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Molecular Cloning of the Complementary DNA for a Human Folate Binding Protein' (42804)

E. SADASIVAN? AND S. P. ROTHENBERG”

Division of Hematology and Oncology, Department of Medicine, State University Health Science and Brooklyn
Veterans Administration, Medical Centers, Brooklyn, New York

Abstract. The complementary DNA for a human folate binding protein has been cloned from
a Agtl1-cDNA library prepared from cultured KB cells. A number of clones were selected by
immunoscreening with a monospecific antiserum and by oligonucleotide probes corresponding
to the NH,-terminal sequence of the folate binding protein. A partial nucleotide sequence of the
cDNA was determined directly from the Agtl1 phage and after subcloning into M13. The 18
amino acids deduced from the initial 19 codons were exactly the same as the amino acid
sequence obtained by peptide analysis of the purified protein providing proof that this clone is
the folate binding protein cDNA. © 1988 Society for Experimental Biology and Medicine.

Procaryotic and eucaryotic cells express
proteins which bind folic acid and some re-
duced folate derivatives (1). These pro-
teins, generically named folate binding pro-
teins (FBP),* have been isolated from cell
membranes (2-5) and cytosol and secre-
tions (6-8).

The KB cells, a cultured cell line derived
from a human epidermoid carcinoma, have
provided an opportunity to study the struc-
tural and functional properties of the FBPs
because these cells express both a mem-
brane-associated hydrophobic and a hydro-
philic-secreted form of this protein (7). This
cell line, therefore, provides a good model to
characterize the functional-structural ele-
ments of this protein. Toward this end, we
have prepared a complementary DNA
(cDNA) library from KB cells from which we
isolated the FBP ¢cDNA by screening with an
antiserum to the FBP and an oligonucleotide
probe corresponding to an amino acid se-
quence of the protein (9). The exact concor-
dance of the deduced amino acid sequence of
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the cDNA corresponded exactly with the
amino acid sequence derived by peptide
analysis of the purified protein providing
proof that we have isolated the FBP cDNA
clone.

Materials and Methods. Construction of
the A\gt11 cDNA library. Total RNA was pre-
pared from cultured KB cells by the method
of Chirgwin et al. (10). The poly(A)" RNA
was isolated by chromatography twice
through the oligo(dt)-cellulose column. Syn-
thesis of the cDNA, the EcoRI methylation,
EcoRlI linker ligation, and the EcoRI diges-
tion followed the method of Okayama and
Berg (11) as modified by Gubler and Hoff-
man (12). After the linked cDNA was ligated
to the Agtll arms (13), it was packaged fol-
lowing the instructions provided with the
packaging kit from Stragagene (San Diego,
CA). Escherichia coli (strain 1090) was then
infected by the phage particles and cultured
on LB agar plates. The library had a titer of
3.9 X 10’ recombinant plaques/ml.

Screening of the cDNA library. The cDNA
library was screened for the FBP cDNA using
an oligonucleotide probe and for expression
of the FBP by immunostaining with an anti-
serum raised to the purified protein from KB
cells (7).

A mixture of oligonucleotides (18 mer)
corresponding to the 13 to 18 amino acids
(Met-Asn-Ala-Lys-His—-His) of the NH,-
terminal domain of the protein was synthe-
sized by Dr. William McAllister (Depart-
ment of Immunology and Microbiology,
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SUNY Health Science Center, Brooklyn,
NY).” The mixture of oligonucleotides (1 ug)
was end-labeled with [y-3?P]ATP and hy-
bridized in 6X SSC (sodium chloride, 0.15
M; sodium citrate, 0.015 A/) at 42°C to the
plaques transferred to the nitrocellulose
filters (14). The filters were washed several
times in 6X SSC at 42°C with a final wash for
5 min at 47°C in the same buffer. The filters
were air-dried and exposed for 16-72 hr to
Cronex 7 X-ray film at —70°C using an in-
tensifying screen. A total of six positive
cDNA clones were selected and plaque puri-
fied.

