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The folate receptor (FR) type o« may be distinguished
from FR-B by its higher affinity for the circulating folate
coenzyme, (6S)-5-methyltetrahydrofolate (5-CHjH,folate),
and its opposite stereospecificity for reduced folate coen-
zymes. Previous studies showed that a single leucine to
alanine substitution at position 49 of the mature protein
sequence is responsible for the functional divergence of
FR-B (Shen, F., Zheng, X., Wang, H., and Ratnam, M. (1997)
Biochemistry 36, 6157-6163); however, the results also indi-
cated that the minimum requirement for conversion of
FR-B to the functional equivalent of FR-«a should include
amino acid substitution(s) downstream of residue 92 in ad-
dition to mutation of L49A. To pinpoint those residues, chi-
meric FR-B; s/FR-a constructs including progressively
shorter segments of FR-a downstream of position 92 as well
as selected point mutants were studied. Simultaneous sub-
stitution of Leu-49, Phe-104, and Gly-166 in FR-$ with the
corresponding FR-a residues Ala, Val, and Glu, respec-
tively, reconstituted the ligand binding characteristics of
FR-a. The results also exclude a role for other residues in
FR-a in determining its functional divergence. A homology
model of FR-a based on the three-dimensional structure of
the chicken riboflavin-binding protein is used to show the
position of residues 49, 104, and 166 in relation to the hy-
drophobic cleft corresponding to the riboflavin-binding
pocket.

The cell surface receptor for folic acid (folate receptor, FR)!
has the ability to mediate physiologic folate uptake and to
transport novel antifolate drugs and folate conjugates (1-20).
The receptor is a current major focus as a tumor target for
multiple experimental approaches in cancer therapy. Several
studies have shown that FR, when expressed at high levels,
could offer the preferred uptake route of novel classes of anti-
folate drugs that target glycineamide ribonucleotide formyl-
transferase and thymidylate synthase (3—6). Taking advantage
of the non-destructive nature of FR-mediated internalization of
folate-coupled macromolecules (7, 8), cytotoxins such as mo-
mordin, pseudomonas exotoxin, and maytansinoids were
shown to produce selective killing in FR-rich cells (9-12). Fur-
thermore, the toxicity of such conjugates was dependent upon
receptor density on the cell surface (10). Folate-conjugated
radiopharmaceuticals also appear to offer a means of tumor
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imaging/radiation therapy (13-16). Folate-coated liposomes
were shown to selectively target FR-rich tumor cells (17) and
selective killing of the malignant cells was obtained by encap-
sulating doxorubicin in the liposomes (18). By a similar strat-
egy, it was possible to deliver antisense oligonucleotides
against the epidermal growth factor receptor to FR-rich tumor
cells (19). Furthermore, selective folate-mediated targeting of
an adenoviral vector to FR-rich tumor cells has been achieved
in the presence of an antibody to ablate the endogenous viral
tropism (20).

The mechanism of folate uptake via FR has been shown to
occur by an endocytic process (7-8, 21-25). The three known
isoforms of FR, types « (26, 27), B (28), and y/y' (29), bind folic
acid with a high affinity (K; < 1 nm) and a stoichiometry of 1:1
(30). The mature proteins are 68—79% identical in amino acid
sequence, ranging in length from 220 to 236 amino acids. The
proteins have either two (FR-B, FR-y) or three (FR-a) sites of
N-glycosylation which cumulatively contribute to their proper
protein folding and intracellular trafficking but are not re-
quired for folate binding (31). FR-a and FR-B are attached to
the cell surface by a glycosylphosphatidylinositol membrane
anchor (26, 32-34), whereas, FR-y and a truncated form of the
protein, FR-y' are constitutively secreted (35). The sites of
glycosylphosphatidylinositol modification in FRs-a and -8 are
Ser?%® and Asn?!!, respectively (34).

