%CO2 until the
colonies developed ( - 2 wk). Ten colonies were transferred to individ-
ual plates and maintained under hygromycin selection. Cell lysates
prepared in buffer containing 1% Triton X-100 were then tested for
FBP expression by radioimmunoassay (20).

Southern blotting of transfected and wild-type 3T3 cells. Chromo-
somal DNAfrom the cultured cells ( 15 x 106 cells) was prepared by
a standard method of phenol/chloroform extraction and ethanol pre-
cipitation ( 19). The DNA( l Oug) was digested with Nco I, which is the
linker restriction site for the insertion of the FBPcDNAinto the trans-
fection construct site in pCAR 17, and then subjected to electrophore-
sis in 1% agarose and Southern blotting (21 ) using the FBP cDNAas
the probe.

Cell culture. Normal, folate-replete (FR) KB cells, and wild-type
and transfected 3T3 cells were maintained as adherent cell monolayers
in DMEwhich contained 2.26 MMfolate, as previously described (5).
These cells were made folate deficient (FD) by culturing in DMEcon-
taining 1 nM folate. Both FR and FD media were supplemented with
10% FCS, 2 mML-glutamine, penicillin ( 100 U/ml), and streptomy-
cin (100Mgg/ml).

Measurement of the folate binding capacity (FBC) and total FBP.
The cultured cells were released from the monolayer by incubation
with 0.25% trypsin at 37°C for 2 min, washed three times in HBSSat
4°C and solubilized in 0.01 MK phosphate/ 1%Triton X- 100, pH 7.4.
The unsaturated FBC of the solubilized cells was determined by the
binding of [ 3H ] folic acid using dextran-coated charcoal to remove un-
bound ligand as previously described (5). The total FBC was deter-
mined in a similar manner after removal of endogenous folate by dialy-
sis of the solubilized cells against 0.01 Macetic acid/ 1%Triton X-100
for 4 h followed by dialysis against 0.01 MKPhosphate, pH 7.4 for 4 h.
The total FBP (apo and holo forms) in these fractions was determined
by noncompetitive radioimmunoassay (20).

PI-PLC treatment of intact cells. The media from the FD KB and
the FD 3T3 monolayers were removed, the cell monolayers were then
washed three times with HBSSand 1 ml of FDDMEcontaining 2 mM
glutamine, 10%dialyzed FCS, and PI-PLC (3 U/ml) was added. Con-
trol monolayer cells were treated similarly with the exception that no
PI-PLC was added to the incubation medium. After a 6 h incubation at
37°C, the medium was removed and the monolayers washed three
times with HBSS. The cells were then released from the monolayer by
incubation with 0.25% trypsin at 37°C for 2 min, washed three times
with HBSSat 4°C, and suspended in 1 ml of HBSS. Under these condi-
tions, cell viability by trypan blue exclusion was> 90%. The FBCof the
intact cells was determined by incubating increasing aliquots of the
cells with 2.26 pmol of [3H ] folate for 15 min at 4°C. Unbound [3H]-
folate was removed by washing the cells with HBSSat 4°C on glass fiber
filters and the bound radioactivity retained by the filters was deter-
mined by liquid scintillation counting.
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Figure 1. The vector derived
from pYZ28 containing the
cDNA for KB cell FBP used
for the stable transfection of
3T3 cells. Hatched box: Se-
quence derived from pYZ28
between Stu I and SmaI sites.
Open box: FBPcDNA. Solid
boxes: Junction regions ac-
quired in cloning. Abbrevia-
tions: Apr; ampicillin resis-
tance gene; pSV40; SV 40
promoter. [ ]: these sites
were destroyed in cloning the
cDNA into this vector. The
inset shows the origin of the
nucleotide sequences that
comprise the final vector:
pYZ28 is the parent plasmid
and contains the SV40 pro-
moter and the bacteriophage
T7 sequences ( 17, 18); the
synthetic sequence contains
the Nco I restriction site and
the Kozak consensus se-
quence; pUC 18 is the de-
rived plasmid into which the
truncated FBP cDNAwas
cloned.