To determine which of these six clones
also expressed protein which cross-reacted
with the antiserum to the purified FBP, the
infected E. coli were plated in LB agarose at
the density of 200 plaques/plate at 42°C for
3.5 hr. The plates were then overlaid with
IPTG-treated cellulose nitrate filter paper
and incubated at 37°C for another 3.5 hr to
induce the synthesis of the fusion protein.
The filter was then treated sequentially with
a dilution of rabbit antiserum (0.015 Az,
units/ml) raised to the purified KB FBP and
which was purified by affinity chromatogra-
phy using protein-A coupled to Sepharose
(15). The filter was then processed for im-
munostaining with goat antiserum to rabbit
v-globulin conjugated to alkaline phospha-
tase and the chromogen developer, nitroblue
tetrazolium, and the substrate, 5-bromo-4-
chloro-3 indolyl-phosphate, using the Proto
Blot immuno-screening system instructions
provided by Promega (Madison, WI).

Four of the six clones selected by hybrid-
ization with the oligonucleotide probe also
expressed the immunoreactive protein. One
of the clones which expressed the fusion pro-
tein was subjected to DNA sequencing by the
dideoxy method of Sanger et al. (16).

DNA sequencing. The important first ob-
jective in determining the nucleotide se-
quence of the cDNA was to obtain proof that
it was the FBP ¢cDNA clone. This can be
definitively established by showing that the

*> The oligonucleotide probes were prepared using a
Biosearch 8600 automated DNA synthesizer using (-
cyanoethyl protected phosphoramidite chemistry. The
products were cleaved by base and purified after depro-
tection by reverse phase HPLC using a Beckman C-3
column.
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deduced amino acid sequence is the same as
the amino acid sequence determined by pep-
tide analysis of the protein.

We first sequenced the cDNA directly
from the insert in the Agt11 phage because of
the apparent convenience of this method.
The phages were purified from the bacterial
lysate using Lambda Sorb supplied by Pro-
mega (Madison, WI). The DNA was ex-
tracted from the phage as described by the
manufacturer and denautred by alkali and
then annealed to sequencing primers pur-
chased from New England Biolabs (Beverly,
MA) which were first end-labeled with
[**P]ATP. Approximately 2 ug of the alkali
denatured viral DNA was annealed to the
primers and the sequencing protocol fol-
lowed was provided by the manufacturer
(New England Biolabs). Each of the four se-
quencing reactions (3 ul) was loaded into a
6% polyacrylamide gel containing 8 A urea
and subjected to electrophoresis at 50 W
until the bromphenol blue tracking dye
reached the bottom of the gel. The gels were
then dried and exposed to Kodak XAR-2
film for 16-72 hr at —70°C.
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FIG. 1. Southern Blot of DNA from clones 1-6. The
purified DNA was digested with EcoRI and electropho-
resed in a 1.5% agarose gel. After denaturation with al-
kali, the DNA was transferred to Zeta Probe membranes
(Bio-Rad Laboratories, Richmond, CA) under condi-
tions provided by the manufacturer. The blot was then
hybridized in the 3?P end-labeled oligonucleotide mix-
ture as described under Methods and exposed to
Cronex-7 X-ray film for 5 min at room temperature.
Lanes 2-7: EcoRI digest of DNA from clone 6, 1, 2, 3, 4,
and 5, respectively. Lane 1: Undigested DNA from
clone 6.
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The cDNA was also sequenced using the
M13 subclone in order to clarify the initial
few nucleotides in the 5 terminus which
were unclear using the Agtll clone. The
cDNA was inserted into EcoRI restriction
sites of M 13 and sequenced using Sequenase
and the M13 universal primer (U.S. Bio-
chemicals Corp.).

