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This applica~ion is a continuation-in-part 

application of colDm.only assiqned patent application u.s.s.N. 
07/377,003 filed on July 6t 1989, wnich is hereby incorporated 

herein by ref erenca. 

10 This invention was made in part vith qcvernme.nt 

15 

support under grant contract No. HL-07192 and under grants ROl 

HL•32S9S and POl HL-43821-0l, a~l awarded by the National 

Institutes of-Health. The qovernment may have certain riqhts 
in this invention. 

Field qf tbe In.ventign 
The present invention relates to receptors for qrowth 

fac~ors, specifically to tha fibroblast ;rowth factor receptor 
(~GF-R). More particularly, it provides.various puri!ied 

20 fibroblast qrowth factor receptor proteins, nucleic acids 

25 

·-
enccdinq the receptor proteins, methods for tha production of 
purified FGF-R proteins, proteins m.atie l:>y these methods, 
antibod?-es against the.se prc~eins, and diagnostic and 
therapeutic Uses Of these various reaqents. 

BACKGROulm OF· THE INVENTION 

Polypeptide growth factors are mitoqens that act on 
cells by specifically bindinq to receptors situated at the 

plasma membrane. These receptors usually have three major 
30 idantifial;)le regions. The first is an extracellular reqion 

which contains the do111ain that binds the polyp~ptide qrowth 
factor (i.e .. the lit]and-bind:i.ng domain). The second region is 

. ! 

a transm.embrane. re.gion and the third is an.intra.eellul~ 
. . ·~ . . . 

reqion • Many Of .. the.Se .receptors contain .. a tyrosiri'e kinase 

JS domain in the intracellular raqion. 
·The fibroblast grovt.h factor receptor (FGF-R) 

proteins;bind to a family of relateQ grovth factor liqands, the 

f.~broblast gro~h factor (FGF) family. This family of qrovth 
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factors are characterized by amino acid sequence homology, 
heparin-binding avidity, the ability to promote angioqenesis 
and mitoqenic activity tovard cells cf epithelial, mesenchymal 
and neural oriqin. 

5 The FGF family includes the followinq seven 
known FGFs: 

(1, 2) acidic FGF (aFGF) and basic FGF (bFGF) 
(D. Gospodarowicz et al., Mol. Cell. Endoerinol., 46:107 
(1986); 

10 (3) the ,int-2 ·qe.ne product (R. ·Moore et. al., mq" 
J..:,., 5:919 (1986); 

(4) the ha:t. gene product or Kaposi's sarcoma FGF 
(X.J. Andersen et al.. ~AtUx@, 332:360 ·(1988): M. Taira et al., 
free. ·t!at:l. A;,asL Sci, USA, 84 :2980 (1987)): 

15 (5) FGF-5 {X. Zhan et al., M.Ql. Cell. B~ol., 8:3487 

20 

25 

30 

(19BB)); and 

(6) keratinocyte growth factor (J.s. Rubin et al., 
PrgC. Natl, ~s;ag. s;i~ US}., 86:B02 (1989)). 

(7) FGF-6 (I. Maries, et al., oncoggne 3:335 
(1989)). 

The actions of acidic and basic FGF a.re mediated 
thrcu9h bindinq to hiqh affinity ceil surface receptors cf 
approximately 145 and 125 k.Da:(G .. Neufeld and D. Gospodarowic::z, 
J. Biol. Chem. 1 261:5631 (1986)). 

The reference of Imamura· et al., "Purification of 
Basic:: FGF R.ec::eptcrs from Rat Brain," Biochem. Eiopbys. Bes. 
Sommunications, 155:583 (September lS, 1988) discloses the 
purification of nanoqram amounts of a basic Fc.;F receptor 
(bFGF-R) from :rat brain. 

"While qenes encoding a number of growth factor 
receptors have been molecularly cloned (e.g., mouse PDGF 
receptor, Ya.rd.en et al., N~ture, 323:226 (1986), no clone has 
pre~iously been identif iea as encoding a f inroblast growth 
factor receptor (FGF-R). Using antiphosphotyrosine antibodies 

35 to screen lgt.11 cONA expression libraries, a 2.5 kilob~se cDNA 
encoding a novel tyrosine kinase gene, designated bek 

J 

(bacteria1ly expressed kinase) , was isolated from a mouse liver 
cDNA library. (S. Kornbluth et al., "Novel Tyrosine Kinase 

Print 
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Iden~if ied by Phospho~yrcsine Antibody Screening of cDNA 

Libraries0
, MoJ:. Cell. Biol. No. 6, 5541. (1988)). Thebe)t; 

sequence did not contain a transmembrane region and therefore 
could not be identified as a qrcw-ch fac~or recep~or. 'Another 

5 protein tyrosine kinase qene desiqnated !.lg Cl.ma-like-gene) was 
isolated from a human endothelial cell cDNA library by 

hybridization under relaxed stringency with a v-fms oncogene 

probe. (M. Ruta et al., "A Novel Prete.in Tyrosine Kinase Gene 
Whose Expression is Modulated During Endothelial Call 

. lO Oifferentiation11
, Oncogene, J:9 (l9SS)). Those authors could 

not identify a transmembrane re~i~n in their isolated sequence 
and therefore hypothesized that !lg encodes a cytoplasmic 
tyrosine kinase .. 

The purified anct. cloned chicken bFGF and hwnan bFGF 
15 receptors of this invention have amino.acid sequence similarity 

with the ~ and !lg clones in tha regions which have been 
isolated. However, both the bek and 1'.lQ. sequences reported 
were incomplete and there was no reccqnition of their function 
as FG'F bindinq receptors. Moreover, the prior reports failed 

• 20 to racC<plize many of the structural and functional features 

described in the present invention. 
Members of the FGF family appear to have roles in 

tissue development, tissue repair, maintenance of neurons and 
in the pa.thoqenesis of disease. ¥errant expression of FGF may 

25 cause cell transformation by an autocrine meehanism. Moreover. 
FGFs may enhance tum.er groWth and invasiveness by stimulating 
blood vessel growth in the tumor or by inducinq production of 
proteins such as plasmino~en activator. However, 
identification of the components involved and understandinq of 

30 the aechanisms and interactions involved remain voefully 
incomplete. .. 

PUrified FGF receptors and fragments~ and isolated 
DNA sequences encodinq def inad FGF receptors and defined 
fragments (e.g., the ligand-bindinq domain} will greatly 

JS accelerate the understanding of fibroblast growth factor 
functionsa Antibodies against specific and defined regions of 
the FQF r~ceptor also become available. These reagents will 
find/both diaqncstic and therapeutic uses in the ~~EN 

/ T\-11. ,,,:.~ ' "REPLACl!::_D ___ _ 
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processes~ The present invention fulfills these and other 

needs. 

Slll'l1W3X OFJ'HF,.. lmttrn 
5 Th& present invention provides purified fibroblast 

qrowth factor receptor (FGF-R) proteins, nucleic acids encoding 

FGF-R proteins, ~ethcds for the production of purified FGF-R 

p~oteins, purified proteins made by these methods, antibodies 

aqainst these proteins and fragments, and diaqnostic and 

10 therapeutic uses of these reaqents. Notably, the present 

invention provides soluble and secreted farms of the receptors 

exhibiting an ':2llusual receptor structure. 
The present invention provides a method f cr modifying 

in vivo a fibrob1ast growth factor receptor modulated activity 

15 comprisinq admi.nisteririq to a patient an amount of a fibroblast 

growth factor receptor blocking aqent effective to inhibit 

fibroblast qrovth factor bindinq to said f ibrablast qrowth 

factor( receptor • .,Typically, the a9ent·will be a fraqment of a 

human fibroblast growth factor receptor, e.9., a fraqment 

20 produced in a cell transformed with a nucleic acid containing 

at least about 15 bases of a sequence selected f:rol!l the·qroup 

consisting of: 
a) a DNA sequence in Fi~es 3 or 4; 

b) a sequence encodinq a polypeptide of Figures 3, 4 or 

25 7; and 

30 

c)· a sequence sul)stantially homoloqous to a sequence of 

Figures 3 or 4. 
The fragment will often be a fibroblast qrovth fac:tcr receptor 

extracellular domain without a tyrosine kinase region. 

Alternatively, a method is provided for inhibiting 

binding betveen a fibroblast qrowtll factor and a f ihroblast 

growth factor receptor in a solution. This method will contain 

a step of combining an FGF-R peptide, e.q., a peptide 

homoloqous in sequence to a sequence described in Fiquxes 3, 4 

35 or 7 to a solution or medium containing fibroblast qrcwt.h 

factor and fibroblast growth factor receptor, usually native 

fibroblas~ qrowth factor receptor. such methods will be useful 
., \"'.\\:.c~ 

in vitro, after employing labeled FGF-R peptide in ass ~r1'\ r\f.''S · 
., ';vlb'-' cx:r1 

'\\-\\,J • eG}'\)\' ~,' 
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procedures. 
Compositions con~a1nin9 a soluble FGF-R polypeptide 

having between about five and t~o hundred contiguous amino 
acids from a human fGF-R extracellular domain are described. 

5 In one embodiment, the polypeptide contains at least about so 
am.ino acids from residues l to 287 of a hwnan fibro~last growth 
factor receptor of Fiqure 7 or an IgII or IqIII domain, or 
both. In alternative embodiments, the IqII domain will have 
about 7 contiguous amino acids from residues SS to 141 of a 

10 human sequence of Figure 7 or may contain a carboxy-tenninal 
sequence substantially homcloqcus to the 79 amino acid sequence 
from residues 222 to 300 of a soluble human protein of Figure 
7. Particularly preferred polypeptides consist essentially of 
the h4 or h5 sequences (Figure 7). 

15 A further aspect of the invention is a fibroblast 
9rovth factor receptor composition ccntaininq a substantially 
pure polypeptide of less than about as KDa comprisinq a 
fibroblast grovth factor-binding domain. The polypepti4e may 
be soluble or may specifically possess a signal segment, an IqI 

• 20 seqment, an acidic: segment, an IgI~ seqaent, an lgIII segment, 
an I9II:t'l' se9'111ent, or a transmembrane segment. Preferred 
embodiments will be homoloqous to a sequence described ~n 
Figures 3, 4 or 7 or vill include· at least about 30 amino acids 
of each of both IqrI and IqII~ domains. The polypeptide can be 

25 one polypeptide chain in a muJ.ti-chain complex of proteins. A 
chicken fibroblast growth factor receptor is one preferred 
embod.illlent. 

The present invention embraces isolat~d nucleic acids 
e.ncadinq human f i.broblast grovth factor receptor proteins which 

30 substantially lack an intracellular dD111ain. Such a nucleic 
acid vill usually exhibit a sequence ?omoloqous to an IqII 
domain described in Figure 7, or may include a sUbstantially 
full lenqth IgII domain. The nucleic acid will usuallY. also 
have a.si911al segment, an IqI segment, an acidic segment, an 

35 I9III segment, an IgIIIT segment, a transmem.brane seqment, or a 
tyrosine kinase segment, and will preferably correspond to a 
sequence described in Figures 3, 4 or 9. A particularly _ , 

f d -a.. d . . 1 . . d d. n.."ll"r.. ,_c."' tt~S ucEN pre e:r:re , eJUA.lo iment is a nuc eic aci enco inq a r~ .... ~:i-rt••D l ~ 
I RlWU\CED 

~--
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native to a human. The nucleic acids may be opera.Cly linked to 

.a transcription promoter sequence and may further be 

incorporated into expression vectors suitable for production of 

recombinant FGF-R peptide. 
5 Also included are isolated nucleic acids encodin9_a 

soluble human fibroblast qro'Wt.h factor receptor, preferably one 

homoloqous to h4 or h5. Protein products made by expressing 

such an isolated nucleic acid are provided. 