Growth of cells in low folate medium. Monolayer cultures of wild-
type 3T3, 3T3 cells transfected with the vector containing the CAT
gene (control transfectants), 3T3 cells transfected with the cDNA for
the GPI-anchored membrane FBP of KB cells, and KB cells were

seeded in 25-cm2 flasks in FRmedium at a concentration of 100 x I03
cells per flask. After the cells had adhered to the monolayer, the me-

dium was replaced with either FR or FD medium and this was called
day 0. The medium was changed every 3 d and the cell monolayers
were reseeded at 100 x I0' cells per flask once weekly, when the mono-

layers approached confluence. Cell counts were determined every 2-3
d using the following protocol: cell monolayers were rinsed with HBSS
three times, 1 ml of 0.25% trypsin was added to the flask which was

incubated at 37°C for 3-5 min. When the monolayers were released
from the flask, the action of the trypsin was stopped by dilution with 10

ml of ice-cold PBS, pH 7.4. The cells were then pelleted by centrifuga-
tion at 500 g for 5 min and resuspended in 2 ml of PBSat 4°C. The cell
count was determined using a hemacytometer, and the cells were then
pelleted at 2,000 gfor 10 min. The PBSwas removed and the cell pellet
was prepared for the determination of intracellular folate concentra-
tion.

Measurement of intracellularfolate concentration. Cell pellets were

suspended in Ringer solution containing 0.05 M borate and 0.2%
ascorbic acid, pH 8.0, and saved at -35°C. On the day of the folate

assay, an aliquot of the cell suspension was removed for the determina-
tion of protein concentration and the remainder of the preparation was

boiled for 10 min, the insoluble debris was pelleted by centrifugation at
12,000 g for 5 min and the supernatant was assayed for folate using the
sequential noncompetitive radioassay described by Rothenberg et al.
(22). The standard for the dose-response curve was (6S)-N5-methyl
THF. Oxidized and reduced folate monoglutamates and polygluta-
mates react similarly in this noncompetitive assay system except for
N5-formyl THF, the intracellular concentration of which is very

low (23).
The total cellular protein concentration was measured by bicin-

choninic acid protein assay reagent as described by the manufacturer.
Purification of the membrane FBPfrom transfected 3T3 cells. The

membrane FBP was purified from cells cultured in FDmedium using
an epoxy-activated Sepharose 6B matrix coupled to folate (24), as

previously described (5, 25).
[35S] methionine labeling of KB cells and transfected 3T3 cells. KB

cells and 3T3 cells transfected with the FBP cDNA, which had been
cultured in FR medium, were metabolically labeled with [35S]-
methionine, as previously described for KB cells (26). Briefly, before
labeling, the medium was removed, cell monolayers were washed three
times with sterile HBSSand starved for 30 min in methionine-free
DMEsupplemented with 2 mMglutamine and 10% dialyzed FCS. The
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cells were then pulse-labeled for 60 min in the same medium contain-
ing 0.1 mCi of [35S]methionine. At the end of the pulse period, the
medium was removed, the cell monolayers were washed three times
with sterile HBSS, and chased for varying time periods from 0 to 5 h in
DMEsupplemented with 10%FCS, 2 mMglutamine, and 5 mMmethi-
onine. At the end of the chase period, the medium was removed, the
cell monolayers were washed three times with HBSSat 4°C, solubilized
immediately in 0.05 MTris-HCl, pH 8.5/1% Triton X-100/5 mM
EDTA/0. 15 MNaCl containing aprotinin (200 U/ml) and centri-
fuged at 30,000 g for 30 min at 4°C.

Immunoprecipitation of the [3 SI methionine- labeled FBPs. The
radio-labeled FBPs were isolated by binding to an immune serum-Pro-
tein A-Trisacryl complex, as previously described (26). Briefly, the
sample was first incubated with 50 Ml of Protein A-Trisacryl for 2 h at
4°C. The supernate of this mixture was then incubated sequentially
with preimmune rabbit serum-Protein A-Trisacryl at 4°C for 16 h and
immune serum-Protein A Trisacryl at 4°C for 16 h. The preimmune
and immune serum-Protein A complexes were prepared by incubating
10 Ml of the preimmune or immune serum, respectively, with 50 M1 of
Protein A-Trisacryl ( 1:2 dilution) in 90 ,l of 0.01 MTris-HCl/0. 15 M
NaCl, pH 7.5, for 2 h at 4°C. The matrix was then washed three times
with 0.01 MTris-HCl/0.15 MNaCl, pH 7.5.