Results. Figure 1 shows a Southern blot of
the EcoRI digest of the cDNA clones probed
with the 3?P-labeled oligonucleotide prepara-
tion. The digested DNA from clone 6 is
shown in lane 2 and the digests of clones 1-5
are shown in lanes 3 to 7, respectively. The
probe hybridized with a 1000-bp insert in
each of the DNA digests. The Southern blot
of DNA from clone 6, which was not di-
gested with EcoRlI, is shown in lane 1. In this
instance, the oligonucleotide probe hybrid-
ized with the high-molecular-weight phage
DNA which contains the insert sequence,
providing additional evidence for the speci-
ficity of hybridization to the cloned cDNA.
In addition, this clone was plated with IPTG,
and it expressed a fusion protein which
reacted with a rabbit antiserum raised to the
purified FBP from KB cells. The partial nu-
cleotide sequence of clone 5 is shown in
Table 1.

Table II shows the deduced amino acid
sequence of the cDNA clone and its homol-
ogy to the published NH,-terminal se-
quences of the KB FBP (9), the human milk
FBP (17), and the bovine milk FBP (18). The
first amino acid derived from the nucleotide
sequence is threonine (assigned position 4)
and this actually precedes the published
NH,-terminal end residue, isoleucine, for
both the KB and human milk FBPs. How-
ever, the arginine residue (following the thre-
onine) is identical to the published residue 5
of the bovine milk FBP (18). The amino
acids at assigned residues 24 and 25 in the
clone are lysine and glutamic acid, respec-
tively, which are identical to residues 19 and
20 of human milk FBP.

Discussion. In a previous preliminary re-
port® we demonstrated that the cDNA li-
brary prepared from KB cell messenger RNA
(mRNA) contained one clone which ex-

S Part of this work was presented at the 1987 National
Meeting of the Federation of American Societies for Ex-
perimental Biology.

TABLE L. PARTIAL NUCLEOTIDE SEQUENCE OF THE CODING REGION OF THE HUMAN FOLATE BINDING PROTEIN cDNA AND THE DEDUCED AMINO ACID SEQUENCE

Nucleotide

75

20 30 40 50 60 70

10

number

GAA TTC CGG ACA AGG ATT GCA TGG GCC AGG ACT GAG CTT CTC AAT GTC TGC ATG AAC GCC AAG CAC CAC AAG GAA

His His Lys Glu

Ala Trp Ala Arg Thr Glu Leu Leu Asn Val Cys Met Asn Ala Lys

Thr Arg Ile
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TABLE II. NH,-TERMINAL AMINO ACID SEQUENCES OF THE FBPS

1 2 3 4 5 6 7 8 9 10 11 12 13

1 — — Thr Arg Ile Ala Trp Ala Arg Thr Glu Leu
2 — — — — — Ile Ala Trp Ala Arg Thr Glu Leu
3 — — — — — Ile Ala Trp Ala Arg Thr Glu Leu
4 Ala Gln Ala Pro Arg Thr Pro Arg Ala Arg Thr Asp Leu

14 15 16 17 18 19 20 21 22 23 24 25
1 Leu Asn Val Cys Met Asn Ala Lys His His Lys Glu
2 Leu Asn Val Cys Met Asn Ala Lys His His — —
3 Leu Asn Val — Met Asn Ala Lys His His Lys Glu
4 Leu Asn Val Cys Met Asp Ala Lys His His Lys Ala

Note. Sequence 1 was deduced from the cDNA clone; sequence 2 is the published NH,-terminal sequence of
the KB FBP; sequence 3 is the published NH,-terminal sequence of the human milk FBP; sequence 4 is the pub-

lished NH,-terminal sequence of the bovine milk FBP.