FR isoforms are expressed in a tissue specific manner and
are selectively overexpressed in certain malignant tissues.
FR-a is specific for particular epithelial cells and is vastly
up-regulated in ovarian and uterine carcinomas (36-39). FR-3
is not expressed at significant levels in most normal tissues
with the known exceptions of placenta, spleen, thymus, and
neutrophils (39, 40). Overexpression of FR-B was observed in
some malignancies of non-epithelial origin including myeloid
leukemia (29, 40). FR-y and FR-vy' are specific for hematopoi-
etic tissues, particularly lymphoid cells (35).

FR-a and FR-B from both human (41) and murine (42)
sources have opposite stereospecificities for the reduced coen-
zyme forms of folate, 5-methyltetrahydrofolate (5-CH3H,folate)
(Fig. 1) and 5-formyltetrahydrofolate (5-CHOH ,folate). In con-
trast to FR-a, FR-B preferentially binds to the unphysiologic
(6R)-diastereoisomers of these compounds relative to their
physiologic (6S)-diastereoisomers. FR-B also exhibits a signifi-
cantly lower affinity relative to FR-a for the (6S)-diastereoiso-
mer of 5-CH;H,folate, the major circulating form of the vita-
min. In addition, FR-B has a lower affinity for a variety of
antifolate compounds compared with FR-« (41).

The tissue specificity of FR isoforms and their elevation in
malignant tissues may be an important factor in selective tar-
geting of malignant cells via FR-mediated uptake of novel
antifolates and folate conjugates. It is therefore of significance
to understand the structural basis for the functional difference
between the membrane anchored FR isoforms. We have previ-

This paper is available on line at http://www.jbc.org
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Fic. 1. Structures of the (6S)- (fop) and (6R)- (bottom) diaste-
reoisomers of 5-methyltetrahydrofolate (N°-methyl-5,6,7,8-tet-
rahydropteroyl glutamic acid).

ously demonstrated a relatively unambiguous approach to
identify peptide segments or specific amino acid residues that
could account for the functional differences between FR-a and
FR-B (43). The approach takes advantage of the fact that FR-«
and FR-B are structurally homologous, and therefore chimeric
constructs of the two proteins may be expected to result in
functional proteins that could be characterized; by systematic
construction of a series of such chimeras in which progressively
shorter peptides of one protein are substituted in the other
protein, residues that are significant for a specific functional
difference may be mapped while simultaneously excluding a
role for other residues. In this manner we have previously
demonstrated that the functional divergence of FR-$ from FR-«
is due to Leu®® in FR-B (43); substitution of Ala*® in FR-a with
Leu conferred the ligand binding characteristics of FR-B. How-
ever, conversion of FR-B to the functional equivalent of FR-«
could only be accomplished when, in addition to the reciprocal
mutation of L49A, the sequence downstream of residue 92 in
FR-a was substituted in FR-B. Thus, the functional divergence
of FR-a from FR-B could possibly be accounted for by one or
more residues downstream of position 92 in addition to Ala*®.
The purpose of this study is to identify those residues in FR-a.

MATERIALS AND METHODS

Mutagenesis and Recombinant Plasmids—Chimeric constructs of
FR-a and FR-B were made by utilizing natural restriction sites or by
creating restriction sites by the polymerase chain reaction using Vent
DNA polymerase (New England Biolabs) and the ¢cDNAs for FR-«a or
FR-B as template. Oligonucleotides (Life Technologies, Inc.) were de-
signed in two different ways in order to construct the appropriate
recombinant proteins. In cases where no suitable restriction site was
found, complementary primers containing an appropriate restriction
site or point mutation were used in conjunction with upstream and
downstream primers containing restriction sites. Alternatively, muta-
genic oligonucleotides were used as end primers to amplify the desired
fragment. All of the synthetic oligonucleotides (Table I) were designed
to contain restriction sites or point mutations without undesirable
alterations of amino acid sequence. The polymerase chain reaction
products were first digested at both ends with the appropriate restric-
tion enzymes and subcloned into the plasmid pcDNA1 (Invitrogen)
containing the FR-B 4o, mutant cDNA. The recombinant plasmid was
amplified in Escherichia coli MC1061/p3 and purified using the Qiagen
plasmid kit (Qiagen). The entire ¢cDNA sequence was verified by
dideoxy sequencing using AmpliCycle Sequencing Kit (Perkin-Elmer).

