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Fibroblast Growth Factor Receptors from Liver
Vary in Three Structural Domains

Jinzaao Hou, Mikio KAN, KERSTIN MCKEEHAN, GEORGE MCBRIDE,
PaMELA ADAMS, WALLACE L. MCKEEHAN*

Changes in heparin-binding fibroblast growth factor gene expression and receptor
phenotype occur during liver regeneration and in hepatoma cells. The nucleotide
sequence of complementary DNA predicts that three amino-terminal domain motifs,
two juxtamembrane motifs, and two intracellular carboxyl-terminal domain motifs
combine to form a minimum of 6 and potentially 12 homologous polypeptides that
constitute the growth factor receptor family in a single human liver cell population.
Amino-terminal variants consisted of two transmembrane molecules that contained
three and two immunoglobulin-like disulfide loops, as well as a potential intracellular
form of the receptor. The two intracellular juxtamembrane motifs differed in a
potential serine-threonine kinase phosphorylation site. One carboxyl-terminal motif
was a putative tyrosine kinase that contained potential tyrosine phosphorylation sites.
The second carboxyl-terminal motif was probably not a tyrosine kinase and did not
exhibit the same candidate carboxyl-terminal tyrosine phosphorylation sites.

THE HEPARIN-BINDING FIBROBLAST
growth factor (HBGF) family con-
sists of seven related gene products
that have a broad spectrum of biological
effects on growth and function of a variety
of cell types (1). Indirect ligand affinity
chromatography and immunochemical anal-
yses suggest that transmembrane tyrosine
kinase—like molecules similar to the platelet-
derived growth factor and the colony-stim-
ulating factor one (fins) receptor family
[fms-like genes (flg)] function as HBGF
receptors (2, 3). HBGF stimulates and in-
hibits proliferation and secretory functions
of cultured rat hepatocytes and differenti-
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ated human hepatoma cells. These cells ex-
hibit a heterogeneous population of HBGF
receptors with varied affinity for ligand (4,
5). Specific forms of the HBGF receptor
may be responsible for a subset of the bio-
logical effects induced by the HBGF family
members. Here we deduce, from the nucle-
otide sequence of cDNA, the structural fea-
tures that combine to define a family of
HBGEF receptors in human liver cells.

We screened 2 x 106 plaques from a
Agtll expression library made from human
hepatoma cell (HepG2) mRNA (4). Screen-
ing was conducted with synthetic oligonu-
cleotide probes designed from the sequence
of a partial human endothelial cell flg cDNA
(6) and yielded five positive clones. Two
2.6-kb cDNAs, al and b2 (Fig. 1A), were
98% and 93% similar in nucleotide and

deduced amino acid (aa) sequence, respec-
tively (Fig. 1B). The al clone had a type 1
COOH-terminus and was identical to the
partial human endothelial fly cDNA (6),
except for a single base pair substitution (T
to C), which caused a Val to Ala change in
an extracellular immunoglobulin (IgG)-like
loop structure (Fig. 1). The b2 clone dif-
fered from flg by a 6-bp (AACAGT) (2 aa)
deletion in the intracellular juxtamembrane
domain, and by a 25-bp insertion (GTGTG-
GAACCTGAAGGCTCCCCTGG) in the
coding sequence for the second kinase con-
sensus sequence in the intracellular domain
(Fig. 1, type 2 COOH-terminus). The 25-
bp insertion in b2 caused a shift in the
reading frame, which produced a short
second kinase consensus sequence (24 aa)
followed by 44 unique COOH-terminal res-
idues (Fig. 1). The juxtamembrane se-
quences encoded in the truncated flg cDNAs
were designated as a (RRQVTVSA) and b
(RRQVSA), respectively. The a and b mo-
tifs differed in a possible site of phosphory-
lation by a Ser-Thr protein kinase.

