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cultured KB cells have similar amino acid compositions and
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ABSTRACT A membrane-associated folate binding pro-
tein (FBP) and a soluble FBP, which is released into the culture
medium, have been purified from human KB cells using affinity
chromatography. By NaDodSO4/PAGE, both proteins have an
apparent Mr of -42,000. However, in the presence of Triton
X-100, the soluble FBP eluted from a Sephadex G-150 column
with an apparentMr of =40,000 (similar to NaDodSO4/PAGE)
but the membrane-associated FBP eluted with an apparent Mr
of -160,000, indicating that this species contains a hydropho-
bic domain that interacts with the detergent micelles. The
amino acid compositions of both forms of FBP were similar,
especially with respect to the apolar amino acids. In addition,
the 18 amino acids at the amino termini of both proteins were
identical. The membrane FBP, following delipidation with
chloroform/methanol, contained 7.1 mol of fatty acid per mol
of protein, of which 4.7 mol was amide-linked and 2.4 mol was
ester-linked. The soluble FBP contained only 0.05 mol of fatty
acid per mol of protein. These studies indicate that the
membrane FBP of KB cells contains covalently bound fatty
acids that may serve to anchor the protein in the cell mem-
brane.

Two forms of folate binding proteins (FBPs) are present in
mammalian tissues and biological fluids: soluble and mem-
brane-associated. Soluble FBPs have been identified in milk
(1, 2), serum (3), leukocytes (4), and spleen (5). Membrane-
associated (membrane) FBPs have been described in choroid
plexus (6), placenta (7), intestinal mucosa (8), renal cortex
(9), human milk (10), and several cultured human cell lines,
such as Molt, HeLa, and KB cells (11). KB cells, which are
derived from an epidermoid carcinoma, have an unusually
high level of membrane FBP (11, 12) and release a soluble
FBP into the medium in which they are cultured (13, 14). In
this report we describe the purification by affinity chroma-
tography of the soluble FBP, which is released into the
medium, and the integral membrane FBP of these cultured
KB cells. Although the purified membrane FBP had hydro-
phobic properties (i.e., it bound Triton X-100), it had the
same molecular weight by NaDodSO4/PAGE, similar amino
acid composition, and an identical 18 amino acid sequence at
the amino terminus as the purified soluble FBP, suggesting
that the hydrophobic property of the membrane protein may
be due to a component other than a hydrophobic sequence of
amino acids. Fatty acid analysis of the FBPs showed that the
membrane FBP contains 150-fold more covalently bound
fatty acids than the soluble FBP and this may account for its
hydrophobic property.

MATERIALS AND METHODS
[3H]Pteroylglutamic acid (PteGlu) (37-40 Ci/mmol; 1 Ci = 37
GBq) was obtained from Amersham Searle; PteGlu, phenyl-
methylsulfonyl fluoride, and Norit-A charcoal were pur-
chased from Sigma. Ultrapure Triton X-100 was purchased
from International Biotechnologies (New Haven, CT). Di-
thiothreitol was purchased from Calbiochem-Behring.
Hydroxylamine hydrochloride was obtained from Aldrich.
RPMI 1640 medium, L-glutamine, penicillin, streptomycin,
Fungizone, and minimal essential medium (MEM) prepared
without folic acid were purchased from GIBCO. Fetal calf
serum was purchased from HyClone (Logan, UT). Trasylol
was obtained from Mobay Chemical (New York). Complete
scintillation cocktail (3a70) was purchased from Research
Projects International (Mt. Prospect, IL). Extracti-Gel D and
bicinchoninic acid (BCA) protein assay reagent were pur-
chased from Pierce. All other chemicals used were of reagent
grade. NaDodSO4, low molecular weight standards for
NaDodSO4/PAGE, Bio-Rad silver-staining kit, and Bio-Rad
protein assay were obtained from Bio-Rad. The KB cell line,
derived from an epidermoid carcinoma, was purchased from
the American Type Culture Collection.

Cell Culture. Normal, folate-replete KB cells were main-
tained as adherent cell monolayers in RPMI 1640 medium
that contained 2.26 ,tM PteGlu (N medium). For the purifi-
cation of the FBP from the culture medium, KB cells were
grown in folate-deficient MEM to which was added 9 pmol of
PteGlu per liter (D medium). For the purification of the FBP
from the KB cell membrane, KB cells grown in both N and
D media were used. All cultures were supplemented with
10% fetal calf serum, 2 mM L-glutamine, penicillin (100
units/ml), streptomycin (100 ,g/ml), and Fungizone (1
Ag/ml).