pressed a cross-reacting peptide with the
FBP. We have now screened the same library
with oligonucleotide probes corresponding
to amino acids 13 to 18 of the amino ter-
minus of the protein and identified six clones
which contain very similar size cDNA inserts
of approximately 1000 bp and each insert
hybridized with the oligonucleotide screen-
ing probe by Southern blot analysis (Fig. 1).
It is not clear why the cDNA inserts of these
six clones were of such similar size. It is pos-
sible that this was an artifact of the amplica-
tion of the cDNA library and the clones con-
taining this 1000-bp insert grew more effi-
ciently and were then selected on a random
basis by the oligonucleotide probe in the
screening procedure (12). The similar size of
each insert may explain why four of the six
clones (rather than the expected two of six
clones) expressed an immunoreactive pro-
tein, in that the nucleotide sequence of the
reading frame of each cDNA clone was in
phase with the §-galactosidase reading frame
sequence. The nucleotide sequence of clone
5, in fact, shows that it is in phase with the
B-galactosidase reading frame. With proper
phasing between the §-galactosidase coding
region and the cDNA insert, the chance of
expressing a fusion protein is three of six
clones depending on the 50/50 chance that
the cDNA was inserted in the phage in the
proper orientation. The nucleotide sequence
of clone 4 (not shown), which did not express
an immunoreactive fusion protein, showed
that it was ligated into the 5’ end of the 3-ga-
lactosidase sequence by its poly(A) end.

The fact that the deduced amino acid se-
quence of the open reading frame of clone 6
corresponds exactly to the amino acid se-
quence of this amino terminal region of the
FBP proteins confirms that this clone con-
tains the FBP cDNA. Moreover, since the
cDNA was synthesized from the 3’ poly(A)
region of the mRNA in the 5’ direction, it is
likely to contain the full-length coding se-
quences of the FBP gene. The sequence
identity of the KB FBP with the human milk
FBP and the homology observed with the
FBP from boving milk provides additional
evidence that this clone contains the FBP
cDNA.

Although clone 6 contains the FBP cDNA,
it is lacking the methionine residue and the
leader peptide required for translocation and
processing the translated protein through the
endoplasmic reticulum (19). To characterize
this region of the FBP gene we are screening
other clones from the original library to find
larger cDNA inserts as well as a genomic li-
brary prepared from human fetal liver.

It should be noted that although isoleucine
is the initial NH,-terminal amino acid when
the purified FBP from KB cells was directly
sequenced (9), threonine is the initial amino
acid deduced from cDNA clone. Isoleucine is
also reported to be in the NH,-terminus of
the human milk folate finding protein by
Svendsen ef al. (17). Thus the KB and
human milk FBPs appear to be shorter by
five amino acid residues than thé#bovine
milk FBP. This finding could be explained in
two ways. Because arginine in the deduced
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position preceding isoleucine in the KB FBP
is in the analogous position to arginine in the
bovine milk FBP, it is possible that there are
actually four additional residues preceding
the isoleucine in the KB and human milk
FBP which were lost as a consequence of
proteolysis during the purification of the
proteins, as suggested by Svendsen et al. (17).
A second possibility is that the isoleucine is
the correct NH, terminus of the human
FBPs and the deduced threonine and argi-
nine residues in the KB FBP are part of the
signal peptide which is removed in the cellu-
lar processing of the protein. Additional
studies on the gene isolated from the geno-
mic library will clarify this question.

This is the first report of the molecular
cloning of the cDNA for a human FBP. A
recent study by Antony and co-workers (20),
which showed that antiserum to a human
FBP blocked folate uptake and impaired the
normal maturation of human erythroid colo-
nies, provides important evidence for the
role of this protein in the cellular uptake of
folate. The isolation of the cDNA for this
FBP will assist in establishing the sites of gly-
cosolation and acylation and the integration
of the hydrophobic domain(s) into the cell
membrane. This could help elucidate how
the protein facilitates the cellular uptake of
folate and should give us an opportunity to
clarify a number of questions about the bio-
logic properties of this protein.

1. Wagner C. Proteins Binding Pterins and Folates. In:
Blakeley RL, Whitehead VM, Eds. Folates and
Pterins. New York, Wiley, Vol 3:pp251-295, 1986.