A method is provided for makin9 these proteins of 

10 nevly recognized utility, e.g.,_fil:>roblast'qravth factor 
receptor ac:tivity, sa1d method comprisin~ expressin9 an 

isolated nucle~c acid. Products produced by this •ethod are 

nov also available. 

Additional methods are provided for making fibroblast 

15 growth factor receptor peptides by transforming a cell with a 

nucleic acid of at least about 21 bases of a sequence·selected 
from the gToup consisting of: 

a) a ONA sequence in Figures 3, 4 or 91 

b) a sequence encoding a polypeptide of Figures 3, 4 er 

20 7r and 

C) a sequence substantially homoloqOUS to a sequence Of 

Fiqures 3, 4 or 9. 

Other methods for producing an antibody against a 

fibroblast growth factor receptor fragment are described, 

25 including a step of proaucinq an antibody against a polypeptide 

epitcpe·. hcmoloqous to a sequence of at least six contiguous . 
amino acids described in F iqures 3 , 4 or 7 • The epitopes of 

most interest will be those from a si9'?lal segment, an I9I· 

seqment, an acidic segment, an IqII segment, an IqIII segment, 

30 or an IqIIIT seqment • 
. As a d~a9nostic use, these reaqents provide a method 

for measuring a f ibrcblast qrowth factor or a fibroblast qrowth 

factor receptor in a tarqet sample, said method comprising the 

steps Of! 

JS combining said target sample with a fibroblast growth 

factor receptor segment: and 
detefminin9 the extent of binding batveen said seqment and 

said sample. 

• ~ I!'. ' 

Recetvea ume 
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This invention also provides a transf or:m.ed cell 
capable of expressinq a polypeptide hcmoloqous to at least a 
portion of a human fibroblast ;rowth factor receptor. A 
preferred embodiment is where the cell expresses a polypeptide . 

s homologous to substantially the entire membrane bound or 
soluble form cf a human fibroblast growth factor receptor • 

ilii1iiil1r 
f 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. l compares the bindinq of various derivatives of 
FGF to FGF-R. Fig. l(A) is a graph showing the percent binding 

S inhibition of 1251-labeled bYGF. Fiq. l(B) is an 
au~oradioqraph of bFGF cross-linked Swiss JTJ _cells subjected 
to qel electrophoresis. 

Fig. 2(A) is an autoradioqrapn of cross-linked 
chicken membrane fractions and WGA eluates subjected to gel 

10 electrophoresis. Fig. 2(B) is a silver stained 9el showing 
pure FGF receptor resultinq from an affinity purification 
performed on the WGA-Sepharose 4B column chicken embryo eluate 
snovn in Fig. 2(A). 

Fig. 3 snows the nucleotide and amino acid sequence 
15 of a chicken bFGF receptor. 

Fig. 4 shows the nucleotide and amino acid sequence 
of a human FGF receptor. 

Fiq. S(A) represents an autctadioqraph of a narthel:'Il 
})lot of chicken RNA probed vith a full length cmtA chicken bFGF 

20 ~ecept~r under hiqh strinqency conditions. Fig. S(B) · 
represents an autorad.iograph of a primer extension of chicken 
lllRNA subjected to electrophoresis on an acrylamide sequencing 

41el. \ 
Fiq. 6 is a schematic of a chicken bFGF receptor 

. .· - "} 

25 indicating the (solid- block) ~-Ci die domain 1 '(cross-hatched 
r 

block) . ~ransmembrane -reqion': -(flecked l7lock) tyrosine kinase 

domain: (S}, position oft.he SH cysteine residues (in contrast 
to the S desiqnation of Table I); (W}, position of tryptcphan 
residue with respect to the first cysteine resi~ue in the Ig-

30 like domain. 
Fig. 7 provides an a:mino acid seq11ence ·comparison of 

various different FGP' receptor f orm..c; . The amino acid se~ences 
of 4 human receptor forms are shovn in comparison .to ·_a chicken 
FGF receptor sequence. Sequences which ·differ from the chicken 

35 FGF receptor sequence are outlined in open boxes. TransmelD.brane 
sequences are underlined. These DNA sequences are in 

I . 

GenBank/EMBL data bases under the following accession numbers: 
h2 is M341SS, h3 is M34186, h4 is MJ4187, and hS is M3418S. ,c n\~b~ 

~r r\1-~-' 
.,.\-\\$ 5\-\\~~~\ 11.Cf~\) 

l R\:.~ ,,I ... 

\ 
Tl • • .,.. 

1
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Fig. a provides a schematic represen~ation of various 

different FGF receptors. The following structural features are 

identified: hydrophobic putative signal sequence (solid boxes), 

the highly acidic reqion (open boxes}, transm.enmrane domain 

S striped boxes), kinase land kina~e 2 domains (stippled coxes), 

and the divergent region of h4/hS (zigzag line}. Asterisks 

indicate the position at which h2 and h4 contain the sequence 

Ar;Met, the chicken receptor contains a single Asn residue, and 

h3 and hS contain no corresponding residues. Triangles 
10 indicate the position at which h3 contains a Glu residue and 

all ?th.er recep~or forms contain a Lys residue. The nUlDbers at 
the top of the figure indicate the deqrees of am.inc acid 

identities between similar domains of the h2 human receptor and 
the chicken receptor. 

15 Fig. 9 presents a comparison of various human FGF 
receptor genomic sequences with deduced amino acid sequences of 

FGF receptor cONA clones. The sequence of a human qenamic 

fragment obtained by PCR. is shown in comparison to human and 

chicken cDNA sequences. A l kb intron separates genomic 
11 20 sequences encoding the Ig-like (Iq) domain and the highly 

acidic regicn. Dashed lines represent continuous se~ence vi th 

no qaps. The deduced amino acid sequence shown fer the chicken 

FGF recepto~ beqins with the iliitiator methionine residue (1) 

and ends with the acidic region (EDDDDEDD: amino acids 125-lll 

25 in cl. FGF-R}. The amino acid sequence shown for the human h2 
FGF receptor beqins with the initiator methionine residue (1) 

and ends with the acidic reqion (EDDDDDDD: amino acids 37-44 in 
h2). 

Fi9. 10 shows crosslinkinq cf acidic or basic FGF to 
30 receptors in cells transfeeted.with FGF receptor cDNAs. L6 

cells (5 X 105) transfected with the cFGFR/pSV7d expression 
construct (lanes 1, 2, 1, and 8), the h2FGFR/pSV7d e~ression 
construct (lanes 3, 4, 9, and 10), or with vectors alone (lanes 

5, 6, 11, and 12) were incubated with Ool pmoles of 1251-aFGF 
JS (lanes 1-6) or l2~I-bFGF {lanes, 7~12) in the presence or 

absence. of 
i 

6) or bFGF 

minutes at 

a 200-fold excess of unlabeled aFGF (lanes 2, 4, and 

(lanes a, 10, and 12). Bindinq was performed for 30 

37•c. Cells were 

'Pr1'r1 l Time .... 
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i DME H21 containing 20 lllM HEPES pH 7.4, 0.2% gelatin, and tvice 
vith ice. cold P:SS. Oisuccinimidyl sUberate (CSS) was added to 

a final concentration of O.lS mM and crosslinking was allowed 
to proceed for 15 minutes at 4•c. Samples were resuspended in 

5 sample buffer then subjected to sos PAGE followed by 
autoradioqraphy. 

Fiq. ll illustrates acidic and basic FGF induction of 
a 45ca++ efflux from Xenopus oocytes injected with RNA ~nccdinq 
a chicken FGF receptor er the h2 human FGF receptor. The 

10 graphs show 45ca++ effl.ux frcm oocyte.s injected with chicken 

FG:F receptor RNA (A and c, open squares), hmruin h2 :RNA (Band 
D, ope.n squares), human h3 lUtA (Band D, solid trianqles) or . . 
water CA-D, solid squares). Injected oocyt.es were incul3ated 
vith 45cacl for 3 hours at 19•c and then washed extensively. . 2 

15 Groups of 5 oocytes were placed in individual wells of a 24 
well plate and o.s ml cf media vas ad.dad. At 10 minute 
intervals, the media was removed fer counting and fre5h media 
was added. After 40 minutes, aFGF (panel A and 'B) er bFGF 
(panel C and D) were added to a final c:cncentrati.on of o.5 nM. 

20 As a positive central, car~achol was added after 100 minutes. 

Each data point represents the average of triplicate w~lls. 

; 
~ . 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

OUTLINE 
I. General Desc~iption 

5 A. FGF-R 

10 

15 

20 

25 

30 

35 

40 

l. structural features 
a. extra.cellular domain 

i. signal sequence 
ii. Iq clomains 
i~i. acidic amino acid region 

b. transme.mbrane segment 
c. intracellular domain 

i. tyrosine kiriase 
ii. insert 

2. function 
a. bind FGF 
b. bind tc FGF-R peptide 
c. tyrosine kinase activity 

B. Physioloqical FUnctions 
l. cellular 
2. tissue differentiation 
3 • orcJanismal 

II. Polypeptides 
A.. solul>le Forms 
B. Truncated Forms 
c. Fusion Proteins 
o. Genetic Variants (site-directed mutaqenesis) 
E. compositions comprising Proteins 

n:I. Nucleic Acids 
A. Isolated Nucleic Acids 
B. Recombinant Nucleic Acids 
c. Compositions camprisinq Nucleic Acids 

IV. Methods for Making Ft;r-R 
A. Protein Purification 

l. affinity with derivatized FGr 
2. various ligands. same receptor 

B. Expression of Nucleic Acids 
v. Antibodies 
VI. Methods for Use 

A. Diagnostic 
B. Therapeutic 

* * * * * 

45 I. General Description 

A f i.rst aspect of the invention provides homoqeneo~s 
"FGF-R peptides. These homoqeneous FGF-Rs include a chicken 

basic fi}:)roblast growth factor receptor and various human 
fibrob1ast growth factor receptors. Hcmo9eneous polypeptides 

so either having FGF-R ligand-bindinq activity or camprisinq a 

portion of t:he ligand-binding domain of an FGF-R are described. 

Notably, the present invention provides homogeneous -~::---· ·n-\· .. ,\Efri 1-,~_::· . 