Preparation of Samples for Purification. KB cell membrane.
The Triton X-100-solubilized membrane was prepared as
described (15). Samples prepared from cells grown in N
medium were dialyzed overnight against 0.01 M acetic acid
containing 1% Triton X-100 to remove endogenous folates
and then neutralized by dialysis against 0.01 M KPO4 (pH 7.5)
containing 1% Triton X-100 for 8 hr. The Triton X-100-
solubilized membranes from cells grown in N and D media
were then pooled and the folate binding capacity (FBC) was
determined as described (15).

Culture medium. Every 72 hr, the D medium in which KB
cells had been cultured was changed. The spent medium was
pooled and centrifuged at 40,000 x g for 1 hr to remove
particulate material, and the FBC was determined.

Abbreviations: FBP, folate binding protein; PteGlu, pteroylglutamic
acid; FBC, folate binding capacity; BCA, bicinchoninic acid.
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Purification of FBPs. The FBP in the culture medium was
purified as follows. Thirty-nine hundred milliliters of medium
was centrifuged at 40,000 x g for 1 hr and the supernate was
applied to a 20-ml column of epoxy-activated Sepharose 6B
coupled to PteGlu using hexane diamine as the linker (E.
Sadasivan, unpublished). The column was washed and eluted
as described (15). The first 10 fractions, which contained the
FBP, were pooled and concentrated using a Diaflo ultrafil-
tration membrane (10,000 Mr cutoff) (Amicon). The FBP of
the Triton X-100-solubilized membranes was similarly puri-
fied except that all solutions contained 1% Triton X-100. The
mol of [3H]PteGlu bound per mol of protein, which was
measured by the Bio-Rad protein assay for the medium FBP
and the BCA detergent-compatible protein assay (16) for the
membrane FBP, were 1.0 and 0.9, respectively.

Gel Filtration Chromatography. An aliquot of the purified
membrane FBP was saturated with [3H]PteGlu and eluted
through a Sephadex G-150 column (2.6 cm x 70 cm) previ-
ously equilibrated with 0.01 M KPO4/0.15 M NaCl containing
1% Triton X-100 at a flow rate of 10 ml/hr. All samples were
applied to the column in a total volume of 2 ml containing
0.1% ovalbumin and 2-ml fractions were collected.
The purified membrane FBP was then treated with hy-

droxylamine hydrochloride. An aliquot ofthe purified protein
(0.64 gg) in 0.01 M KPO4 (pH 7.4) containing 1% Triton X-100
was added to an equal volume of 2 M hydroxylamine
hydrochloride containing 1% Triton X-100 at pH 9.8 and
incubated for 90 min at 220C. The sample was then saturated
with [3H]PteGlu and eluted through Sephadex G-150 in the
presence of 1% Triton X-100.
NaDodSO4/PAGE. The purified FBPs were subjected to

NaDodSO4/PAGE by the method of Laemmli (17) on a 15%
polyacrylamide slab gel, 1.5-mm thick. Standards and sam-
ples were prepared for electrophoresis by adding an equal
volume of 0.0625 M Tris HCl buffer (pH 6.8) containing 15%
glycerol (vol/vol), 100 mM dithiothreitol, 0.002% bromophe-
nol blue, and 20% NaDodSO4 and then heating this mixture
for 5 min in a boiling water bath. Following electrophoresis,
the gels were stained using the Bio-Rad silver-staining kit.

Covalently Bound Fatty Acid Analysis. The Iyophilized
sample (76 ,ug) was dissolved in 2 ml of acidified (with acetic
acid to pH 4.0) 0.15 M NaCI and vigorously agitated by
spinning in a Vortex with equal volumes of chloroform/
methanol, 2:1 (vol/vol). The mixtures were centrifuged at
2000 rpm for 5 min and the lipids contained in the lower
organic phase were aspirated. The procedure was repeated
two more times, and the delipidated protein material con-
tained in the aqueous phase was dialyzed, Iyophilized, and
subjected to analysis of covalently bound fatty acids. For the
analysis of ester-bound fatty acids, the delipidated sample
was incubated for 30 min at 37°C with 0.3 M methanolic KOH
(18). Acid methanolysis in 1.0 M methanolic HCI at 80°C for
24 hr was used to release the amide- and ester-bound fatty
acids (18). The released fatty acid methyl esters were recov-
ered from the reaction mixtures by three consecutive extrac-
tions with hexane and analyzed by gas/liquid chromatogra-
phy using nonadecanoic acid as the internal standard. The
content of amide-bound fatty acids was estimated from the
difference between the total and ester-bound fatty acids.
Gas/liquid chromatography was performed with a Perkin-
Elmer 8310 instrument equipped with glass columns (180 x
0.2 cm) packed with 3% SE-30 on Gas-Chrom Q, programed
at 4°C/min from 160°C to 250°C.
Amino Acid Analysis. The Triton X-100 was removed from