To deduce the NH,-terminal sequences
of fig-related gene products from HepG2
cells, we generated a sublibrary of primer-
extended ¢cDNA clones in Agtll with a
mixture of 3'-oligonucleotide primers com-
mon to al and b2 cDNAs (7). From the
deduced aa sequences of the primer-extend-
ed cDNAs, we identified the NH,-terminal
(extracellular) motifs, which contained three
(a) and two (B) IgG-like disulfide loops
(Fig. 1). The polymerase chain reaction
(PCR) (8) was used to further characterize
heterogeneity in flg-related mRNAs in
HepG2 cells [see Fig. 1B and (9) for prim-
ers]. The PCR was carried out with HepG2
first-strand cDNA as the template, a 5’
primer (Pla), which began 67-bp upstream
of the common translational initiation site in
the a and B cDNAs, and a 3’ primer (P1b),
which ended 111-bp downstream from the
first 3’ landmark (T/C) that distinguished al
and b2 cDNAs (Fig. 1A). This yielded
cDNA fragments of 1.1, 1.0, and 0.8 kb
(Fig. 1A and Fig. 2A, PCR1). Cloning and
sequence analysis confirmed that the 1.1-
and 0.8-kb fragments encoded the a (three-
loop) and B (two-loop) motifs, respectively.
The 1.0-kb fragment coded for the identical
translation initiation site and the first 30
NH,-terminal residues in the 1.1- and 0.8-
kb fragments. In addition, it contained a
unique 144-bp substitution in place of the
267-bp sequence, which encoded the first
IgG-like loop of the o motif. The 144-bp
insertion was in the same reading frame as
the translation initiation site and multiple
stop codons, which began 94 bp down-
stream of the 5’ insertion site (Fig. 1). An
alternate candidate translation initiation site
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was located 123 bp past the 3 insertion site
of the 144-bp sequence. It preceded an open
reading frame that began downstream of a
characteristic stretch of acidic residues and
upstream of the two IgG-like loop struc-
tures, which were common to both « and B
extracellular motifs (Fig. 1). This clone also
exhibited a deletion of the sequence CG-
TATG, which was 33 bp upstream of the
candidate initiation site and occurred in all
clones that encoded the a and B motifs. This

third NH,-terminal motif () exhibited no
apparent signal sequence for membrane
translocation and, therefore, suggests an in-
tracellular form of the receptor. The single
clones of the ‘three PCR1 fragments all
contained the T residue present in the b2
cDNA (Fig. 1A).