After centrifugation at 1,000 g, the supernate was removed and the
Protein A pellet was washed four times with 0.01 MKPO4/0.15 M
NaCl/ 1%Triton X-100/0.5% sodium deoxycholate/0.005% SDS, pH
7.5 and once with 0.01 MTris-HCl/ 0.15 MNaCl, pH 7.5. The im-
mune complex was then dissociated from the Protein A-Trisacryl by
boiling for 5 min in 100 AlI of 0.08 MTris-HCl, pH 7.0/0.017 M
EDTA/0.017 Mdithiothreitol/3.3% SDS/ 15% glycerol. The matrix
was pelleted and the supernate was subjected to SDS-electrophoresis by
the method of Laemmli (27) on a 10% or 12%polyacrylamide slab gel,
1.5 mmin thickness. The gel was fixed, treated with Enhance or Auto-
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Figure 2. The autoradiograph of the Southern blot of chromosomal
DNAprepared from wild-type 3T3 cells and digested with Nco I (lane
1), and 3T3 cells transfected with the FBP cDNAand cultured in
FR (lane 2) and FD medium (lane 3). Large arrowhead: The pre-
dicted 850 bp FBPcDNA insert. Small arrows: Restriction fragments
of the vector which hybridized with some pUC 18 plasmid fragments.
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Figure 3. The FBP measured by radioimmunoassay of wild-type 3T3
cells (1), 3T3 cells transfected with the FBPcDNAand cultured in
FR (2) and FD (3) media and KB cells cultured in FR (4) and FD
(5) media.

fluor, dried on a slab gel dryer (model SE 1160, Hoefer Scientific In-
struments, San Francisco, CA) and developed at -80°C using Cronex
7 film (Dupont Co., Wilmington, DE).

Results

Southern blotting oftransfected and wild-type 3T3 cells chromo-
somal DNA. Fig. 2 shows the autoradiograph of the Southern
blot of the chromosomal DNAprepared from wild-type 3T3
cells (lane 1) and 3T3 cells transfected with the FBP cDNA
grown in FR (lane 2) or FD medium (lane 3), and digested
with the restriction enzyme, Nco I. The predicted 850-bp FBP
cDNA insert (large arrowhead) in the transfection construct
can be identified in the chromosomal DNAfrom cells trans-
fected with this vector (lanes 2 and 3) and not in the wild-type
3T3 cells (lane 1). The additional bands observed in the trans-
fected cells (small arrows, lanes 2 and 3) and absent in the
wild-type 3T3 DNAare restriction fragments of the vector
which hybridized with some pUC 18 plasmid fragments which
co-purified with the FBP cDNAwhich was used as the probe.
Only one band (4.3 kb) is observed in the genomic DNAfrom
wild-type 3T3 cells digested with Nco I, which is the murine
gene for the FBP and which has been observed in genomic
DNAprepared from mouse liver (unpublished observations).

Total FBPand FBCof transfected 3T3 cells, wild-type 3T3
cells and KBcells. The total immunoreactive FBPof the solubi-
lized, transfected 3T3 cells was similar to the total FBP of nor-
mal, FR KB cells, 1 and 1.4 ng/Mg Triton solubilized protein,
respectively (Fig. 3, columns 2 and 4). The total FBP of the
transfected 3T3 cells did not increase when these cells were
cultured in FD medium for 4 mo (column 3) (1.36 ng/,ug
Triton solubilized protein). In contrast, the total FBP of KB
cells did increase when these cells were cultured in FDmedium
(column 5) (6 ng/Ag Triton solubilized protein) and this has
been previously reported by our laboratory and others (3-5).
Wild-type 3T3 cells contained no immunoreactive FBP (col-
umn 1).