Cell Culture and Transfection—Human 293 fibroblasts were main-
tained in Eagle’s minimal essential media (Irvine Scientific) supple-
mented with fetal bovine serum (10% v/v), penicillin (100 units/ml), and
streptomycin (100 pg/ml). The cells were transfected using either Lipo-
fectAMINE (Life Technologies, Inc.) according to the manufacturer’s
protocol or by the use of calcium phosphate (44). Transfection efficien-
cies were normalized to a co-transfected B-galactosidase standard and
found to be relatively uniform.

Preparation of Crude Plasma Membranes—Crude plasma mem-
branes were prepared essentially as described (41). Confluent cultures
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of transfected 293 cells were washed at 4 °C initially with PBS (10 mm
sodium phosphate, pH 7.5, 150 mm NaCl) followed by acid wash (10 mm
sodium acetate, pH 3.5, 150 mm NaCl) to remove endogenously bound
folate from cell surface receptors and a subsequent PBS wash. The cells
were scraped off the plates and suspended in lysis buffer (1 mm
NaHCO,, 2 mm CaCl,, 5 mm MgCl,, 1 mM phenylmethylsulfonyl fluo-
ride, pH 7.7), incubated at 4 °C for 30 min and then frozen at —70 °C.
The cells were then thawed and homogenized by 60 strokes in a glass
Dounce homogenizer. The homogenate was centrifuged at 1000 X g for
5 min to sediment nuclei and cell debris. The supernatant was then
centrifuged at 4000 X g for 45 min to sediment the membranes. The
membranes were washed in cold (4 °C) acid buffer by resuspending in
the buffer using a 1-ml syringe followed by sedimentation. After an
additional wash in PBS the membrane preparation was resuspended in
PBS containing 1 mM phenylmethylsulfonyl fluoride.

[PH]Folic Acid Binding Assay—[*H]Folic acid (Morevek, specific ra-
dioactivity 37 Ci/mmol, 2.5 pmol/assay tube) was mixed with a mem-
brane suspension in 0.5 ml of PBS and incubated for 60 min at room
temperature on a rotary shaker. The membranes were sedimented at
12,000 X g for 30 min at 4 °C and washed once with PBS. The mem-
branes were then dissolved in scintillation fluid (Eccoscint H, Fisher
Scientific) and the associated radioactivity counted in a Beckman
LS3801 liquid scintillation counter. Membranes from untransfected
cells as well as membranes preincubated with excess unlabeled folic
acid were used as negative control.

The [*H]folic acid binding assay for FR on whole cells in 6-well tissue
culture dishes was performed as described previously (34). The cells
were washed sequentially at 4 °C with PBS, acid buffer, and again with
PBS. The cells were then incubated in a 1-ml solution of PBS containing
3 pmol of [*H]folic acid and 9 pmol of unlabeled folic acid and incubated
for 30 min at 4 °C. The cells were then washed two times with PBS.
Ice-cold acid buffer was used to remove bound folate and the amount of
[*Hlfolic acid measured by liquid scintillation counting. Untransfected
cells as well as membranes preincubated with excess unlabeled folic
acid were used as negative controls.

Inhibition Studies—The relative affinities of (6S)- or (6R)-diastereoi-
somers of 5-CH;H,folate for wild-type or mutant FRs were determined
by measuring the IC;, values for the compounds for inhibition of [*H]fo-
lic acid binding using a range of reduced folate concentrations (1-500
nM). A fixed concentration (2 nMm) of [*Hlfolic acid was used in these
experiments. The assays were carried out as described above for the
binding of [*H]folic acid to FR-rich membranes either in the absence of
inhibitor or with simultaneous addition of inhibitor and [*Hlfolic acid.
IC,, values were calculated using the Inplot computer program (Graph-
Pad Software Inc., Version 4.03).