Generation of a second set of DNA frag-
ments from HepG2 first strand cDNA tem-
plate with Pla and P2a, a primer that ended
at the 3’ end of the first kinase consensus
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Fig. 1. HBGF receptor cDNAs from HepG2 cells. (A) Schematic of full-length (flg) cDNA for
HBGF-Raal (Fig. 2B). The single Eco RI site and the single base pair T/C variant is indicated. I,
indicates the common predicted translational initiation site for o, 8, and y motifs, and L, indicates the
alternate predicted initiation site for the y motifs. S., S, and S, indicate the stop codons that determine
the v and type 1 and 2 motifs, respectively. Partial cDNAs are indicated in kilobase pairs. (B) Deduced
amino acid sequence of flg HBGF-R variants. The complete sequence of HBGF-Raal (Fig. 2B)
preceded by the 67 5'-noncoding nucleotides containing the 5’ primer Pla is indicated. Positions of
PCR primers (9) are indicated at their 5’ ends. The IgG-like disulfide loop of a is italicized. The unique
31-aa vy sequence, which is in-frame with the common initiation and secretory signal, and the following
48-bp noncoding nucleotide sequence (solid line) in the 144-bp < insert is indicated over the
HBGF-Raal sequence. Asterisks indicate stop codons. The characteristic acidic residues are overlined
and underlined. Site of the CGTATG deletion in the y cDNA that codes for Arg-Met in the a and B
sequences is boxed. Closed triangles indicate insertion sites of the 267-bp and 144-bp nucleotide
sequences that define the a and vy variants. Open triangles indicate alternate candidate translational
initiation site ('y); open circles indicate cysteines that may form disulfides in the IgG-like loops; closed
circles indicate putative glycosylation sites. The Val to Ala variant (aa 308) and the transmembrane
domain (aa 377-397) is indicated. The Thr-Val variation (aa 428-429) in the juxtamembrane domain
is boxed. Closed boxes indicate conserved tyrosine kinase consensus residues. The interkinase domain
is underlined. The unique 44-aa residues (VWNLKAPLVHTPRPGSQECPGDRGQCDEDSRLW-
PRTGHSPHRLL) that define the type 2 COOH-terminus are shown over the type 1 COOH-
terminus. Open boxes indicate unique potential tyrosine phosphorylation sites in the type 1 COOH-
terminus. Complete nucleotide sequences have been submitted to GenBank.
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sequence, yielded three cDNA fragments of
1.8, 1.7, and 1.5 kb (Fig. 2A, PCR2). The
1.8-kb insert (two clones) coded for the a
motif linked to the b-type juxtamembrane
sequence. Analysis of three clones that con-
tained inserts of the 1.5-kb fragment indi-
cated that the B extracellular motif was
linked to both the a-type (one clone) and
b-type (two clones) juxtamembrane se-
quences. The PCR conditions were then
optimized to yield specific al-containing
cDNA fragments that existed between a com-
mon 5’ primer (P3a) and a 3’ primer (P3b)
that was specific to the a-type juxtamembrane
sequence. Clones of PCR2 DNA fragments
(79 of 1.8-kb and 52 of 1.5-kb inserts) (Fig.
2A) were tested by PCR for the presence of
the a-type juxtamembrane sequence. Se-
quence analysis confirmed that HepG2
mRNA encoded both the o and B extracellu-
lar motifs combined with the a-type jux-

‘tamembrane sequence.

To determine whether the y NH,-termi-
nal motif was linked to type a or b jux-
tamembrane motifs, we specifically ampli-
fied the 1.7-kb ¢cDNA fragment from the
PCR2 mixture with P2a and a 5’ primer
(P2b) that was specific to the 5’ end of the
144-bp insert in the y cDNA (Fig. 24, lane
3). Sequence analysis of a single 1.6-kb
clone of the purified cDNA fragment indi-
cated that the y NH,-terminal motif was
linked to the b-type juxtamembrane se-
quence. This yb clone encoded the 6-bp
sequence (CGTATG) upstream of the can-
didate initiation site. Presence of the 144-bp
(y motif) insert in four additional clones
from an independent experiment was con-
firmed by PCR analysis with another y-spe-
cific 5" primer (P2c) and common 3’ primer
(P2d) (Fig. 2A, lane 4). Two clones yielded
cDNA fragments that existed between a
common 5’ primer (P3a) and a 3’ primer
(P3b) that contained the a-type juxtamem-
brane motif. Linkage of the y and a-type
motif was verified by sequence analysis.