The total FBCof solubilized, transfected 3T3 cells cultured
in FR medium and then dialyzed at pH 3.5 to remove endoge-
nous folates, and transfected 3T3 cells cultured in FDmedium
was 0.015 and 0.01 1 pmol [ 3H ] folate bound/,ug Triton solubi-
lized protein, respectively, indicating that the immunoreactive
FBP was functional, i.e., it bound folate. In contrast, wild-type
3T3 cells similarly prepared did not bind [ 3H ] folate.
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Figure 4. The FBCof intact 3T3 cells transfected with the FBPcDNA
(open columns) and KB cells (hatched columns) before (C) and after
treatment with PI-PLC (P).

FBC and PI-PLC treatment of intact cells. The FBC of
intact 3T3 cells transfected with the FBP (Fig. 4) was 7.7
pmol [ 3H] folate/ 106 cells (C, open column). In contrast, wild-
type 3T3 cells did not bind [3H] folate. The FBCof intact KB
cells was 16.7 pmol [3H] folate/ 106 cells (C, hatched column).
After treatment of intact transfected 3T3 cells and wild-type
KB cells with PI-PLC, the FBCof these cells was reduced 90%,
to 0.68 and 1.3 pmol [3HJ]folate/106 cells, respectively (P,
open and hatched columns). Thus, the FBP in transfected 3T3
cells was not only functional but was localized to the plasma
membrane and susceptible to cleavage by PI-PLC, a property
of GPI-linked proteins (28).

Growth of transfected 3T3 cells in lowfolate medium. Fig. 5
shows the doubling times of wild-type 3T3 cells, 3T3 cells
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transfected with the control CAT gene, 3T3 cells transfected
with the FBPcDNA, and wild-type KBcells. In each panel, the
growth of cells was determined in both FR and FD media. At
13 d of culture in FD medium, both wild-type 3T3 cells and
3T3 cells transfected with the control CATgene had a marked
increase in doubling time. In contrast, both the 3T3 cells trans-
fected with the FBPcDNAand the wild-type KB cells contin-
ued to grow in FDmedium with no significant change in their
doubling time even after 35 d of culture in FD medium. Al-
though the doubling time was calculated for a period of 35 d,
we have continued to observe a pattern of cell growth of the
transfected 3T3 cells which is similar in FR and FD medium.
Thus, the expression of the membrane FBP of KB cells in the
transfected 3T3 cells is associated with the ability of these cells
to survive when cultured in low folate medium.

The concentration of total folate in these cells is shown in
Table I. In cells cultured in FD medium, the level of folate in
wild-type and CAT transfected 3T3 cells was significantly
lower (< 0.05 pmol/mg total cell protein for both) than the
levels of folate in the FBP transfected 3T3 cells and KB cells
(3.0 and 4.1 pmol/mg total cell protein, respectively).

Purification of the membrane FBPfrom transfected 3T3
cells. The purified membrane FBP of transfected 3T3 cells has
an apparent M, of 35,000 kD by SDS-PAGE(data not shown),
which is smaller than the apparent Mr of 38,000 kD for the
purified membrane FBP of KB cells (26). To investigate the
reason for this discrepancy, transfected 3T3 cells and KB cells
were metabolically labelled with [35S]methionine and the ra-
diolabeled FBPs were immunoprecipitated and analyzed by
SDS-PAGEand autoradiography and the results are shown in
Fig. 6.

TRANSFECTANTS

Figure 5. The doubling times of 3T3
cells transfected with the cDNA for the
FBP (hFBP transfectants), wild-type
3T3 cells, KB cells and 3T3 cells trans-

2I 30 'I o fected with the CATgene (control
transfectants) and cultured in FR and
FD media. o FR; *, FD.
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Table L Total Cellular Folate of 3T3 and KB Cells*

Total cell folate

pmol/mg total cell protein

Wild-type 3T3
FR
FD

Cat transfected 3T3 cells
FR
FD

FBP transfected 3T3 cells
FR
FD

Wild-type KB cells
FR
FD

5.9
<0.05

5.5
<0.05

35 kD_ a
32 kD I*-

19.0
3.0

37.1
4.1

* Folate levels were measured in boiled extracts of cells after 15 d of
culture in FR or FD medium.