Structural Modeling—A sequence alignment between cRBP and
FR-a was performed using the program ClustalW (45). A homology
model of the conserved ligand-binding domain (peptide 12—-188) was
generated with the modeling package Quanta (Molecular Simulations)
using the cRBP crystal structure (46) as template. Nonconserved resi-
due replacements were carried out using the mutated function within
Quanta. The three insertions all occur in the surface loop region, and
their conformations were modeled using a main chain data base and
side chain rotamer search procedure in program O (47). The model was
used for the rotation and translation search in molecular replacement
program Amore (48) against the x-ray diffraction data of FR-a.? The
resulting model was further refined by rigid-body refinement and en-
ergy-minimization calculations in X-PLOR (49). Finally, the stereo-
chemical quality of the model was confirmed using Procheck (50). The
surface accessibility of residues was calculated in Quanta using the Lee
and Richards algorithm (51) with the probe radius set as 1.4 A.

RESULTS AND DISCUSSION

To determine the role of individual amino acids of FR-a
responsible for its functional variance from FR-B, the general
strategy adopted in this study was to examine the effect of
substituting peptides or amino acids of FR-a at corresponding
locations in FR-B. The basic premise of this approach is that
one or a combination of a few amino acids in FR-a are solely
responsible for its functional divergence and that they will
similarly influence the function of FR-B when substituted in it.
For the results of such studies to be most meaningful, it is also

2F. Zhang, M. Ratnam, J. Miller, C. Shih, and R. Schevitz, unpub-
lished results.
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TABLE I
5'-3" Oligonucleotides and restriction sites used to generate the chimeric constructs of FR-a and FR-B

Constructs Oligonucleotides

Sequence of oligonucleotides Restriction sites

FR'317139/0‘1407232 (L49A) A139F (BspEI)
A139R (Bsp EI)
B139F (Bsp EI)
B139R (Bsp EI)
A139F, A139R
B139F, B139R
A125F (Eco721)
A125R (Eco72I)
A115F (Eco47III)
A115R (Eco47111)
A125F, A125R
A115F, A115R
A96F (BamHI)

FR-B1_o2/to3_136/B1ao-236 (L49A)
FR-B;_go/tg3 125/B126-236 (L49A)
FR-B;_go/te3 115/B116-236 (L49A)

FR-B1_125/0t126 032 (L49A)
FR-B1_115/0116-232 (L49A)
FR-B1_g2/ 93 1150967 B116-256 (L49A)

FR-B1_o2/0to3 115071060/ B116-236(L49A) ADN-F

ADN-R
FR-B go/ags 4 15(E115Q)/3116—236(L49A) AEQR (Eco47III)
FR-B1_o2/do3_115v1047/ B116-236(L49A) AVF-F

AVF-R
FR‘BL49A,F104V BFV-F

BFV-R

FR-B1_159/140_155/B156-236 A155F (EcoRI)
(L49A,F104V)

A155R (EcoRI)
B155F (EcoRI)
B155R (EcoRI)
A155F, A155R
B155F, B155R

FR-B,_155/0156_55 (LA9A,F104V)

FR'BL49A,F104V,L167I B167F
B167R
FR-BLioa r104v.s101P B191F
B191R
FR-BLioa r104v.c1668E B166F
B166R