-" ~ b ?Q·1C: l ~- l:' t ' - ' 'J 

. KHPLA.Ct:.O 
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seqment (designated the transme:mbrane segment). The seqments 

of FGF-R amino-proximal to.the transmembrane se9Jnent are 
designated the extracellular domain, vhile the segments 

carboxy-proximal to the transmeml::>rane segment are designated 

5 the intracellular domain. From tha amino-terminus, the 

extracellular do~ain has an NH2-terminal hydrophobic putative 

signal sequence, an i.mmunoglobulin-like domain (designated 

IgI), and acidic se9"J11ent, a second ilmilunoqlobulin-like domain 
(4esiqnated IqII), and a third iDmuncglobulin-like domain 

10 (designated IqIXI). Although various structured features may 
be identified in the external domain of the FGF-R, the"most 

important ~un~ional property which de.fines the domain is the. 

binding to the receptor liqands, e.q., members of the FGF 

family. As discussed below, this function is correlated vith 

15 the combined presence of I9II and IgIII domains. 

The intracellular domain is characterized by the 

presence of a split tyrosine kinase structural domain and, in 
the chicken receptor, is about 424 residues long. 

:Functionally, this clomain is defined by its tyrosine kinase 
20 activity, typically modulated by liqand bindinq to the .. 

extracellular domain. A protein substantially lacks ~ 

intracellular domain when it lacks a prototypical intracellular 

domain, particularly lackinq a;tyrosine kinase domain. 
Besides the chicken receptor, four unique human cDNA 

25 clones have been identified. 'Xhese encode previously unknow 
FGF receptor variants which contain only two Ig-like domains. 
TW'o of. the human clones encode membran~ spanninq receptors and 
tvo encode putative secreted forms. Both the forms exhibiting 

the 3 Ig•like or 2 lg-like-domain structures mediate biolo9ical 

30 responsiveness to acidic and basic FGF. Thus; ~e first Ig 
domain of the 3 Ig domain f oa may have a func~ion ether than 
binding cf acidic and basic FGF. The multiple human receptor 
forms, ;are identical in some regions but are highly divergent 

in other selected regions of the extracellular ~omain. TWO of 

35 the human variant receptors, h4 and h5, are likely to encode a 
secreted torm of the FGF receptor • 

• 
A typical FGF-R nucleic acid sequence encodes a 

transitory NH2-terminal hydrophobic sequence, 

l 9. Feb. 2 0: 15 
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clea~ed during ~he ~ranslocation process. The classicai· 
function of a signal sequence is to direct the nascent 
polypeptide chain to me.ml:lrane bound ribosomes, thereby leading 
to mem]:)rane translocation. However, since the signal sequence 

5 is typically removed in the translocation precess, the siqnal 
sequence is absent in a mature polypeptide. 

The Iq-like domains (Iq domains) ara characterized by 

three main features: (i) the presence of tvo characteristic 
cysteine residues in each domain: {ii) the presence of a 

10 consensus tryptophan residue ll to 12 amino a.c:icis on the COOR­

terminal side of the first cysteine residue in each Ig-like 
domain: and (i~i) the presence cf the consensus sequence, 
DX~C, on the NH2-terminal side of the second cysteine 
residue. The last tea.ture is modified in the cases of the 

15 soluble receptor proteins, ~nd sutistituted with an equivalently 
sized sequence·. 

Additional features characteristic of the Ig domains 
are apparent both in comparin9' the domains with cne another, 
and comparing h0111Cloqaus domains of different receptor 

' 20 molecu.les.. The amino-prcximal Iq·doma.in found in the chicken 
clone was desiqna.ted IqI. As the chicken clone has three :r9 

• 
domains, the domains have been numbered from the amino 
teminus. As indicated in Figure 6, the Ii;:r domain includes 
the 45 amino acids flanked by a pair of cysteine residues. The 

25 chicken IqI domain has a high homology in sequence vith the IgI 
domain found in the genomic sequence of the hum.an FGF-R. 
However, the hum.an form.s appear to lack a domain corresponding 
to IqI. 

~he next Iq domain is designated I9II, and in the 
30 chicken receptor includes 51 amino acids be.twe~.p. the two 

cysteine residues (see Fiqs. 3 and 6). As described balov, 
this domain, in combination with the J:qIII domain is involved . . 
with liqand binding. The polypeptide sequence homology of this 
dCll'J.ain between the chicken and hu:man receptors is quite hiqh, 

JS as shown by the sequence alignments in Fiq. 7 o rt will be 

noted th~t the human receptors lack an Iq I domain but have 
IqII and IgI1~ domains. The cysteine residues used to 
delineate this domain are residues 176, 891 S7, 89, and 87 on 

-. • I IT\' 
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the amino proxilnal side, and 228, 141, lJ9, 141, and 139 on the 
carboxy proximal side for the chicken, h2, hJ, h4 and hS 
receptors, respectively. 

The third Ig domain is designated I~III and in the 
s chicken receptor includes 63 amino acids betveen the t~o 

cysteine residues~ See Fiqs·a 3 and 6. Again, although the 
human receptors have only two domains, the dOl'llains correspond 
to I9II and IgIII. In both the chicken and hwnan forms, the 
IqIII domain is that closest to the transme.mbrane segment. The 

10 cysteine residues for the chicken, h2, hJ, h4 and hS receptors, 
respectively, used to delineate this domain are residues 274, 
187, iss, 1S7,_ and 185 on the amino proxilnal side and residues 
339, 2s2, 2so, 253, and 2s1 on the carboxy proxilnal side. 

The h4 and hS soluble receptors have a sul:lstituted 
15 termina.l segment designated IgIIIT •. This segment is a 

s~stituted te%11.1.inal segment replacinq part of the membrane 
bound to IqIII, and is 79 amino acids lonq. This sequence 
corresponds to amino acids 224 and 22~:of h4 and h5, 
respe.ctivel.y, while preserving many of the features found in 

20 the IqI:!I domain except of the DSGSYSC. I:t should be noted, 
however, the IqIIIT sequences are conserved between the solU]:)le 
forms of the human FGF-R. 

Between the first and second imm.unoqlobulin-like 
domains, the FGF receptors (shown fer the basic FGF-R, but the 

25 same FGF-R binds both the acidic and basic FGFs) have a feature 
not found in ether members of the i.mm.unoglobulin superfamily. 
There is a series of eight consecutive acidic residues 
(EDDDDEDD in the case of chicken, and EODDDDDD in the case of 
human) ,followed by three serine residues and ·two additional 

30 acidic residues (Figures 3 and 7). Althouqh uninterrupted 
stretches of 7 to JS acidic residues have been described for 
several intracellular proteins, in particular nuclear prcteinsr 
such acidic reqions are unusual in the extracellular reqion of 
transmembrane receptor proteins. 

35 The 5 receptor species (e.g. the chicken, h2, h3, h4 
and. h5 fc.rm.s) also exhibit variability at a specific location 
between ibe conserved acidic reqion and the conserved second 
Ig•like domain (IgII). The h2 and h4 recep~or forms contain 
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tvo amino acids (ArgMet) at positions 59 and go, ~hile the 
chicken recep~or contains a single amino acid (Asn) at this 
position and the h3 and h5 receptor forms contain no 
corresponding amino acids at this position (see asterisks, Fig. 

S S). 

A.nether unusual feature is the length of the 
juxtamaml::>rane region, the region between the membrane spanninq 
seqment and the kinase domain. This reqion is normally 
conserved among receptor tyrosine kinases. Fer example, the 

10 juxtamem.brane region is consistently 49 to 51 residues in 
lenqth in the receptors for PDGF, CSF-i, epidermal growth 
factor (EGF}, ~u:man epidermal C]rcwth factor-2 (HER2) and 
insulin. The FGF receptors with an intercellUlar domain have 
an unusually lonq juxtamembrane reqion of about 87 residues. 

15 The cytoplasmic reqions of the amino acid sequences 
are abcut 424 and 425.residues long-, respectively for the 
chicken and human for.ms. These also contain a tyro.sine kinase 
seq\ie:nce (ahout residues 482 to 759, 395 to 672, and 393.to 

670, respectively for the chicken, h2, and hl forms). overall,. 
20 the kinase region of the bFGF receptors shares the most 

sequence identity (ai,cut 51 tc SJ%) with the POOF_ and CSF-1 
receptors. The bFGF receptors contain the GXGXXG motif and the 
conserved lysine residue (about residue 512) that form part of 
the.adenosine s•-triphcsphate (ATP) binding site of tyrosine 

25 kinases. The bFGF receptors also contain the two 

characteristic tyrosine kinase motifs, HRDLAARNVL and DFGLAR, 
and a tyrosine (about resiaues 651, 564 and 562) at the 
position analogous to the major phosphorylation site of pp60v­
src (about Tyr 4lG). 

JO The kinase codinq sequence of the bFGF receptors, 
defined by homology to other tyrosine kinases, are split by an 
insertion of 14 amino acids. The lenqth of the insertion in 
the· kinase region is shorter than that found in the receptors 
for PDGF and CSF-1 (104 and 70.amino acids, respectively) and 

35 is similar to the length of the inserted sequence in the 
receptors for insulin and insulin-like growth factor-I. , 

' The FGF-R appears to have three different biological 
functions. The first is the binding of ligands, usually the 
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FGF proteins or their analogues. 
may also serve as either aqonists 
bindinq site is apparently in the 

These ligands or analcques 
or antagonists. The ligand 
extracellular domain. The 

receptor transduces a signal in response to ligand binding, and 
s the result is a ligand modulated activity. As the likely 

ligand is a FGF, the signal will ordinarily be FGF-modulated. 
A second bioloqical activity relates to the tyrosine 

kinase enzymatic activity. This activity is tYPically 
activated in response to ligand binding., However, since the 

10 receptors are likely to function in a dimer state, the 
intrachain hindin9 interactions may be considered another 
bioloqical act~vity which may be mediated by blocking aqents. 
this may serve as an additional means to modulate FGF-mediation 
of particular activities. 

15 t~ B.. Physioloqical Implicat:ions 
The interac:ticns of FGFs with their receptors cause 

changes in, on particular cell types, cell morphology and cell 
transformation, call proliferation, cell differentiation, cell 
senescence, heparin sensitivity, and heparin effects. The in 

20 viv2 effects of FGF include, in particular orqaniSlllS, . 
modulation of various activities, e.q., limb regeneration, lens 
reqeneration, anqioqenic effects on both normal and t~or 
cells, wound healing, adipocyte differentiation, and qrowth of 
various neurai and myoblast cells. FGFs also exhibit potent 

25 anqiogenic activities. rt is ·thought that the ariqioqenic 
activity of FG:F's ia · due in · 1arge pare· to the c:bemotact:ic and 

mito9enic effects of these factors on endothelial cells. In 
addition, constitutive expression of FGFs has been shown to 
induce.cellular transformation in transfect.ed cells, indicatinq 

3 o that autocrine or paracrine st.imulatir.m by FGFs may be involved 
in tumor formation. Th~.se diverse· cellular and physiological 
effects foreshadow the central importance of these receptor­
li9and ~nteractions. 

The compositions and cells comprising them can be 
35 used for diagnostic plirposes and to study and treat diseases 

asscciatep with FGF receptors. Cells expressing cloning 
• vehicles containing def inad sequences can be used to define 

specific sites of an FGF receptor necessary fer effecting a 
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parcicular ac~ivity. Alterna~ively, these cells may be useful 
to assess the ability of a selec~ed receptor to bind different 
ligands (FGFs and analogues) thereby providinq a powerful tool 
for evaluatinq the poten~ial of drugs f cr promoting or 

5 inhibiting specific FGF-induced cellular responses. 
Cells transfected, injected, infected or 

electroporated vith ONA or niRNA containing a full length 
natural FGF-R sequence will often express the native or vild 
type receptor and respond accordingly. · Specific concentrations 

lO of a purified receptor or a receptor polyPeptide fraqment can 
be used to block the binding of the ligand (FGF) to native FGF 
receptors. Alternatively, antibodies to the receptor or 
fra9111ent can have the same effect. 