We next tested whether HepG2 mRNA
contained the a- and b-type juxtamembrane
motifs linked to the type 1 and type 2
COOH-termini. Cloned 1.0-kb cDNA frag-
ments were generated from HepG2 first
strand cDNA template with 5’ primer, P3a,
which was 105 bp upstream of the trans-
membrane coding sequence, and P5a, which
was 230 bp downstream of the 25-bp inser-
tion in b2 (Fig. 1). Thirty-six candidate
clones that coded for the a-type motif were
identified by screening 209 clones with the
common 5’ primer P3a and the a-specific 3’
primer P3b. A PCR screen with a 5" primer
(P5b) common to al and b2 cDNAs and a
3’ primer (P5c) specific to the unique 25-bp
b2 insert, revealed that 17 of the 36 a-type
clones contained the type 2 COOH-termi-
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nus. Linkage of the a-type juxtamembrane
motif and type 2 COOH-terminus was con-
firmed by sequencing two independent
clones. Of the 173 clones that potentially
coded for the b-type juxtamembrane motif
(negative in the P3a-P3b screen above), 49
were then screened with a common 5’ prim-
er (P5b) and the type 2—-specific 3’ primer
(P5c). Forty-five clones exhibited the 0.5-kb
fragment, indicative of presence of the cod-
ing sequence for the type 2 COOH-termi-
nus. The four remaining doubly negative
clones from the P3a-P3b and P5b-P5c
screens coded for the b-type juxtamembrane
and the type 1 COOH-terminal motifs.
Thus, the b-type juxtamembrane motif was
linked to both COOH-terminal motifs.
These results show that multiple species of
HepG2 mRNA code for combinations of
three distinct structural domains: three motifs
in the NH,-terminal domain (a, B, and v);
two distinct juxtamembrane sequences (a and
b); and two COOH-terminal structures (type
1 and2) A minimum of 6 and theoretical
maximum of 12 forms of flg-related gene
products may be expressed in a single differ-
entiated liver tumor—derived cell i
(HepG2) (Fig. 2B). Intensities of PCR bands
and frequency of appearance in cloned
c¢DNASs suggested that the b-type juxtamem-
brane and the type 2 COOH-terminal motifs
were the most abundant in HepG2 cells. The
a, B, and y NH,-terminal motifs appeared at
equal frequencies. Analysis of cDNAs that
extend from the coding sequence for the
NH,-terminal to the COOH-terminal motifs
and domain-specific antibodies to translation
products will be necessary to determine rela-
tive expression of the 12 potential variants in
a single cell or tissue.
~ We next sought to determine if the NH,-
terminal domain structures in human hepa-
toma flg-related cDNAs formed HBGF bind-
ing sites. Thus, we constructed mammalian cell
expression plasmids (P91023B) (10) that con-
tained cDNAs that encoded for the e, B, and -y
NH,-terminal motifs fused to coding sequence
for the common transmembrane domain and
18 residues of the juxtamembrane region. The
constructions were transfected into a monkey
kidney cell line (COS), and ligand-binding
[*25I-labeled HBGF-1 (acidic FGF) and '?I-
labeled HBGF-2 (basic FGF)] to the trans-
fected COS cells was analyzed by Scatchard
plot (Fig. 3A) and covalent ligand affinity
cmss-hnlung(Flg 3, B to D). Scatchard anal-
ysis indicated that cells transfected with cDNA
coding for the a and B loop structures exhib-
ited a 15- and 25-fold increase in HBGF
binding sites per cell with an apparent dissocia-
tion constant (K) of 400 to 800 pM (11).
Affinity cross-linking analyses of cells trans-
fected with cDNAs coding for the a and B
extraceltular domains resulted in labeled bands
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Fig. 2. Identification of members of the fly HBGF

receptor family. (A) PCR analysis of HBGF-R kb kb
¢DNAs. § indicates a standard DNA ladder. Lane