GAACTGGACTTCCGGATTTAACAAG
CTTGTTAAATCCGGAAGTCCAGTTC
GACTGGACCTCCGGAGTTAACAAG
CTTGTTAACTCCGGAGGTCCAGTC

BspEI

See above BamHI%, Bsp EI
See above

CCTCCTACACGTGCAAGAGC BamHI*, Eco72I°
GCTCTTGCACGTGTAGGAGG

GACTGTGAGCGCTGGTGGGAAG
TTCCCACCAGCGCTCACAGTC

BamHI?, Eco47111°

See above Eco721°
See above Eco4711I°
TGGGGCCCTGGATCCAGCAGGTGAATCABamHI*
GGTACTGGACGTGCCCCTGTG NA“
ACAGGGGCACGTCCAGTACC
TCCTCCCACCAGCGCTGACAGTC Eco4TIII°
CAAAGAGCGGTTCCTGAACGTG NA
CACGTTCAGGAACCGCTCTTTG
CAAAGAACGCGTACTGGATGTG NA

CACATCCAGTACGCGTTCTTTG

CAACCTTTCGAATTCTACTTCC BspEl EcoRI

GAAGTAGAATTCGAAAGGTTGG
GCACCTTTGAATTCTACTTCCC
GGGAAGTAGAATTCAAAGGTGC

See above EcoRI
See above

CTTTGTGAAGGCATCTGGAGTCAC NA
GTGACTCCAGATGCCTTCACAAAG
ATGTGGTTTGATCCAGCCCAGGGC NA
CCCTGGGCTGGATCAAACCACATC
CCCTTTGTGAAGAACTCTGGAGTC NA

GACTCCAGAGTTCTTCACAAAGGG

Upstream and downstream primers used to create the protein constructs originated within the flanking regions of the expression vector
pCDNAL1. Underlined sequences indicate restriction sites. Mutated bases are in bold face.

“ Denotes natural restriction site found in FR-a and FR-B.
® Denotes naturally occurring restriction site found only in FR-g.

¢ NA, not applicable because no restriction site within the protein was used.

important that the mutations not interfere with protein folding
and cell surface expression of a functional receptor. Indeed it
may be seen in the following sections that all of the FR-B
mutants were functional and showed expression levels compa-
rable to that of the wild-type protein. The focus of the func-
tional analysis of the mutant proteins was to test for increase
in affinity for (6S)-5-CH3H folate and absence of stereospeci-
ficity for (6R)-5-CH3H ,folate, both distinguishing characteris-
tics of FR-a. It was previously demonstrated (43) that substi-
tution of Ala*® in FR-a with Leu, the corresponding residue in
FR-B, conferred FR-B-like characteristics. Conversion of FR-3
to the functional equivalent of FR-a by substituting the se-
quence downstream of position 92 of FR-a was only possible if
Leu*® was simultaneously mutated to Ala. Therefore in the
following studies, all of the sequence substitutions and muta-
tions were made downstream of position 92 in FR-B; 49a-
Functional Mapping of FR-a Peptides Downstream of Posi-
tion 92—cDNA constructs were made to encode chimeric pro-
teins in which portions of the carboxyl terminus downstream of
amino acid 92 in the FR-B; 494 mutant were replaced by the
corresponding peptides from FR-a. The initial chimeric pro-
teins generated were FR-B;_15¢/0140_232(L49A) and FR-B; g/
Qg3_130/B140_236(1L49A) (Fig. 2). The mutants were transiently
expressed in human 293 fibroblasts. Membrane preparations
from the transfected cells were tested for their relative affini-
ties for the (6S)- and (6R)-diastereoisomers of 5-CH3H,folate
(Fig. 2). Both chimeric proteins showed approximately 10-fold
greater affinity for (6S)-5-CHsH,folate than either the wild-
type FR-B or FR-B;49a; however, the values were approxi-
mately 4-fold lower than that of wild-type FR-a. These results
appeared to suggest that amino acid residues from both seg-

ments of FR-a, i.e. peptides 93-139 and 140-232, would be
required to completely confer FR-a-like ligand binding charac-
teristics to FR-B 49a-