Homoqeneous and defined polypeptides and DNA 
is saquences will find use in raising antibodies. In particular, 

antibodies aqainst specific regions of the receptor, e.s., the 
liqand-binding domain, will £.ind use in diaqnostic testing. 
The rea9ents FGF-R, FGF-R polypeptides and antibodies to 
specific reqions of the receptor can be used to study 

20 regulation of FGF mediated activities. For example, YGF 
agonists should stimulate blood vessel development, an effect 
particularly beneficial in wound healinq and in the qrowth of 
collateral blood vessels in ischemic areas of the heart.. FGF 
antagonists should find use in preventing aberrant angio9enesis 

25 as seen in diabetic retincpathy and rheumatoid arthritis or in 
controlling tumors by blocking proliferation of vascularization 
to a tumor. 

II. Polypeptides 
30 This inven~ion includes fibroblast growth factor 

receptor polypeptides and proteins havinq FGF-R ligand-binding 
activity. The receptors of the present invention include FGF 
rece.ptcr amino acid sequences suc:h as the amino acid s'eque.nces 
for a chicken bFGF-R and human FGF-R forms as shown in Figures 

35 J, 4, and 7. Also included are h01Do1oqous sequences, allelic 
variatic,ns, natural mu~ants, induced mutants, alternatively 

• 
expressed variants, and proteins encoded by DNA which hybridize 
under high or low stringency conditions, to FGF receptor 
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encoding nucleic ac,ids retrieved from naturally occurring 
~aterial. Closely ~el~ted FGF•recep~ors retrieved by antisera 

to FGF receptors are also included. 

The symbols for the aJAino acid residues are shown 
5 in Table I. 

Table I 

~ar~vi1tign~ xoI th! M\iDo ~cig ~s1d:g,1s 
10 A, Ala; G, Gly; M, Met; s, Ser: 

c, cys; B, His; N, Asn; T, Tbr: 
D, Asp; ·I, Ile: P, Pro; v, Val; 
E, Glu; K, Lys; Q, Gln; w, Trp; 
F, Phe; L, Leu1 R, Arq; Y, Tyr; 

15 
X, any amino acid and Z, termination. 

Various new human FGF receptors have been cloned and 
characterized, as described further be1ow. Of particular ~ate, 

20 various shorter farms (h2 ~d hJ) and soluble versions (h4 and 
hS) of FGF receptors have been discovered. The soluble 
proteins (e.9., forms lackinq a transm.embrane seqment). which 
possess FGF binding capacity indicatef that shorcer fo:ms will 

find therapeutic and/or diagnostic uses. 
25 Typically, the fibroblast qrovth factor receptor 

30 

peptides of the present invention will exbillit at least about 

85% homology with the naturally-occurring receptors in the I9II 

and -I~III reqions, usually at least about 90% homology, and 

preferably at least about 95% hcmoloqy. 
In particular, the ligand binding function is 

localized to the extracellular domain, and the so1uble f orm.s 
retain this particular function. Soluble fragments of FGF 
recepto~s should be useful in substituting for or interferin~ 
with the. functions o"f the naturally soluble variants. 

35 Alternatively 1 the soluble forms may interfere with 
dimerization of FGF receptors, since ·the receptors may normally 
be in a dimer form. Receptor dimerizaticn may be essential fer 

proper physiological siqnal transduction. 
: The human receptors possessing a transme.m.brane 

40 segment are unusual in having only the Iql! and IqIII of the 
three Ig domains. The absence of the IqI domain indica~es that 
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certain functions.may be absent in the human receotor, or, more 
' . 

likely, that the IgI domain is unnecessary in the humall 
receptor. Data presented below shows that the IqI domain is 
not essential for ligand bindinq. 

s As used herein, the terms substantially pure and 

lO 

15 

20 

homoqenous describe a protein which has been separated from. 
components which naturally accompany it. Typically, a 
monomeric protein is ~ubstantially pure when at least about 60 
to 75% of a sample exhibits a sinqla polypeptide backbone. 
Minor variants or chemical modifications typically share. the 
same polypeptide sequenceo A su.b~tantially pure protein will 
typically comp~ise over about SS to 90% or a protein sample, 
more usually will comprise at least about 95%, and preferably 
will be over about 99% pure.o Normally, purity is measured on a. 
pclyacryla.m.ida 9el, with homogeneity determined by staininq. 
For certain purposes hiqh resolution vill be used and HPLC or a 

similar means for purification utilized. For most purposes, a 
sill'lpl~ chromatcqraphy colum:n or polyacrylamide gel will be used 
to determine ptirity. 

A protein is substantially free of naturally- . 
associated COlllponents Whan it is separated from the native 
contaminants which accompany it in its natural state. Thus. a 
protein which is chemically synthesized or synthesized in a 
cellular system different.from the call from ~hich it naturally 

25 originates will be substantially free from its naturally­
associated components. The term. is used to describe receptors 
and nucleic acids which have been synthesized in heterologous 
mamnalian cells or plant.cells, ,g. 5S2li, and other prokaryotes. 

: A polypeptide is substantially an entire membrane 
30 bound farm of an FGF-R when it is substantially a full lenqtll 

peptide CO%'respondin9 to, er hiqhly homoloqous to a naturally 
occurrinq membrane hound form of an FGF-R. 

35 

Whether soluble or membrane bound, the present 
invention provides for substantially pure preparations. 
various methods for their isolation from biological ll'laterial 
may ba devised, based in part upon the structurzl and 

J 

functional descriptions contained; herein. 
FGF receptor peptides including chicken and human FGF 
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recep~ors may be purified using ~echniques of classical protein 
I 

chemistry, see· below. for example, a lectin affinity 
chromatography step may be used, followed by a highly specific 
liqand affinity chromatography procedure that utilizes an FGF 

I 

5 conjugated to biotin through the cysteine residues of the FGF. 
Parif ied FGF-R receptors may also be obtained by a method such 
as FGF affinity chromatography using activated CH-Sepharose 
coupled to FGF throuqh primary a~ino groups as described in 
ImaJD.ura, sgp;a. This method, however, while resu1ting in a ...__. ___ .. --- .. --· .. __ .. --·---..-

lO p~.ifi~c! ... Protein, Jnay net provide a workable amount of purified 

protein ( i ·• ~~·- more than nano9'1'am amounts) • 
oepe:nding en the availability of specific antibodies, 

as provided. herein, specific FGF receptors may also be purified 
usiruJ immunoaffinity ch.romatoqraphy.. Antibodies prepared, as 

15 described below, may .be i..mlncbilized to an inert su.bstanca to 

generate a highly specific affinity column. See Harlow and 
Lane, below~ 

By way of exmnple and-not limitation, one 
purificatio~ procedure may be used which takes advantage of the 

20 fact that labeleq biatin-bFGF binds vith high affinity to 
receptors in cells ccntaininq hi9h amounts of 'chose receptors. 
125r-labeled biotin-bFGF will bind to bFGF receptors in Swiss 
3TJ. cells and can be cross-linked to the receptor protein. 

Various call or tissue sources may be selected as 
25 startinq materials usually selected due to an abundance cf the 

desired receptor. Chicken el'Dl)ryos (day 6, sta9e 29-30) are 
preferred because they contain relatively larqe amounts of the 
receptor protein as determined by hiqh-aff inity bindinq of 
human ,~d bovine bFGF. Embryo extracts can first be 

30 fractionated on wheat 9erm agglutinin (WCA) Sepharose 4B and 
the partially purified bFGF receptors then bound to biotin­
bFGF. The receptor-ligand complex may be adsorbed to an 
avidin•a9arose due to the high affinity interaction betveen the 
biotin and avidin moieties. The avidin-a9arose colWDns may be 

35 eluted with compounds which dissociate the FGF from its 
receptor_

1 
such as suramin or SDS. The chicken protein which 

• 
bound to avidin-aqarose in an FGF-dependent manner migrated at 
the expected size (130 kDa) of the bFGF receptor. see Fig. 2B-
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To determine ~he amino aciQ sequence or to obtain 
polypeptide fragmenis of the receptor, the recep~or may be 
di~ested with trypsin. Peptide fraglnents may be separated by 

reversed-phase hiqh perf crmance lic;uid chromatography (KPLC} 
S and analyzed by gas-phase sequencing. Other sequencin9 methods 

known in the art may also be used. 
The FGF receptors or the specific external regions o! 

the receptors may be used to affinity purify respective FGFs. 
The external region comprising the liqand-binding domain of the 

lO chicken l:iFGF-R shown in Fiqure 3 extends from about amino acid 
22 to about amino acid 374. Tbe ligand-binding domain of the 
human FGF•R shown in Fi9UJ:'e 4 extends from about amino acid 22 
to about amino acid 2as. The li9and-bindin9 d~in varies with 
different FGF receptors and may be anywhere from 5% to 100% of 

15 the ~xtracellular reqicn. The minimal amount of prote.in 
sequence necessary for ligand bondin9 may be detel:mined by 

excising various sec;ments of the extracellular domain and 
assaying liqand bindinq to the remainihq sequence. Studies of 

' 
ligand-receptor interaction indicate that at least the 

20 ligand-binding reqion is located· in the extracellular region of 
the recep~cr is required. As used in this applicaticn, FGF 
receptor er FGF-R liqand-bindinq activity means having the 
ability tc bind a fibroblast qrowth factor or other specific 
ligand. Usually these ligands will be members of the FGF 

25 family. Therefore the external region has utility in 
estaDlishinq FGF aqonists or antagonists. 

It is also likely that the FGF-R, like many other 
qrowth factor receptors, is found naturally in a multimeric 
protein complex, most likely in dimer form. Thus, other 

30 impcrtant reqions of a receptor will he those, either 
extracel.lular or otherwise, ~hich are involved in dimerization. 

The intracelJ.ular regions of the receptors (e.g. 
startinq_at about amino acid 396 through the COOH~tenninu.s for 
the chicken bFGF-R and a.bout amino acid 307 through the 

35 COOR-terminus for the hu:man FGr~R shown in Figures 3 and 4, 
respectiyely) may also be us~d as enzymes vith tyrosine kinase 
activity. The b~ gene has 84% amino acid sequence identity to 
the analoqcus region {tyrosine kinase region) of the chicken 
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~FGF-R. The i.l.g has 99% homology with various sequences of the 
h'\J.lnan FGF raceptor described in Fiqure 4. 