the purified membrane FBP by two passages through a 1-ml
column of Extracti-Gel D. The total recovery of the protein
following the second elution was 35% of the original binding
capacity. Samples of the detritonized membrane FBP and the
soluble FBP of the culture medium were hydrolyzed in 6 M
HCO containing 4% thioglycolic acid for 24 hr at 110HC and

individual amino acids were detected fluorometrically after
coupling with fluorescamine (19).
Amino-Terminal Sequence Determination. The procedure

used to remove Triton X-100 from the samples for microse-
quencing was as follows. A Centricon tube (Amicon) (10,000
Mr cutoff) was rinsed with 0.1% NaDodSO4. The protein
pellet was dissolved in 2 ml of 0.1% NaDodSO4 and brought
down to 0.2 ml by centrifugation. The volume was brought to
2 ml by addition of 1.8 ml of 0.1% NaDodSO4 and recentri-
fuged in the same Centricon filter. This procedure was
repeated an additional three times. An aliquot of the final
0.2-ml sample was applied to the sequencer. Phenylthiohy-
dantoin-amino acids were determined on an Applied Biosys-
tems model 120A analyzer (20).

RESULTS
The silver stain of the NaDodSO4/PAGE of the FBPs eluted
from the affinity matrix is shown in Fig. 1. The apparent
molecular weights of the FBP from the medium (lane 1) and
from the membrane (lane 2) were essentially the same (Mr
-42,000), whether the sample was prepared in the presence
or the absence of reducing agents (data not shown).
The apparent Mr of the FBP purified from the culture

medium and subjected to gel filtration through Sephadex
G-150 with buffer containing Triton X-100 was -40,000, quite
similar to the value obtained by NaDodSO4/PAGE (Fig. 2).
In contrast, the FBP purified from the membrane and
similarly chromatographed through Sephadex G-150 with
buffer containing Triton X-100 had an apparent Mr of
-160,000. A minor component of this preparation eluted with
an apparent Mr of -40,000. Both of these FBPs have been
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FIG. 1. NaDodSO4/PAGE of the purified preparations of FBP.
Lane 1, FBP purified from the culture medium (1.2 pg); lane 2, FBP
purified from the Triton X-100-solubilized membrane (1.3Bg); lane
3, marker proteins (shown as Mr x 10-). The gel was stained by
using the Bio-Rad silver-staining kit.
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Table 1. Amino acid compositions of purified FBPs
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FIG. 2. Gel filtration through Sephadex G-150 of the purified
FBPs saturated with [3H]PteGlu. In A and B, the column buffer was
0.01 M KPO4 (pH 7.5) containing 0.15 M NaCl and 1% Triton X-100
(vol/vol). The column was calibrated with blue dextran (DB), bovine
hemoglobin (Hb), cytochrome c (Cyto C), and [3H]PteGlu. (A)
Purified FBP from the Triton X-100-solubilized membrane. (B) FBP
purified from the medium in which KB cells had been cultured.

identified in the solubilized crude membrane preparation in
approximately the same proportion (15). Treatment of the
purified membrane FBP with 1 M hydroxylamine (pH 9.8) at
22°C did not alter its gel filtration profile in the presence of
Triton X-100 (data not shown).
The amino acid compositions of the two purified FBPs are

listed in Table 1. The percentage of nonpolar amino acid
residues ('-'30%) is similar for both soluble and membrane
FBPs.
The sequences of the 18 amino acids at the amino-terminal

end of both the soluble and the membrane FBP are identical
(Fig. 3).
The fatty acid contents of both FBPs are listed in Table 2.

The purified membrane FBP, after extraction with chloro-
form/methanol, contained 7.1 mol of fatty acid per mol of
protein and the purified soluble FBP ofthe medium contained
0.05 mol offatty acid per mol ofprotein. Ofthe total fatty acid
content of the r -mbrane FBP, 49.3% was palmitic acid and
48.3% was stearic acid. Of the total 7.1 mol of fatty acid per
mol of protein, 2.4 mol were ester bonds and 4.7 mol were
amide.

DISCUSSION
Two classes of FBPs-soluble and membrane-have been
identified in several human tissues, including placenta, milk,

Amino acid

Aspartic acid
Threonine
Serine
Glutamic acid
Proline
Glycine
Alanine*
Valine*
Methionine*
Isoleucine*
Leucine*
Tyrosine
Phenylalanine*
Histidine
Lysine
Arginine
Cysteine
Tryptophan

ND, not determined.