Role of Divergent Amino Acids in Peptide 93-139 of FR-a—To
further map the functionally relevant amino acid(s) within
peptide 93-139, additional chimeric constructs in which
shorter segments of FR-a were incorporated into the FR-B; 494
mutant were designed (Fig. 2) to produce: FR-B;_go/0gs 195/
B126_236(L49A) and FR-B1_go/ags 115/B116_236(1.49A). These two
constructs showed functional characteristics similar to FR-;_
92/0tg5_139/B140_236(L49A). Furthermore, chimeras in which
peptides 126—-232 and 116—232 of FR-a were substituted in
FR-B 494 (Fig. 2) behaved similar to FR-B1_;30/140_232(1L49A).
It is therefore reasonable to conclude that the peptide sequence
116-139 in FR-a has little significance in the differential li-
gand specificities of the FR isoforms and that peptide 93-115
must contain functionally significant residues.

Among the 23 residues in peptide 93-115, only four, at po-
sitions 96, 104, 106, and 115, are unconserved in FR-a. As
noted previously, the two known murine FR isoforms type 1
and type 2 correspond to the human FR-a and FR-j, respec-
tively, in terms of their ligand binding characteristics. Align-
ment of the amino acid sequences of peptides 93—-115 of FRs
from both human and murine (52) sources (Fig. 3) indicates
that amino acid residues at positions 96 and 106 are conserved
in the murine FR isoforms. Furthermore, the amino acid at
position 115 is the same (glutamic acid) in both human FR-3
and murine FR-1. Therefore if one assumes the presence of
analogous structure-function relationships among human and
murine FRs, it would appear that the likely candidates contrib-
uting to functional differences between FR-a and FR-B do not

810z ‘€z AInc uo 1senb Aq /B10°0g [ mmmy/:dny wiouy pepeojumoq


http://www.jbc.org/

Structure-Function Relationships in Folate Receptors

11089

Expression ICs0 (nM) for Corresponding
Recombinant protein (pmol/107 cells) 5-CH3HsFolate FR type
-] 8R
A 232
FR-a [ — 391 291 472 a
FR-B 2.25 13660  6.63 B
FR-B Lson 2.86 1031 5.90 B
FR-B1.139/0t140.232(L49A) 3.66 1152  7.36  Intermediate
FR-B1.62/0lg3.130/B140.236(L49A) 4.55 1290 348  Intermediate
FR-B1.92/0tg3.125/B126.236(L49A) 345 11.95 568  Intermediate
FR-B1.g2/tg3.115/B116-236(L40A) 2.56 1664 842  Intermediate
FR-B1.125/0t126.232(L49A) 1.07 1162 601 Intermediate
FR-B1.115/0116-232(L4SA) 1.52 1022 967  Intermediate
FR-PB1.92/tg3-115098M1/ P116-236(L49A) : 3.24 1624 ND  Intermediate
2 115
FR-B1.go/ttez.115n1080v/Br1s-236(L49A) B e 2.96 1499 ND Intermediate
92 115
Gin 115
FR'B1_92/a93_115(E115Q)/B115_235(L49A) TR B 3.04 15.12 ND Intermediate
FR-B1.92/0t3.1150v1047 B116-236(L49A) 2.48 9133  8.06 B
FR-B Laga, F10ay 175 15.79 4.99 Intermediate

Fic. 2. Characterization of chimeric and mutant forms of FR for mapping functional residues in peptide 93-139. The horizontal bars
represent the complete or partial polypeptide sequence of FR-a (open bars) or FR-B (hatched bars). The numbers on the diagram indicate the
positions of amino acid residues in the protein after processing of the leader peptide. The columns at the right indicate the expression levels of the
recombinant proteins in terms of the amount of [*H]folic acid bound at the cell surface, the IC;, values for the diastereoisomers of 5-CH;H,folate,
and the wild-type FR isoform to which they correspond functionally. The term intermediate refers to relative affinities for (6S)-5-CH H,folate that
are in between those of FR-a and FR-B. Transfection efficiencies were normalized to a co-transfected B-galactosidase standard. ND indicates not
determined. From multiple determinations of IC;, values, percent error was <25.