1 shows the 1.1-kb (a), 1.0-kb (y), and 0.8-kb

(B) bands between primers Pla and P1b (PCR1), 29 Los

16

and lane 2 shows the 1.8-kb (a), 1.7-kb (y), and By

1.5-kb (B) bands berween primers Pla and P2a
(PCR2) with HepG2 first strand cDNA template.
Lane 3 shows the amplified 1.6-kb -y band before
purification, which resulted from primers P2b and
P2a with the PCR2 product (lane 2) as template.
Lanc 4 shows the P2c-P2d g
band (0.6 kb) with ay cDNA
clone template. Reaction mix-
tures (50 pl) contained 10
mM wis-HCl (pH 8.3), 50
mM KCl, 1.5 mM MgCl,
0.1% gelatin, 1.25 units of
Tag polymerase (Perkin-
Elmer Cetus) and 0.20 mM
each of deoxyadenosine tri- RRQV SA VWNLKAPLV....
phosphate (dATP), deoxycy-
tosine triphosphate (dCTP),
deoxyguanosine triphosphate,
and thymidinetriphosphate.
Template and primer concen-
trations (0.75 to 75.0 pmol)
were optimized for each con-
dition. First strand cDNAs
were synthesized with inde-
ent  preparations  of
HepG2 polyadenylated RNA
as template. PCR1 and PCR2
were performed for 40 cycles i
at 94°C for 1 min, 55°C for 2
min, and 72°C for 3 min. All
others were carried out for 30
cycles at 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min. PCR fragments were analyzed and purified on
1% agarose gels, cloned into SK Bluescript phagemide vector (Stratagene), and individual clones were purified
and identified by plasmid mini-preparation. (B) Twelve possible variants of the HBGF receptor in HepG2
cells. The predicted «, B, and y NH,,-terminal motifs are shown fused to the a and b juxtamembrane sequence
variants and the type 1 and 2 COOH-termini. Filled box, the common initiation site and signal sequence for
a and B motifs; filled circles, potential glycosylation sites; filled rectangles, acidic-rich sequence; lined
rectangles, the transmembrane domain; hatched boxes, tyrosine kinase consensus sequences; open inverted
triangle, TC:Val/Ala site; closed inverted triangle, the Eco RI site.
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Fig. 3. Analysis of HBGF binding
activity of the cloned receptors. (A)
Representative Scatchard analyses.
COS-1 cells transfected with the B
extracellular domain (O), aal (A),
ab2 (A), Bb2 (@) and vector alone
(M) exhibited apparent K,;’s of 600,
250, 180, 140, and 90 pM, respec-
tively. Scatchard analysis was per-
formed on suspended COS-1 cells
and ligand affinity cross-linking
analysis on monolayer cells in assays

P—— B

L6

l. 97

e AT e

0 % 50
containing 625 pM **I-labeled lig- =
and. Full-length cDNAs were con- ["*SIHBGF-1 bound (pM) - LB * 116
structed from 5’ and 3’ cDNAs by ligation at the single Eco RI o7
site. The NH,-terminal domain constructions were generated by N R

PCR with Pla and P6 primers (Fig. 1B). (B) HBGF binding to

D
and B extracellular domain motifs. Lanes 1 and 2 are o motif r r = -

anti-sense strand transfections, lanes 3 and 4 arc a motif sense-
strand transfections, lanes 5 and 6 are B motif anti-sense transfec-

tions, and lanes 7 and 8 are B motif sense-strand transfections. :;175
Lanes 1, 3, 5, and 7 are ['*I)HBGF-1 (aFGF)—labeled bands and
lanes 2, 4, 6, 8 are ['**IJHBGF-2 (bFGF)-labeled bands. (C and L e B R el i

D) HBGEF-1 binding to full-length HBGF-R variants. (C) Lane 1 is untransfected cells, lane 2 is cells
transfected with empty vector, and lanes 3 and 4 are cells transfected with sense and anti-sense strand
ab2 cDNA. Lane 5 is an «al transfection with 100-fold unlabeled HBGF-1 in the binding assay, and
lanes 6 and 7 are sense- and anti-sense strand aal transfections. (D) Lanes 1 to 3 are Bb2 sense-strand
transfections, and lane 4 is a Bb2 anti-sense transfection. Lanes 5 and 6 are sense and anti-sense strand
Bal transfections, respectively. Lane 2 and 7 were binding assays containing 100-fold unlabeled
HBGF-1. Disuccinimidyl suberate (DSS) cross-linker was omitted in lane 3.
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at 120 and 90 kD, respectively (Fig. 3B) (12).
This result indicated that both motifs are ex-
pressed as products on the cell surface that
encode the binding site for HBGF. Because the
sizes of the extracellular structures predicted
from the aa sequence are 44 and 34 kD,
respectively, the two structures may contain 60
and 40 kD of carbohydrate. In contrast to
constructions coding for the o and B extracel-
lular motifs, the comparable y motif construc-
tion caused no increase in transfected cell sur-
face HBGF binding that could be detected by
either Scatchard analysis or ligand affinity cross-
linking. Stability, activity, and cellular location
of y translation products is under investigation.