A siqnal or leader sequence directs a protein throu~h 
the membrane of a cell. The signal sequences of the receptors 

5 may be used in conjunction with their respective receptors but 
may also be used with other proteins (e.g. a~ino acids about l 

through 21 of the N-terminal sequence comprise the leader or 

signal sequence of the chicken 1'FG:F-R shown in Figure 3 and the 
human FGF-R shewn in Figure 4} • 

10 The present invention also provides for analogues of 

the fibroblast qrowth factor receptor polypeptides. such 
analogues include both modifications to a polypeptide back.bone 
and variants and ltl.utants of the polypeptides. Modifications 
include chemical derivatizaticns of polypeptides, such as 

lS acetylations, carboxylations and the like. They also include 
glycosylation modifications and processinq variants of a 
typical polypeptide. These processing steps specifically 
include enzymatic modifications;· such·as ubiquinization. see, 
e.q., Hershko and Ciec:llanover (1982), "Mechanisms of 

20 Intracellular Protein Breakdown," Ann· Rev. Bioch .. , Sl:JJS-
364. 

other analoques include gene.tic variants, both 
natural and induced. Induced mutants maY!Jbe derived frOm 
various techniques including both ran~om mutagenesis of the 

25 encoding nucleic acids usin9 irradiation or exposure to EMS; or 
may take the form of engineered chan9es by site-specific 
mutaqenesis or other techn~ques cf modern molecular bio1cgy. 
see, Sambrook, Fritsch and. Maniatis (i9S9), Molec;ulax Clpning: 
A Laboratory Manual· (2d ed.), CSH Press. 

30 Besides substantially full-length polypeptides,' the 
present invention provides for biologically active fragments of 
the polypeptides. Significant biological activities include 
ligand-binding, immunological activity and other bioloqical 
activities characteristic of fil;Jroblast growth factor receptor 

35 polypeptides. Immunological activities include both 
immunoqenic function in a tarqet immune system, as well as 
sharing of iuununoloqical epitopes for binding, servinq as 
either a competitor or su.Dstitute antiqen for a fibroblast 
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qro~h factor racep~or epitope. As used herein, the term 

segment, as applied to a polypeptide, will ordinarily be_~~_ 
least about s contiguous amino acids, typically at least a.bout 
7 contiguous amino acids, more typically at least about 9 

s contiguous amino acids, usually at laast al:lout ll contiguous 
amino acids, preferably at le~st al:lout l) contiguous amino 

acids, more preferably at least about 16 contiguous amino 
acids, and most preferably at least al::1cut 20 to 30 or mare 
contiguous amino acids. Seqm.ents cf a particular domain vill 

10 be segments of the appropriate size within the corresponding 

domain. 

Far ~ple, liqand-bindinq or ether domains may be 
"svapped11 between different new fusiora polypeptides er 
fraqm.ents. Thus, new chimeric polypeptides exhibitinq new 

lS comtiinaticns of specificities result from the functional 
linkage of liqand-bindinq specificities and intracellular 
domains. For example, the Ig domains may be substituted by Ig 
domains from other related polypeptides. 

For imm.unolo9ica.l purposes, ilmnuncgens may be 
20 produced which ta.ndemly repeat polypeptide sec.;ments, thereby 

proclucinq hi9hly antigenic proteins. Alternatively, such 
polypeptides will serve as hiqhly efficient competitors for 
specific binding. Production cf antibadies to,fibroblast 
growth factor receptor polypeptides is described below. 

25 The present invention al.so provides for ether 
polypeptides comprisinq fragments of f ibrcblast growth factor 
receptors. Thus, fusion polypeptides between the receptors and 
other homola9cus ar heteroloqcus proteins are provided. 
Hcmoloqous polypeptides may be fusions between .different growth 

30 facto;- receptors, resulting in, for instance, a. hybrid protein 
exhibitinq ligand specificity cf one receptor and the 
intracellular domain of another, or a receptor which may have 
brcad~ad or weakened speci~ieity of binding. IJ.kewis.e, 
heteroloqous fusions may be constructed which would exhibit a 

35 com.Dinaticn of properties or activities cf the derivative 
protein$. Typical examples are fusions of a reporter , 
polypeptide, ·e.g., luciferase, with a domain of a receptor, 
e.g., a ligand-binding domain, so that the presence or location 
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of a desired ligand may ~e easily determined. See, e.g., Dull 

et al., u.s. No. 4,859,609, which is hereby incorporated herein 

by reference. Other gene fusion partners include bacterial 8-
galactosidase, trpE Protein A, ~-lactama.se, alpna amylase, 

5 alcohol dehyarcgenase and yeast alpha mating factor. ~, e.q., 
Godowski et al. (1988), Scien£~ 241:812-816; and Experimental 

section below. 
FUsion proteins will typically be made by either 

recombinant nucleic acid methods or by synthetic polypeptide 
10 methods. Techniques for nucleic acid manipulation are 

described generally, for e.xa.111ple, in s~rcok et al. (1989), 

Bolecµlar Clon;nq! A Laboratory Manµal (2d ed.), Vols. 1-3, 
Cold spring Harbor Laboratory, which are incorporated herein by 

15 

20 

reference. Techniques for synthesis of polypeptides are 

described, fer example, in Merr~field, J, AD1er. Chem. Sot;t.., 
65:2149•2156 (1963). The recombinant nucleic acid sequences 
used to prcduca fusion proteins of the present invention ~ay he 

derived frcm natural a~ synthetic sequences. Many natural qene 
sequences are obtainable from various cDNA or from qenomic 
libraries using appropriate .. probes. ·s.ee, GenBank•, National. 

Institµtes of Hea.ltho .Typical probes fer fibroblast qrowth 

factcr receptors may be selected from the sequences of ?iqures 
3, 4, ·or 9 in accordance with standard procedures. Suitable 

synthetic DNA fragments may be prepared by the pbosphoramidite 
25 method described by Beaucaqa. and· Carruthers, Tetl;A..· Letts. 

22:1859-1862 (1981}. A double ·stranded fragment may then be 
obtained either by synthesizinq the complementary strand and 

annealing the strand toqether under appropriate conditions or 

by adding the compleme..\l'ltary strand using DNA polymerase vith an 

l 0 appropriate primer sequei.ncia. 

ll:'I. Nucleic: Acids 
The present invention provides nucleic acid sequences 

encoding various FGF receptor sequences described above. 
35 Figures J, 4, and 7 respectively set forth the corresponding 

cDNA sequences encoding chicken and human FGF receptors. 

In Figure J shoving the chicken hFGF-R, peptides 

seauenced from purified protein are underlined, includinq the / .. 
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NH2-proximal sequences from amino acids 35-53 (ala---~rg), 56-

67 (leu---arq), and 139-158 (glu---lys). The transmell1brane 
sequence is indicated by a dark bar, a unique acidic amino acid 
region is outlined, cysteine residues are circled, potential N-

5 linked glycosylation sitas are indicated hy a dot and the 
dashed underlining indicates tha putative hydrophobic siqnal 

sequence. The amino acid sequence includes an in-frame stop 
codon (about residue -12) followed :by an initiator methionine. 
The structural sequence ~eqins at about amino acid 22. 

lO In Figure 4 showin9 the hum.an FGF-R, the 111ethionine 

of codon ATG startinq at about nucleotide 529 is the first 
amino acid. of the FG!'•R gene. For example, amino acid 22 of 
the receptor described in Figure 4 is an arqinine residua (R) 
located tvo amino acids in from the left, tvo lines up fro~ the 

15 bottom betveen ''589" and. "630" on paqe l of Figure 4. 

20 

Nucleic acids accordinq to the present invention vill 
possess a sequence which is either derived from a natural 
hu:man, chicken, or other FG!'•R g-ene or one having substantial 

homology with a natural FGF-R gene or a portion thereof • 
Substantial homology in the nucleic acid context 

means either that the segments, or their c01!lP1ementarystnnds, 

when optimally aligned and compared, are identical with 
appropriate nucleotide insertions or deletions, in at least 
a.bout SO% of the residues, usually at least about 90%, ~ere 

25 usually at least about 95%, preferably at least about 97%, and 
more preferably at least a):)out 98 to 99.5% of the nucleotides. 
Alternatively, substantial ham..ology exists when the segments 
will hy~ridize under selective hybridization conditions, to a 
strand, or its complement, typically using a sequence derived 

30 from Figures 3, 4, or 9. selectivity of hybridization exists 
when hybridization occ:Urs which is more selective than total 
laelc of specificity. Typically, selective hybridization vill 
occur when there is at le.ast about 55% homology over a stretch 

of at least about 14/25 nucleotides, preferably at least about 
35 65%, more preferably at least about 75%, and most pref~rably at 

least a~out 9oi. see, Kanehisa, M. (1984), Nucleic Acids Res. 

12:203-213, vhich is incorporated herein by reference. 

S~ringent hybridization conditions will typically include salt 
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concen~ra~ions of less than abou~ l M, more usually less than 

aDcut soo 'D'IM and preferably less than about 200 mM. 

Temperature conditions will typically be qreater than 2o•c, 
more usually qraater than about 3o•c and preferably in excess 

5 of about 37•c. As othar factors may significantly affact the 

stringency of hybridization, includinq, among others, base 

composition and size of the complementary strands, presence of 

orsanic solvents and extent of base ~ismatchinq, the 

ccnmination of para~eters is more important than the absolute 
lO measure ot any one. 

An isolated nucleic acid is one which has been 

substantially ~urified away from other sequences which normally 
accompany it, e.g., ether cellular nucleic acid sequences. 

Usually, the term refers to a trag111en1: of a qenome which has 

15 been selectively cloned, isolated and purified to substantial 

homoqeneity. 
Probes may be prepared based on the sequence of the 

FGF receptor cDNAs provided in Figures J, 4, and 9. The probes 

will include an isolated nucleic acid attached to a label or 

20 reporter molecule and may be used ~c isolate other FGF receptor 

nucleic acid sequences by stand.a.rd :methods. see, e.9. ·::J. 

Sam.brook et al., Molecuiar Cloning: A !cabor1tory Hanual, vols. 

i-3, CSH Press, N.Y. (1989), which is hereby incorporated 

herein by reference. Other similar nucieic acids ~ay ba 

2S selected for by using hcmolcqous nucleic acids. Alternatively, 
nucleic acids encodinq these same or similar receptor 
polypeptides may be synthesized or selected by makinq use of 

the redundancy in the genetic code.. various codon 

sul::lstitutions may be intrcduced, e.9., silent chanqes thereby 

30 producinq various restriction sites, or to optimize expression 

for a particular system~ Mutaticns may be introduced to modify 

the properties of the receptors, perhaps to change the ligand 
.. 

bindinq affinities, the inter-chain affinities, or the 

polypeptide deqradation or turnover rate. 
35 The DNA compositions of this invention may be derived 

from 9en9mic ONA or cDNA, prepared by synthesis or may be a 

hybrid o~ the various cclllbinations. RecOlllbinant nucleic acids 
comprising sequences otherwise net naturally occurrinq are also 
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provided by this inven~icn. An isolated DNA sequence includes 

any sequence that has been obtained by primer or hybridization 
reactions or subjected to treat:.ment with restriction enzymes or 

the like. 
Syntheti~ oligonucleotides can be formulated by the 

triestar method according to Matteucci, et al.,~- Arq. cnem, 
~, 103!3185 (1981) or by other methods such as commercial 
automated oliqonucleotide synthesizers. Oliqonucleotides can 
be labeled by excess polynucleotide kinase (e.q., about 10 

10 units to 0.1 nmole substrate is used in connection vith 50 l!!M 

Tris, pH 7.6, 5 mM dithiothreitol, 10 mM MqC12 , 1-2 :mM ATP, 1.7 

pmoles 32P-A~P_(2.9 mci/11tmole) 0.1 mM sperm.idine, 0.1 mM EDTA). 
Prc~es may also be prepared by nick translation, Xlenow fill­
in reaction, or other methods known in the art. 