g2 8 g 8 2
Human FR-o QQVDQSWRKERVLNVPLCKEDCE
Human FR-§ QQVNQSWRKERFLDVPLCKEDCAQ
Murine FR-1 QQVDQSWRKERILDVPLCKEDCAQ
Murine FR-2 QQVDQSWRKERFLDVPLCKEDCH

Fic. 3. Alignment of amino acid sequences of human (26) and
murine (52) FRs between amino acids 93 and 115. The numbers
indicate positions of amino acids. Residues that are different between
FR-a and FR-B are in bold face.

occur at positions 96, 106, and 115. Indeed, when these amino
acids in FR-B; go/ags 115/B116-236(L49A) were individually
changed back to the corresponding residues of FR-B, it was
apparent that the amino acids at positions 96, 106, and 115
were inconsequential to the functional differences between
FR-a and FR-B (Fig. 2); mutation of the amino acid at position
104, however, reverted the characteristics of the chimera to
those of FR-Bj49s. Furthermore, the double mutant, FR-
Broa F104v> Showed approximately 10-fold higher affinity for
(6S)-5-CH3H sfolate compared with FR-B (Fig. 2). These results
clearly indicate that valine at position 104 in FR-« contributes
partially to its distinct ligand binding properties.
Indentification of a Functionally Relevant Residue Down-
stream of Position 139 in FR-a—From the foregoing results it

appears that to achieve complete conversion of FR-B to the
functional equivalent of FR-q, it is necessary to substitute one
or more residues downstream of position 139 in addition to
creating L49A and F104V mutations in FR-B. To identify those
residue(s), chimeras were first constructed in which FR-« pep-
tide sequences 140-155 or 156-232 were substituted in the
double mutant, FR-By49a p10av (Fig. 4). FR-B; ;30140 155/
Bis6_236(L49A,F104V) showed properties similar to those of
FR-Braga rroav (Fig. 4). FR-By_155/0156 232(L49AF104V), on
the other hand, exhibited ligand binding specificity similar to
FR-a (Fig. 4) thus mapping the relevant amino acid(s) to the
sequence downstream of position 155. Since the carboxyl-ter-
minal peptide downstream of the glycosylphosphatidylinositol
modification site (Ser??®) in FR-« is absent in the mature pro-
tein (34), further mapping was restricted to peptide 156-208.
Within this peptide only seven residues are unconserved be-
tween FR-a and FR-B. Alignment of the amino acid sequence of
human and murine (52) FR isoforms (Fig. 5) shows that only
three amino acids (positions 166, 167, and 191) are conserved
between human FR-a and murine FR-1 and between human
FR-B and murine FR-2. It was therefore undertaken to test the
significance of those residues in contributing to functional dif-
ferences between FR-a and FR-B. Mutation of Leu'®” or Ser!®!
in FR-Br 494 r104v to Ile and Pro, respectively, the correspond-
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Expression ICs0 (nM) for Corresponding
Recombinant protein (pmoli10” cells) _5-CHsH4Folate FR type
€8 6R
1 1232
FR-a [ 3.91 2.91 4.72 o
FR-B 225 136.60 663 8
Ala 49 val 104
FR-B1.136/0140.155/P156.236 (L49A, F104V) 1.37 8.10 3.48 Intermediate
Ala 48 Val 104
FR-B1.155/0156.232 (L4GA, F104V) - 1.41 358 857 o
155
Ala 49 Val 104 lle 167
FR-B 1494, F104v. L1671 3.23 1017 7.07  Intermediate
Ala 49 val 104 Pro 191
FR-B Lga. Frosv. s191P 1.81 10.07 568 Intermediate
Ala 49 Val 104 Glu 166
FR-B L4sa. F104v. G166E o : 2.43 3.84 5.02 fe3