At 0 h of chase, a 32-kD radiolabeled band was seen in both
the 3T3 cells transfected with the FBPcDNA(lane 1) and the
KB cells (lane 5), indicating that the core-glycosylated FBP of
the FBP-transfected 3T3 cells has the same apparent Mr as the
corresponding species from KB cells. Over 5 h of chase, the
32-kD band disappeared in both cell lines and in the FBP-
transfected 3T3 cells was replaced by a single radiolabeled 35-
kD protein band (lanes 2 through 4). In the KB cell line, the
32-kD species was replaced by a broader 38-kD band (lane 6).
Thus, the difference in the apparent molecular weights of the
FBPs purified from the FBP transfected 3T3 cells and KB cells
is not due to a difference in the molecular weights of the pep-
tides but rather it is due to a difference in post-translational
processing, probably involving complex glycosylation (29).

Discussion

Weprovide evidence in this report for the stable transfection of
a murine 3T3 cell line with the cDNAfor a human FBPand the
expression of a functional and structurally similar protein to
the one expressed by KB cells from which the cDNA was
cloned (7, 14, 16). Wealso show that the FBPexpressed in the
transfected cells is: (a) localized to the plasma membrane; (b)
susceptible to PI-PLC cleavage and therefore, GPI-anchored in
the plasma membrane; (c) expressed at a level similar to the
level of the FBP in KB cells cultured in FR medium; and (d)
synthesized initially as a core-glycosylated species with an ap-
parent M, of 32 kD by SDS-PAGE, which is the same as the
core-glycosylated FBP in KB cells. However, the FBP ex-
pressed by the transfected 3T3 cells migrates as a slightly
smaller protein with an apparent M, of 35 kD compared to the
38 kD FBP of KB cells. Metabolic labeling of the cells with
[35S]methionine demonstrates that this difference is due to a
variation in the complex glycosylation of the two FBPs which
may reflect species differences in post-translational processing
capabilities between mouse and human cells but which does
not affect the ligand binding function, GPI-linking, or translo-
cation of the protein to the plasma membrane.

Reduced folate cofactors are essential for the biosynthesis
of purines, methylation of deoxyuridine monophosphate to

1 2 3 4 5 6

Figure 6. The autoradiograph of the SDS-PAGEof the immunopre-
cipitates obtained from 3T3 cells transfected with the FBP cDNA
and KB cells after pulse-chase with [35S]methionine and excess cold
methionine. Lanes 1-4-3T3 cells transfected with the FBP: 0 h of
chase (lane 1); 1 h (lane 2); 3 h (lane 3); 5 h (lane 4). Lanes 5 and
6-KB cells: 0 h of chase (lane 5); 5 h (lane 6). The bands at the
asterisk (*) in lanes 5 and 6 are nonspecific protein bands which are
also seen in samples precipitated with normal rabbit serum (data not
shown). The indicated molecular mass of the proteins was deter-
mined by measuring the distance from the point of origin to the
center of the autoradiographic band.

deoxythymidine monophosphate, the methylation of homo-
cysteine to form methionine, glycine-serine interconversion,
and the metabolism of histidine (30). These folate-dependent
pathways are necessary for cell replication and viability and
cultured cell lines die if the medium contains insufficient fo-
late. The exceptions to this observation are KB (3-5) and
MA104 cells (23) which express membrane FBPs. In addition,
it has been possible to isolate sublines of certain cell lines, like
L1 210 (8-10) and CCRF-CEMleukemia cells ( 11 ) by slow
adaptation to growth in low folate medium. Initially, these cell
lines have decreased growth rates and gradually adapt with
growth similar to the parental cell line. Concomitant with this
adaptation, the cells express a membrane FBPand this has led
to the conclusion that the two events have a cause-and-effect
relationship. However, because the intracellular concentration
of folate in KB cells cultured under low folate conditions (1
nM) is only 10% of the cellular folate of cells grown in FR
medium, it is evident that expression of the FBP has a limited
capacity to raise the intracellular folate when the extracellular
folate concentration is low. This observation raises two possibil-
ities. First, that the conditioning of cells to a low folate environ-
ment may involve more than one adaptation, i.e., expression of
the membrane FBPwith augmentation of salvage pathways to
maintain the pool of nucleotides, or altered properties of the
folate cofactor-dependent enzymes (i.e., lower Km or higher
Vmax). Second, that the intracellular concentration of folate
which is achieved by the expression of the FBP, although re-
duced, is sufficient to maintain intracellular folate metabolism
for normal cell growth.