15 cONA or genomic libraries of various types may .be 

screened. The choice of cONA libraries normally corresponds to 
a tissue source which is abundant in mRNA for the desired 
receptors. Phaqe libraries are normally preferred, but plasmid 
libraries may also be used. Fa~ ~xample, a keratinocyte cell 

20 ~enomic or c:ONA library would be--preferred. to isolate and clone 
a keratinocyte growth factor receptor. Embryonic or placental 
libraries can be used fer int-2, FGF-5 and ~ receptors and an 
endotheliai cell library is preferred for acidic FGF receptors. 

Clones of a library are spread onto plates, transferred to a 
25 substrate fer screening-~ denatured a·na probed for~~-the presence 

of desired sequences~. 

For example, with a plaque hy.bridizaticn proced.1l.Z'e, 

each plate containing bacteriophaqe plaques is replicated onto 
duplicate nitrocellulose filter papers (Millipore-HAT!'). The 

30 phaqe ONA is denatured with a buffer sueh as SOC mM NaOH, 1.5 M 

NaCl for about l minute, and neutralized with, "e.g., o.s M· 

Tris-HCl, pH 7.S, l.S M NaCl (3 t_imes for 10 minutes eaeh). 
The.filters are then washed. After drying, the filters are 
typically baked, e.q., for 2 hours at so•c in a vacuum oven. 

35 The duplicate filters are prehybridized at 42•c for 4-24 hours 
with io ,ml per filter of DNA hybridization buffer (20-sot 

• 
foX111am.ide, SX SSC, pH 7.0, SX Denhardt's solution 
(polyvinylpyrrclicione, plus Fic:oll and bovine serum albumin7 
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lX = 0.02% ot aach), 50 mM sodium phospha~e buffer at pH 7.0, 

o.2% sos, and 50 ~g/ml denatured salmon sperm DNA). 

Hybridization with an appropriate probe may be performed at 

42•c for 16 hrs with 10 ml/filter of l x 106 cpmjml of DNA. 

5 hy~ridizaticn buffer containing labeled probe. The final 

concentration of f crmamide is varied according to the lenqth of 

the prcbe and the deCjree of stringency desired. See, e.g., 

J.G. Wetmur ad Davidson,~. Mol. Bio!. 31:349-370 (1968); and 

M. Kanehisa, Nuc. Acids Res. l2:20J-2lJ (1984), each of which 

10 is incorporated herein by reference, for a discussion of 

hyQridization conditions and sequence homology. 
An o~igonucleotide proce based on the amino acid 

seqllence cf the -eve tryptic peptides of the purified chicken 

bFGF-R was used to screen a chicken embryo (day 6) cDNA library 

15 under low stringency conditions. Sequences corresponding to 

TVALGSNVEFVCK and VYSDPQPHIQWLK, prepared usinq a COlllltlercial 

automated oliqonucleotide synthesizer (Applied Biosystems) were 

used to obtain the chicken bFGF receptor clone described in 

Figure J. This clone, or sequences derived from it, can be 

20 used to isolate bFGF~Rs in other species as well as other 

FGF-Rs in a tarqat species. 
The probes described above which were used to isolate 

the chicken bFGF-R were also used to isolate a human bFGF 
receptor cDNA clone. 

25 In accordance vith this invention any isolated DNA 
' sequence which encodes an FGF-R complete structural sequence 

can be used as a prolle. Alternatively, any DNA sequence that 

encodes an FGF-R hydrophobic siqnal sequence and its 
translational start site may be used. Any isolated partial DNA 

JO sequence which encodes an FGF-R activity (e.g. liqand-bindins 

or FGF-R binding} is also part of this invention. Preferred 

probes are cONA clones of each isolated FGF receptor. 

The DNA sequences used in this invention will usually 

comprise at least abou~ 5 codons (15 nucleotides) , more usually 

35 at least accut 7 codons, typically at least about 10 codons, 

preferab~y at least about 15 codons, more preferably at least 
• 

about 25 codons and most preferably at least about JS codons. 

One or ~ore introns may also be present. This nwnnar of 
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nucleotides is usually about the rnini~al lengi::h required for a 
successful prcbe that would hybridize specifically vith an FGF 
receptor. For example, epitopes characteristic of an FGF-R may 
be encoded in sho~ peptides. Usually the wild-type sequence 

S will be employed, in some instances one or mora mutations ~ay 
be introduced, such as deletions, substitutions, insertions or 
inversions resulting in cbanqes in the amino acid sequence to 
provide silent ~utations, to modify a restriction site, or to 
provide specific mutations. The 9enomic seC114ence will usually 

10 not exceed about 200 kb, more usually not exceed about 100 kb, 
prefer~ly not be qr~ater than o.s kb. 

Port~ons of the ONA sequence havinq at least about 15 
nucleotides, usually at least about 15 nuc1eotides, and fever 
than a.l:lcut 6 kd., usually fever than al:>oui:: l .. O kb, from a DNA 

1S sequence encodinq an YGF receptor are preferred as probes. The 
probes may also be used to determine whether l!lRHA encodinq a 
specific FGF-R is present in a cell or different tissues. 

The natural or synthetic ONA'fragments coding fer.a 
desired fibroblast.qrowth factor receptor fragment will be 

20 incorporated into DNA constructs capable of introduction to and 
expression in an 1n ymo cell culture. Usually the DNA 
constructs will be suitable for replication in a unicellular 
host, such as yeast or bacteria, but may a1so be intended for 
introduction to, with and vithout and integration within the 

25 genome, cultured mammalian or plant or other eukaryotic cell 
lines. DNA constructs prepared for introduction into bacteria 
or yeast will typically include a replication system recognized 
by the host, the intended DNA fragment encoding the desired 
receptor polypeptide, transcription and translational 

30 initiation :regulatory sequences operab1y linked to the 
polypeptide encoding seqment and transcriptional.and 
translational termination req\llatory sequences operably linked 
to the polypeptide encoding segment. The transcriptional 
regulatory sequences will tYPically include a heteroloqous 

JS enhancer or promoter which is recognized by the. host. The 
selection;of an appropriate promoter will depend upon the host, 
but p%omoters such as the trp, laQ and phage promoters, tRNA 
promoters and glycolytic: enzyme promoters are known. see, 
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Sambrook et al. (1989). Conveniently available exp~ession 

vectors which include the replica~ion system and 

transcriptional and translational regulatory sequences toqether 

with the insertion site for the fibroblast growth factor 

s receptor DNA sequence may be employed. Examples of workable 

co:mbinations of cell lines· and expression vectors are described 

in Sambrook et al. (1989); see al~o, Metzger et al. (19SS), 

Nptyre 334:31-36. 

Expr~ssion vectors for these cells can include 

10 expression control sequences, such as an origin of replication, 

a promoter, an enhancer and necessary processing information 

sites, such as ribosome-bindinq sites, RNA splice sites, 

polyadenylation sites, and transcriptional terminator 

sequences. Preferably, the enhancers or promoters will be 

15 those naturally associated with genes encodinq the f il>rcblast 

qrowth factor receptors, although it will be understood that in 

many cases others will be equally or mere appropriate. Other 

preferred expression control sequences·are enhancers or 

prmnoters derived from viruses, such as SV40, Adenovirus, 

20 Bovine Papilloma Vi:r:us, and. the li]ce~ 

Similarly, preferred promote.rs a.re those found 
naturally in immuncqlobulin-prcducin9 eel.ls (see, u.s. Patent 

No. 4,663,281, which is incorpcrateel herein by reference), but 

SV40, polyoma virus, cytomeqalovirus (hmnan er ~urine) and the 

25 LTR from various retrovir~se.s (such as murine leukemia vixus, 

murine or Rous ir.arcoma vi.l':'Us·and HIV) may be utilized, as well 

sa promoters e.ndo9~nous to FGF .... R genes. ~. Enhancers and 

EUl@.ryotjc ,G.1ne_Eimrqs:1?..,lQn, Cald Spring Harbor Press, N.Y., 

1983, which is incorporated herein by reference. 

30 The vectors c~ntaininq the ONA seqments of interest 

(e.g., a fibrob1ast gro'W"th .factor receptor gene or cDNA 

sequence or portions thereof) can b~ transferred into the host 

cell by. well.-known methods, which vary de.pendinq on the}type of 

cellular hast. For example, calcium chloride transfection is 

35 commonly utilized for procaryotic cells, whereas calcium 

phosphate, treatment may be used for other cellular hosts. See 
• generally, Sal!Wrook et al. {1989), Molecular Cloninq1 

A LaboratoJ;Y Manual (2d ed.), CSH Press (1989), which is 
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incorpora~ed herein by referenca. The ~erm 91 transformed cell" 

is mean~ to also include the prcgeny of a transformed cell. 

As with the purified polypeptides, the nucleic acid 

segments associated with the ligand-binding ~egm.ent, the 

5 extracellular domain and the intracellular domain are 

particularly useful. These gene segments vill be used as 

probes fer screeninq for new qenes exhibiting similar 

~iolo9ical activities, though the controlling elements of these 

9enes may also be of importance. 

10 

IV. Methods fer Makinq FGF Receptors 

DNA sequences may also be used to express 

polypeptides which exhibit or inhibit FGF receptor activity. 
For example, a ONA sequence of f~om about 21 nucleotides (about 

15 7 amino acids) to about 2o1 kb (about 700 amino acids) may be 

used to express a polypeptide having an FGF receptor specific 

activity, typicaliy liqand-binding. 

Large quantities cf the receptor proteins may be 

prepared by expressinq the whole receptor or parts of the 

20 receptor contained in the expressi~n vehicles in compatillle 

hosts such as E. coli, yeast, ummalian cells, insect _ce11s or 

froq occytes. The expression vehicles may be introduced into 

the cells using mat.hods vel.l known in the art such as calcium 

phosphate precipitation {discussed below), lipofection, 

25 electroporation or DEA:£ dextran. 