To determine HBGF binding activity of
full-length receptor isoforms, in COS cells
we expressed constructs that contained a or
B extracellular domains fused to each of the
two intracellular domain motifs (Fig. 3, C
and D). Expression of full-length constructs
caused a 5- to 15-fold increase in specific
HBGF-1 (Fig. 3A) and HBGF-2 binding
sites per cell, with an apparent K of 100 to
500 pM (11). Constructs coding for the a
motif  yielded  ['?*I]HBGF-1-labeled
expression products that were about 30 kD
larger than constructs coding for the  mo-
df. Finally, constructs coding for the b2
intracellular domain exhibited [**°IJHBGF-
labeled expression products that were about
20 kD smaller than constructs coding for the
al intracellular domain (13, 14).

The three distinct structural domains that
combine to form HBGF receptor isoforms
are likely to affect ligand binding, oligomer-
ization, cellular location, metabolism, and
signal transduction (15). The a and B extra-
cellular motifs appear to differentially oligo-
merize (12), and ligand binding may be
affected by the intracellular domain motif
with which it is combined (Fig. 3, Cand D)
(12, 13). The cDNA that encodes the vy
motif may result in an intracellular form of
the receptor. The a- and b-type juxtamem-
brane motifs contain different candidate
phosphorylation sites for a Ser-Thr protein
kinase. Juxtamembrane phosphorylation
sites have been implicated in alteration of
ligand affinity, kinase activity, and internal-
ization (down-regulation) of tyrosine kinase
receptors (15, 16). The two COOH-termi-
nal motifs may differ in tyrosine kinase
activity, in interaction with intracellular sub-
strates, and as substrates for tyrosine kinases
in the COOH-terminus (15).
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Inability

of Malaria Vaccine to Induce Antibodies to a

Protective Epitope Within Its Sequence

YupriN CHAROENVIT, WILLIAM E. COLLINS, TREVOR R. JONES,
PascAL MILLET, LEO YuAaN, GArRY H. CAMPBELL,
RICHARD L. BEAUDOIN, J. ROGER BRODERSON, STEPHEN L. HOFFMAN*

Saimiri monkeys immunized with a recombinant protein containing 20 copies of the
nine amino acid repeat of the Plasmodium vivax circumsporozoite (CS) protein
developed high concentrations of antibodies to the repeat sequence and to sporozoites,
but were not protected against challenge. After intravenous injection of an immuno-
globulin G3 monoclonal antibody (NVS3) against irradiated P. vivax sporozoites,
four of six monkeys were protected against sporozoite-induced malaria, and the
remaining two animals took significantly longer to become parasitemic. Epitope
mapping demonstrated that NVS3 recognizes only four (AGDR) of the nine amino
acids within the repeat region of the P. vivax CS protein. The monkeys immunized
with (DRASGQPAG),, did not produce antibodies to the protective epitope AGDR.
Thus, determination of the fine specificity of protective immune responses may be
critical to the construction of successful subunit vaccines.

URING RECENT YEARS THERE HAS
D been considerable effort to produce

vaccines designed to induce protec-
tive antibodies against repetitive sequences
on the CS protein of Plasmodium, which
causes human malaria. These efforts have
been, in large part, based on the observation
that passive transfer of monoclonal antibod-
ies against the CS protein of rodent parasites
Plasmodium berghei (1, 2) and P. yoelii (3)

protects against challenge with sporozoites.
Incubation of P. falciparum or P. vivax
sporozoites with Fab fragments of monoclo-
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