Fic. 4. Characterization of chimeric and mutant forms of FR for mapping functional residues downstream of position 139. The
horizontal bars represent the complete or partial polypeptide sequence of FR-a (open bars) or FR-B (hatched bars). The numbers on the diagram
indicate the positions of amino acid residues in the protein after processing of the leader peptide. The columns at the right indicate the expression

levels of the recombinant proteins in terms of the amount of [*Hlfolic acid bound at the cell surface, the IC;, values for the diastereoisomers of

5-CH;H, folate, and the wild-type FR isoform to which they correspond functionally. The term intermediate refers to relative affinities for
(6S)-5-CH,H  folate that are in between those of FR-a and FR-B. Transfection efficiencies were normalized to a co-transfected B-galactosidase
standard. From multiple determinations of IC;, values, percent error was <25.

8 28 8%z @ : &
Human FR-a Y.PTVLCNEI WTHSY.WFDPA..M
Human FR-B Y.PAALCEGLWSHSY.WFDSA..M
Murine FR-1 Y..SAALCEEI WSHSY.WFDPA..M
Murine FR-2 Y.PASLCEGLWSHSY.WFDSA..M

Fic. 5. Alignment of amino acid sequences of human (26) and
murine (52) FRs between amino acids 155 and 208. The numbers
indicate positions of amino acids. Residues that are different between
FR-a and FR-B are in bold face. The dotted lines indicate amino acid
sequences that are identical between human FR-a and FR-B.

ing residues in FR-q, did not significantly alter the properties
of the protein (Fig. 4). However, when Gly'®® was substituted
with Glu, the corresponding residue in FR-q, the ligand binding
characteristics of FR-a were fully reconstituted in FR-
Braoa r104av- Taken together, the results of this study indicate
that alanine at position 49, valine at position 104, and glutamic
acid at position 166 act synergistically to produce the distin-
guishing ligand binding characteristics of FR-a compared with
FR-B.

A Structural Model of FR—FR shows considerable (~30%)
amino acid sequence identity with the 219-residue chicken
riboflavin-binding protein (cRBP) (53). The amino acid se-
quence alignment of the two proteins has been reported (46).
The conserved amino acids include the 16 cysteine residues in
FR and 6 tryptophan residues. The nine pairs of cysteine res-
idues in cRBP form disulfide bridges to maintain its structural
fold (54). In the three-dimensional structure of cRBP, the con-
served tryptophan residues at positions 61, 91, 117, 131, 135,
and 168 and tyrosine 82 stack into a hydrophobic pocket for
binding the aromatic ring of the ligand (46). The sequence
similarity between FR and ¢cRBP implies structural similarity
between these two protein families. We have built a homology
model of the folate-binding domain of FR-«a (Fig. 6) based on the
crystal structure of cRBP (46). In the model, residues 104 and
166 are 13.9 A apart and are respectively located inside and at
the entrance of a cleft that corresponds to the ligand-binding
pocket in cRBP. Residue 49 is peripheral to this cleft, 24.3 A
away from residue 104. The solvent accessible surface area of

Fic. 6. Homology model of the folate-binding domain of FR-«
based on the crystal structure of the chicken riboflavin-binding
protein. The protein backbone is colored by the secondary structure: a
helices in green, B sheets in blue, loops in yellow. Ala*®, Val'** and
Glu'®® are highlighted with space-filling models and colored in red. The
folate binding pocket is indicated by the arrow.

residues 49, 104, and 166 are 8.61, 27.5, and 91.7 A2, respec-
tively, and their side chain fractional accessibilities are 0.11,
0.20, and 0.61, respectively. The model indicates that while
conserved tryptophan and tyrosine residues may contribute to
the affinity of ligand binding, residues 49, 104, and 166 may be
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expected to play either a direct or an indirect role in causing the
differential affinities and stereospecificities of FR-a and FR-3
for the coenzyme forms of folate and for antifolate drugs.
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