Usually the mammalian cel.l hosts will be im111ortalized 

cell lines. To study the characteristics of an FGF-R and its 

corresponding qrcwth factor, it will be useful ta transfect, 

etc. mammalian cells which lack or have law level~ of an FGF 

30 receptor where the signal sequence directs the peptide into the 
cell membrane. Cells without significant FGF receptors include 

lymphocytes, myocytes, g:r:een monkey cos-7 cells and Chinese 

hamster ovary cells (CHO). Transformed or transfected;· ate., 

cells encode a receptor that is functionally e'!'2ivalent to a 

35 wild-type receptor· and confers a FGF-sensitive mitogenic 

response on ~e cell. Such cells will enable one to analyze 
' the bind1ng properties of various native FGFs. Transtec:ted 

cells may also be used to evaluate a composition or drug's 
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effectiveness as an FGF antaqonist or agonist. The level of 
receptor tyrosine kinase activity or the rate of nucleic acid 
synthesis can be determined by contactinq transfected cells 
with drugs and comparinq the effects of FGFs or their analo9s 

5 on the drug-treated cells versus the controls. Al though the 
most common prokarycte cells used as hosts are strains of ~ 
gg].i, other prokaryotes such as B~ci°llus subti,li§ or 
E_seudompnas Jnay also l::ie used. The DNA sequence of the 
invention, includinq fragments or portions of the sequence 

10 encoding for an entire receptor, a portion of the receptor or a 
polypeptide havinq an FGF-R activity can be used to prepare an 
expression veh~cle or construct for an FGF-R or polypeptide 
havinq an FGF-R activity. usually the control sequence will be 
a euka:yotic pr01Doter for expression in a maJ1Jma.lian cell. In 

15 some vehicles, the receptor's own control sequences may also be 
used. A c01DJD.on procaryotic plasmid vector for transforming ~ 
~ is pBR322 er its derivatives (e.g. the plaSl!lid pkt279 
(Clontech)), (Bola.var et al., ~, 2:95 (1977)). The 

prccaryotic vectors may also contain prccaryotic promoters for 
• 20 transcription initiation, optionally vith an operatcr. · 

Examples of most COlQJllOnly ~sed prccaryotic promoters include 
the beta-lactamase (penicillinase) CU'ld l~ctose (lac) promoter 
(Chenq et al., (ature, 198:1056 (1977), the tryptophan promoter 
(trp) (Goeddell et al., Nucleic Ag1d Res.,.§.: 457 (1980)) the 

25 PL promoter and the N-9ene ribosome binding site (Shimatak~ et 
al., H,;ature, 292:l2S (1981). 

Promoters used in conjunction with yeast can ge 
promoters derived from the enalase qane (Holiand et al., J..:... 

Biol. Cbein., 256:1385 (1981)) or the promoter far the synthesis 
JO of qlycolytic enzymes such as 3-phcsphoqlycerate kinase 

(Hitzeman et al., J. Biol. C}lem., ~ (1980)). 
Appropriate non-native mammalian promoters miqht 

include the early and late promoters from SV40 (Fiers et al., 
Nature, 273:113 (1978) or promote.rs derived from murine molony 

35 leukemia virus, mouse mammary tumcr virus, avian sarcoma 
viruses, adenovirus II, bovine papilloma virus or polyoma. In 
addition~ the construct may be joined to an am.plifiable qene 
(e.g. DRFR) so that multiple copies cf the FGF receptor gene 
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may be made. 
Prokaryotes may be transformed by various metho~ 

including using cac12 (Cohen, S.N., ·Proc. ~at!. Acad. ~ci. 

69:2110 (1972)) or the RbCl method (Maniatis et al., ljolec··· 

5 Cloping: A L§.boraton Manuat, Cold Spring Harbor Press 198,. 

Yeast may be transformed using a metbod described by van 

Solingen et al., 3. B~~~r., 130:946 (1977} and C.L. Hsiao 
al., Proc. Natl, ~cad. Sci, US.A, 76:3829 (1979). With respt 

to eukaryotes, mammalian cells may ba transfected using a 

10 calcium phosphate precipitation method described by (Graham i 

va.n dar Eb, v1rolS29Y1 52:546 (19i8)), or by lipofectin CBRL) 

retroviral in~ection (E. Gilboa, ixpe,imental M;n~uletien gf 

G1ue ~xess1.QD, Chap. 9, Academic Press P. 175 (1983)). The 

actual expression vectcrs containing appropriate sequences may 

· 15 be prepared according to si:andard techniques involving liqatioi 

and restriction enzYlJles (See e.g., Maniatis suRta·l 
Commercially available restriction enzymes for cleaving 
specific sites of D?tA may be'obtained'from New England Biol.abs, 
Waltham, Massachusatts. 

20 Clones ar.e selected by ~sinq ma.rke.rs dependiliq on the 

mode of the '7ector construction. The marker may be on the same 
or a different DNA molecule preferably the same DNA molecule .. 

With 'ZIVJlmllalian cells Uie receptor gene itself may be the best 

marker. In procaryotic hosts the transformant may be selectad 

25 by resistance to a:mpicillin, tetracycline or other antibiotics. 

Production of a particular product based on temperature 
sensitivity may also serve as an appropriate marker. various 
methods may be used to harvest and purify the FGF-R receptor 

protein or peptide fragmento The peptide may be isolated frou 

30 a lysate of the host. The peptide may he isolated from the 

cell supernatan~ if tne peptide is secreted. The FCF-R peptide 

is then further purified as discussed above usinq HPLC, 
electrophoresis, affinity chromato;raphy (preferably imm.uno­

affinity or ligand affinity). 

35 Another method ~hich can be used to isolate cDNA 

clones o~ FGF-R related species involves the use of the 

polymera~e chain reaction {PCR). (Saiki, R.K., et al. Scien.ce 

2JO: lJSO (l9B5). In this approach two oligonucleotide.s s \W 
5uEB'f HA ·rnts ~n · ccD 
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(27mers) corresponaing ~o distinc~ regions of the FGF-R 

saquence are synthesized and then used in the PCR reaction to 
amplify recep~or-related :m:R.NA transcripts from an mRNA source. 
Annealing of the oliqonucleotidas and PCR reaction condition 

5 are performed under conditions of reduced stringency as 

described below in Example 2. The resultinq amplified 

fraqments are subcloned, and the resultinq recombinant colonies 
are probed with 32P-la.beled full-length FGF-R cDNA using both 
hiqh and low stringency conditions (see Examples 2 and J). 

io Clones which hybridize under low but not high stringency 
conaitions represent FGF-R related mRNA transcripts. In 
addition this approach can be used to isolate variant FGF-R 

cDNA species which arise as a result cf alternative splicinq, 
see Frohman, M.A., et al., Eroc. Natl. Acad. Sci.J1§A, 85: 8998 

15 (1988). 

v. Antibodies 

Polyclonal and/or ~cnoclona~ antibodies to the 
· various F~F recap~ors and peptide fragments may also be 

I 

prepared.. The term antibody is used both ta rexer to a 

20 homogeneous molecular entity, or a·mixture such as a serum 
product made up of· a plurality of different ~olecular entities. 
Peptide fraqments may be prepared synthetically in a peptide 
synthesizer and coupled to a carrier Ealecule (i.e. keyhole 
limpet hemocyanin) and injec~ed into rabbits over several 

25 months. The rabbit sera is tested for imnunoreaetivity to the 
FGF receptor protein or fraqment. Monoclonal antibodies may be 
made by injectin9 mice·with FGF•R protein, FGF-R polypep~ides 
or mouse cells expressing high levels of the clo~ed FGF 
receptor on its cell surface~ Monoclonal antibodies will be 

30 screened by ELISA and tested for specific im.munoreactivity with 
_the FGF receptor protein or polypeptides thereof. See, E. 
Rarlow and D. La.ne, Antibodies: A :ts.horetQ:;:e Manual, CSR 
Lakloratories (1988), which is hereby incorporated herein by 

reference. These antibodies will be useful in assays as well 
35 as phannaceuticals. 

; once a sufficient quantity of the desired fibroblast 

growth factor receptor polypeptide has been obtained, the 
protein may be used for various purposes. A typical use is.the 
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production of an~ibodies specific for binding ~o these 
receptors. These antibodies may be either polyclonal or 
monoclonal and may be produced by in vitro or in vivo 
tecJmiqu.es. 

For production of polyclonal antibodies, an 
appropriate target iIDID.une system is selected, typically a mouse 
or rabbit. The substantially purified antigen is presented to 
the ilflmune system in a fashion determined by methods 
appropriate for the animal and other parameters vell known to 

10 immunologists. Typical sites for injection are in the 
footpads, intramuscularly, intraperitoneally, or intrade:rmally. 
Of course, another species may be sutistituted for a mouse or 
raDbit. 

An imm.unoloqical response is usually assayed with an 
15 immunoassay. Nornially such i.mm.unoassays involve some 

purification of a source of antiqen, for example, produced by 
the same ce1ls and in the same fashicp. as the antigen vas 
produced. The iulmunoassay may be a radioim:munoassay, an 
enzYl!le-linkad assay (ELISA}, a fluorescent assay, or any of 

20 

25 

many other choices, most cf which.are functionally equivalent 
but may exhibit advantages under specific conditions. 

Monoclonal antibodies with affinities of io8 M-l 
·preferably io9 to io10 , or strcnqer vill typically be made by 

standard procedures as described, e.q., in Harlov ana Lane, 
Antibodies: A Laboratoi;y; Manual, CSH La.Doratory· (1988); or 
Gcdinq, Mgnoclonal Antibodies: Pringiples and Pract~ce {2d ed) 
Academic Press, New York (1986), which are here.by incorporated 
herein by reference. Briefly, appropriate anil'Jlals will be 
selected and the desired immunization protocol followed. After 

JO tha appropriate period of time, the spleens of such animals are 
excised ana individual spleen calls fused, typically, to 
immortalized myeloma cells under appropriate selection 
conditions. Thereafter the cells ars clonally separated and 
the supernatants of each clone are tested f cr their produotion 

35 of an appropriate antibody specific for the desired reqion of 
the antfgen. 

Other suitable techniques involve .in vitro exposure 
I 

of lymphocytes to ~he antigenic polypeptides or.,.1:1..L.J-J~IJ.Q.1...1.-¥..i;..~~--, 
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to select:.ion of libraries of antibodie$ in phage er similar 
vec~ors. See, Huse et al., "Generation 0£ a Lar9e 

Combinatorial Library of the Illl.munoqlobulin Repertoire in Phage 
Lambda," Sc;;~ence 246:1275-1.281 (1989), here.by incorporated 

5 herein by reference. The polypeptides and antibodies of the 

present invention may be used with or without modification. 

Frequently, the polypeptides and antibodies vi1l be labeled by 

joining, either covalently or non-covalantiy, a substance which 
provides for a detectable signal. A wide variety of labels and 

lO conju9ation tec:hnigues are known and are reported extensively 
in both the scientific and patent literature. Suitable labels 
include radionuclides, enzymes, substrates, cofactors, 

inhibitors, fluorescent agents, chemiluminescent agents, 
magnetic particles and the like. Patents, teaching the use of 

lS such labels include U.S. Patent Nos. 3,817,837; 3,SS0,752: 

3,939,350: J,996,345; 4,277,437: 4,275,149: and 4,366,241. 

Al.so, recombinant immu.noglobulins may be producea, see Cabilly, 
U.S. Patent No. 4,816,567. 

20 VIII. Methods 1:or Use 

The. present i.nve.ntion provides a. fibroblast ·growth 

factor-receptor (FGF-R) purification method as well as a method 

for synthesizin9 FGF receptors within cells. Also provided are 
the homogeneous receptors produced by these methods, the 

25 nucleic acid sequences encoding the recep·l:.ors or pcrtions of 

the receptors, as well as the e~ression vehicles containinq 
these sequences, cells comprisinq the FGF-receptors and 
antibodies to the receptors. Of particular interest are the 

soluble forms of the receptors, which have binding sites which 

3 O may compete with receptors to bind .FGF. 

However, as indicated above, the FGF-R likely 
functions in a dimer state. The soluble forms of the receptor 

may interfere with the dimerization and may be effective in 
blockin9 signal transduction by a different mechanism from 

35 competitive affinity for the FGY liganas. The soluble, or 
intracel~ular or transmembrane fragments of the various 
receptor forms are expected to interfere with dimer formation 

and thus can serve to block at least some types of, or some 
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frac~ion of signal transduction. 