Membrane Soluble

13.0
4.9
8.5

14.6
ND
9.7
9.3
4.9
1.7
2.6
5.7
4.4
4.0
4.0
6.1
6.5
ND
ND

14.0
5.2
7.2

15.2
ND
6.0
9.6
5.6
2.1
2.6
5.2
4.4
4.4
4.4
7.2
6.8
ND
ND

*These hydrophobic amino acids represent -30% of the total amino
acids of both soluble and membrane FBPs from KB cells.

and cultured KB cells. The soluble and membrane FBPs of
milk (10) have apparent Mrs of 43,000 and 45,000 by NaDod-
S04/PAGE, although the apparent Mrs of these two proteins
by gel filtration in the presence ofTriton X-100 are 40,000 and
160,000, respectively. Antony et al. (10) have demonstrated
that the higher molecular weight ofthe membrane FBP on gel
filtration was due to the binding of Triton X-100 micelles and
these workers presumed this to be a consequence of an
interaction of the detergent with the hydrophobic amino acid
domain of the protein.
The results presented here for the FBPs of the KB cell are

similar to those reported for the FBPs of milk (10). On
NaDodSO4/PAGE, each purified protein has an apparent Mr
of 42,000, although, by gel filtration, the FBPs of the culture
medium and membrane have apparent Mrs of 40,000 and
160,000 respectively.
The similar molecular weights of these two purified FBPs,

one soluble and the other an integral membrane protein,
suggested to us, initially, that the hydrophobic portion of this
protein must be unusually small. However, since most
integral proteins are anchored by a transmembrane segment
of at least 20-30 hydrophobic residues (21), the difference in
molecular weight between the soluble and membrane forms
of FBP should have been at least 2000, a value detectable by
NaDodSO4/PAGE. In addition, the amino acid composition
of each purified protein was similar and the 18 amino acids at
the amino termini of the two proteins were identical.

In this study, we have been able to establish that the
membrane FBP contains covalently bound fatty acids (i.e.,
fatty acids not removed by treatment with chloroform/
methanol) and this domain on the protein could provide the
same property of micellar complexing with Triton X-100 as
occurs with a hydrophobic peptide sequence of an integral
membrane protein. Covalently bound fatty acids have been

Soluble FBP:
1 5 10 15 18
Ile-Ala-Trp-Als-Arg-Thr-0lu-Lou-Leu-Asn-Val-?-Met-Asn-Ala-Lys-His-His

Membrane-assoited FBP:
1 5 10 15 18
Ile-Ala-Trp-Ala-Arg-Thr-Olu-Leu-Leu-Asn-Val-?-Met-Asn-Ala-Lys-His-HIs

FIG. 3. Amino-terminal sequencing.
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Table 2. Fatty acid content

mol/mol of protein

FBP Total Ester Amide*

Membrane 7.10 2.40 4.70
Soluble 0.05

*The content of amide-bound fatty acids was estimated from the
difference between the total and ester-bound fatty acids.

identified in several viral glycoproteins (22, 23), a glycopro-
tein in the outer membrane of Escherichia coli (24), human
transferrin receptor (25), brain myelin proteolipoprotein (26),
and mucous glycoproteins of gastric and salivary gland
mucosa (27, 28). Per mol of protein, there are usually 1-6 mol
of fatty acid attached more commonly by means of an ester
linkage to serine or threonine and less commonly by means
of an amide linkage to lysine or arginine. The difference in
fatty acid content following acid methanolysis (which cleaves
ester and amide linkages) and alkaline methanolysis (which
cleaves ester linkages) established that there were 4.7 mol of
amide-linked and 2.4 mol of ester-linked fatty acid per mol of
protein (18). That the micellar aggregation of the membrane
FBP with Triton X-100 (which was demonstrated by gel
filtration) was still observed following mild treatment with
hydroxylamine (pH 9.8 at 220C) is consistent with the greater
fraction of amide-linked fatty acid since these bonds are not
cleaved by hydoxylamine under these conditions (29).
The report of Elwood et al. (30), that the membrane FBP

ofKB cells has a greater molecular weight (Mr -50,000) than
the soluble FBP (Mr =40,000) and contains a greater amount
of apolar amino acids, is at variance with our findings. Their
studies, however, did not include an analysis for fatty acid,
and the hydrophobicity of the membrane FBP, similarly
demonstrated by aggregation with Triton X-100, was pre-
sumed to be a property of the hydrophobic polypeptide
domain.
The role of covalently bound fatty acid to membrane

proteins is unclear. Schlesinger has suggested that the fatty
acid may help to direct or anchor proteins to the cell
membrane and that proteolipids in the cell membrane may
provide unique regions that facilitate transmembrane signal-
ing and membrane fusions that occur during endocytosis and
exocytosis (31).
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