The results of these studies support the second hypothesis
since the mouse 3T3 cells transfected with the KB cell cDNA
for the GPI-linked FBP survive in low folate medium without
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the slow conditioning to such an environment required of
other cultured cell lines (8-1 1 ). This is evidence that the two
phenomena, expression of the GPI-linked FBPand survival in
low folate medium, are cause-and-effect related.

It is of interest that although the expression of the GPI-
linked FBP in KB cells increases when these cells are cultured
in low folate medium (3-5), no similar increase is observed in
the transfected 3T3 cells. Two factors mayexplain this observa-
tion. First, since the incorporation of the transfected vector
into the host genome is a random process, the location of the
cDNAmay not be in a favorable cis orientation to a regulatory
element responsive to the low folate environment. Second, the
transfected 3T3 cells may not augment expression of the FBP
because of the lack of trans-active factors or other adaptations
that can enhance the rate of transcription. KB cells and the
transfected and wild-type 3T3 cells could thus serve as interest-
ing models to study the regulation of the expression of this
human FBP at the molecular level under normal conditions
and during folate deprivation.

The concentration of cellular folate in the transfected 3T3
cells and KB cells cultured in low folate medium provides some
indication of the minimum folate level that is required to
maintain cell viability and replication. It is evident that the
intracellular folate concentration in the wild-type 3T3 cells cul-
tured in low folate medium rapidly falls below this essential
minimum level and is responsible for the cell death that fol-
lows. Similar observations have been made by Watkins and
Cooper (31) for K562 cells that were cultured in low folate
medium. This cell line, derived originally from chronic myelog-
enous leukemia cells (32) and capable of erythroid differentia-
tion, do not express a membrane-anchored FBP and the dou-
bling time of these cells increases as intracellular folate de-
creases.

Although it is evident that the membrane FBP mediates
folate transport and is of critical importance in the survival of
cells in low folate medium, how it functions in the transport of
the physiologic folate, 5-methyl THF, is unclear. In most cul-
tured cell lines, reduced folates enter the cell via a transmem-
brane channel (33) which is inhibited by probenicid and other
anions (33-35). Kamen and co-workers have postulated that
the GPI-linked membrane FBP is coupled to the reduced folate
transmembrane channel by demonstrating that after binding to
the GPI-linked FBP of MA104 cells, the movement of 5-
methyl THF into the cytosol is inhibited by probenicid (36).
Since the GPI anchor of the FBP results in increased mobility
of the protein in the plasma membrane (28), the FBP may
function by concentrating folate in close proximity to a re-
duced folate channel through which 5-methyl THFenters the
cytoplasm after it dissociates from the FBP. In support of this
hypothesis, clustering of the FBP in invaginations of the
plasma membrane called caveolae has been observed (37, 38).
However, Westerhofand co-workers concluded from their stud-
ies (39) that these two transport systems, the membrane FBP
and the reduced folate channel, transport reduced folates inde-
pendently in L1210-B73 cells, a variant of murine leukemia
L12 10 cells grown in low folate medium, because folate did not
inhibit the uptake of methotrexate which is internalized via the
reduced folate channel. It is unlikely that the GPI-linked FBP
transports folate through the cell membrane by providing a
transmembrane channel, since it is anchored in the outer leaf-
let of the plasma membrane by the GPI tail which places the
folate binding site at a distance from the cell surface.
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