2. Suleiman SA, Spector R. Purification and charac-
terization of a folate binding protein from porcine
choroid plexus. Arch Biochem Biophys 208:87-94,
1981.

3. Leslie GL, Rowe RB. Folate binding by the brush
border membrane proteins of small intestinal epi-
thelial cells. Biochemistry 11:1696-1703, 1972.

4. Selhub J, Rosenberg IH. Demonstration of high-af-
finity folate binding activity associated with the
brush border membranes of rat kidney. Proc Natl
Acad Sci USA 75:3090-3093, 1976.

5. Anthony AC, Utley CS, Van Horne KC, Kolhouse
JF. Isolation and characterization of a folate recep-
tor from human placenta. J Biol Chem 256:9684—
9692, 1981.

6. Sadasivan E, Rothenberg SP, da Costa M, Brink L.
Characterization of multiple forms of folate-binding
protein from human leukemia cells. Biochim
Biophys Acta 882:311-312, 1986.

CLONING OF THE c¢cDNA FOR A FBP

7. Luhrs C, Sadasivan E, da Costa M, Rothenberg, SP.
The isolation and properties of multiple forms of
folate binding protein in cultured KB cells. Arch
Biochem Biophys 250:94-105, 1986.

8. Sadasivan E, da Costa M, Rothenberg SP, Brink L.
Purification, properties, and immunological charac-
terization of folate-binding proteins from human
leukemia cells. Biochim Biophys Acta 925:36-47,
1987.

9. Luhrs CA, Pitiranggon P, da Costa M, Rothenberg
SP, Slomiany BL, Brink L, Tous GI, Stein S. Puri-
fied membrane and soluble folate binding proteins
from cultured KB cells have similar amino acid
compositions and molecular weights but differ in
fatty acid acylation. Proc Natl Acad Sci USA
84:6549, 1987.

10. Chirgwin JM, Przybyla AE, MacDonald RJ, Rutter
W1J. Isolation of biologically active ribonucleic acid
from sources enriched in ribonuclease. Biochemis-
try, 18:5294-5299, 1979.

11. Okayama H, Berg P. High efficiency cloning of full-
length cDNA. Mol Cell Biol 2:161-170, 1982.

12. Gubler U, Hoffman BJ. A simple and very efficient
method for generating cDNA libraries. Gene
25:263-269, 1983.

13. Young RA, Davis RW. Efficient isolation of genes
by using antibody probes. Proc Natl Acad Sci USA
80:1194-1198, 1983.

14. Benton WD, Davis R. Screening lambda gt recom-
binant clones by hybridization to single plaques in
situ. Science 196:180-182, 1977.

15. Kraus JP, Rosenberg LE. Purification of low-abun-
dance messenger RNAs from rat liver by polysome
immunoadsorption. Proc Natl Acad Sci USA
79:4015-4019, 1982.

16. Sanger F, Nicklen S, Coulson AR. DNA sequencing
with chain-terminating inhibitors. Proc Natl Sci
USA 74:5463-5467, 1977.

17. Svendsen I, Hansen SI, Holm J. Lyngbye J. Amino
acid sequence homology between human and bo-
vine low molecular weight folate binding protein
isolated from milk. Carlsberg Res Commun
47:371-376, 1982.

18. Svendsen I, Hansen SI, Holm J, Lyngbye J. The
complete amino acid sequence of the folate binding
protein from cow’s milk. Carlsberg Res Commun
49:123-131, 1984.

19. Gunther K. Transfer of proteins across membranes.
Annu Review of Biochem 50:317-348, 1981.

20. Antony AC, Bruno E, Briddell RA, Brandt JE,
Verma RS, Hoffman R. Effect of perturbation of
specific folate receptors during in vitro erythropoie-
sis. J Clin Invest 80:1618-1623, 1987.

Received May 25, 1988. P.S.E.B.M. 1988, Vol. 189.
Accepted July 15, 1988.