This observation provides a method for moaifyinq in 
~vo a f ibrohlast growth factor receptor modulated activity 
comprising administering to a patient an amount of a f i.broblast 

S grovth factor ~eceptor blocking agent effective to inhibit 

fibroblast growth factor binding to fibroblast growth factor 

receptors. As discussed a.bova, the FGF family of proteins have 
a siqnificant role in requlating ~any important physiolcqical 
processes. The soluble FGF-R polypeptides 'Dlay be effective in 

lO moclityinq the extent of FGF modulation of these processes. For 

this reason, the soluble forms of the receptors may find use as 
competitive bindinq sites for FGF. Likewise, truncated FGF 
binding sites or bindinq sites which have been mutated, 
particularly those from the human forms described, may be 

15 equally effective in this effect at a lesser cost, both in 
terms of economics and in terms of medical side-effects upon 
administration. 

The reaqents provided herein will also find use in 
diagnosis of either FGF production or FGF-R production. 

20 various medical conciitions are indicated by an abnormal level 
of production of either of these proteins, inc1uding, e.q., 
Kaposi sarcoma, which produces Kaposi FGF, and diabetic 
retinopathy. Thus, diagnostic tasts de.pendent upon these 
reagents now become available. 

25 With the different FGF types, there is a likelihood 
that different types of receptors exist having variations in 
affinities for the various ligands. With the genes and 
proteins of the present invention, distinctions between various 
receptor types vill be found. Thus, tissue markers should 

JO become available. 

Since tumor growth is so dependent upon 

~icrovascularization, administration of the FGF-R may serve to 
prevent such and result in suppression of tumor growth. By 
prevention of the FGF activation, the present invention may be 

35 an important addition ~o the arsenal of aqents for fightin~ 
tU!D.Or gl:ibwth. 

Viral infections may also be dependent upon binding 
to particular receptors for the invasion process. There is 
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suggestive evidence that HSV (Herpes simplex virus) infects b~' 
binding to FGF-R proteins. Thus, adlllinistration of 
therapeutically effective amoun~s of FGF-R soluble forms or 
fragments may serve as a prophylactic measure to minimize the 

s risk of exposure to this, or other viruses, making use of this 
mechanism for cell entry. Again, the mechanism of protection 
may depend upon competitive binding, disruption of dimer 
stracture, a combination, or another .. 

The quantities of reagent~ necessary for effective 
10 therapy will depend upon many different :factors, including 

means of administration, target site, physiological state of 
the patient, and other medicants administered. Thus, one 
should titrate the dosaqe .for treatment of particular 
conditions. Typically, dosaqes used in vitro may provide 

15 useful guidance in the amounts useful for in situ 
administration of these reagents. Animal testinq of dosages 
for treatlnent of particular disorders will provide further . 

20 

predi<:tive indication of human dosaqe. Various considerations 
are described in Gilman et al., G.9.s>runan and §ilman•s: Tbe 
PlJg,macoloqical Ba1is of Therapeutir;:s, 7th Ed., MacMillan, New 
York (1985}, which is hereby incorporated herein by reference. 
Because cf the high affinity ~i.ndinq Detween FGF and its 
receptors, low dosaqes of these reaqents would be initially 
expected to be effective. Thus, dosaqa ranges would ordinarily 

25 be expected to be in amounts lower than 1llH concentrations, 
typically less than about 10 µ.M concentrations, usually less 
than about 100 nM concentrations, ~ere usually less than about 
l nM, preferably lass than about 10 pM (piccmolar), more 
preferably less than about lOO fM (fe=tomolar), and most 

30 preferably less than about 1 fM, with an appropriate carrier. 

35 

The invention will better be understood by reference 
to the followinq illustrative examples. 

EXampleJ 

~haracterization ot a b~GF 

125I-labeled bFGF was first competitiv 

. •• ~... ~ r-. !': • -



··········-··· ..... . -····--·. -------- ---·A No. 6783 P. 48/£4 

WO 91100916 PCT /US90/03830 

4l 

Swiss 3TJ cells. ~s shown in figure l(A), 1251-labeled bFGF (2 

Ci/~~ol) vas added to the contluen~ JT3 cells (6 fmol of l 25I­

labeled bFGF per io5 calls) in the presence of indicated 

concentrations of: unmodified bFGF (·X-}: biotin-bFGF (solid 

S square); the unbound fraction after biotin-hFGF was incubated 

with avidin-agarose, (open square): the unbound fraction after 

bFGF vas incubated with avidin-agarose, (open t.rianqle). 

Binding was. performed for 30 mi.n at 37QC in culture media (CME 

H2l) containinq 0.2% qelatin, and heparin (lS U/ml). The cells 

10 were washed three times with a buffer containin9 20 mM HZPES 

(pH 7.4), 0.2% ge.latin~ and 150 mM NaCl. The radioactivity 

presant was deter:mined in a Beckman qamma counter. Maximal 

binding (0% inhibition) represents 5700 cpm of specific bindinq 

{nonspecific binding was 600 cpm). All determinations vere 

15 macie in triplicate.. Recombinant human bFCF (Barr et al., J'..r.. 
§iol. Chem., l§.J.: lG47l (1988)) vas iodinated using IODOBEAOS 

(Pierce}. The bFGF was iodinated usinq 0.5- ·l.mci: of 1251 per 

1 ~q FGF, o.2M NaPi, pH 7.4, 2 IODOBEADS and incubated for 15 

• min. at room temperature, quenched with Na metahisulfite and 

20 excess KI. Iodinated bFGP' was separated from unreacted free 

iodine by ;el filtration on a PD 10 column equilibrated with 
0.2M Na phosphate, pH 7.5, 0.2M NaCl, 0.2% gelatin. The bFGF 

was bictinylated usinq iodoacetyl-LC-biotin (Pierce) at a 4:1 

molar excess of cysteine residues in 10 mM Tris-HCl (pH B.0) 

25 for 5 hours at 4 •c1 accorciinq to the method of Yamamoto, et 

al., FEB~ Lett. 176:75 (1984). Unreacted biotin was removed 

by gel filtration with PD lO columns as described above 

(PhaJ:lnacia). Durinq the purification procedure, modified bFGF 

was indistinquishable from unmcdif ied bFGF in its ability to 

30 inhibit the bindinq of 125I-labeled bFGF to high affinity bFGF 

receptors in Swiss 3T3 cells and in its ability to stimulate 

the phosphorylation of a 90 kO protein, known to be a substrate 

of bFGF-induced tyrosine kinase activity. see Fig. l(A). The 

biotinylation reaction modified 90 to 95% of the bFGF molecules 

35 as measured by bindinq to avidin-ccnjuqated aqarose. 
! 

•As shown in Fiq. l(B), cellular in situ bFGF 

r c t c linked to 1-~eled b~GF. 125 . . e ep ors were ross- QlJ ,,. rms SHEET l-tt:.s BEEN 

l:lictin-bFGF or 125I-la.belad bFGF ( O .1 pmol) was oded Rt~L~~il,~S 
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J~J calls (S x 105 cells) in the presence or absence of 

unlabeled bFGF as indicated. The cells were washed and cross­

linked with o.is mM disuccinimidyl suberate (OSS) (Pierce). 

The cells were then solubilized, subjected tc sos 
s polyacrylamide gel electrophoresis (PAGE) and 125I-labeled 

proteins were detected by autoradioqraphy. 125!-labeled 

biotin-bFGF bound to bFGF receptors in swiss 3T3 cells with 
high affinity (dissociation constant equals l nM) and was 

cress-linked to a 130 kD protein ~hich comigrated with the bFGF 

lO receptor cross-linked to 1251-labeled bFGF. 

PUrif ied chicken bFGF receptor was prepared by 

homoqenizinq fresh day 6 chicken embryos (staqe 29-30) with a 

Brinkmann polytron: (1500 embryos/batch); (1:1 v/v) in a final 

concentration of 0.25 M sucrose, so mM HEPES (pH 7.S), 2 mM 

15 EDTA, SO mM NaF, 150 µM sodium. orthovanadate, JO mM sodium 

pyrophosphate, l mM phenylmethylsultonyl f1uoride (PMSF), 
aprotinin (20 to 30 kallikrein international units (KIO)/ml~ 
leupeptin {10 µ.g/ml), and pepstatin (l µ.q/m.1). The homoqenate 

• was centrifuqed at l7,7ooq for 45 minutes at 4•c. The peilet 
20 was resuspended in homoqenization buffer (JOO ml) and the 

resultin9 suspension was referred to as the memDrane fraction 
(Mb). The lnembrane fraction was then incubated for JO min at 

4•c with an equal vo1ume of 2x lysis buffer (lX lysis buffer 
consists Of 10 mM Tris-HCl (pH 7.5)), 50 "mM NaCl, 5 mM EDTA, 1% 

25 Triton x-100, so mM NaF, 150 µM sodium orthovanadate, JO mM 
sodium pyrophosphate, l mM Pl'.tSF, aprotinin (20 to JO lCIU/ml) '· 
leupeptin (10 µq/ml) and pepstatin (l µq/ml)), and then 

centrifuqed at 31,000q for JO min. The supernatant was applied 

batehwise to a lSO ml WGA-Sepharose 48 column, washed with JOO 
JO ml of lysis buffer folloved by soo ml of column buffer which 

contained 20 lUM HEPZS (pH 7.5), 2 mM EDTA. 10% glycerol, 0.1% 

Triton x-100, 50 mM NaF, 150 µM sodiu:m orthovanadata, JO.JD.M 

sodium pyrophosphate, l mM PMSF, aprotinin (20 to 30 KIU/ml), 

leupeptin (10 µg/~l) and pepstatin (l µg/ml) . The column was 

JS eluted with colwnn buffer containing 0.5 M N-acetylglucosam.ine. 
Peak prdtein containing fractions were combined and stored at 
.. 1o•ca 

To establish the presence of FGF-R in the 

lo li'eb "1..'0· l ~ ...,,·,... . ....... 
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membranes and WGA elua~e, chicken bFGF recep~or ~as cross­
linked by incW:>atins 10 µl of the chicken embryo membrane 
fraction (Mb) or 100 ~l of the eluate from the WGA-Sepharose 4B 
column with 125r-lahaled bFGF (0.1 pmol) in.the presence (+) or 

5 absence (-) of a 200-fola excess cf unlabeled bFGF for JO min 
at J7•c (See Fig. 2(A)). DSS was added to a concentration of 
O.lS mM, and the reaction mixture was incubated for 10 min on 
ice. samples vere subjected to sos PAGE followed by 
autoradioqraphy. Specific bindinq and cress-linking of 

10 125I-bFGF to crude chicken embryo membrane fraction revealed 
only a single protein band of 150 kOa (Fig. 2(A)). After the 
molecular mass of bFGF vas subtracted, the deduced size of the 
chicken bFGF receptor was lJ0-135 k.Da. . 

As snavn in Fiq. 2(B), twa larqe-sca.le ligand 
l5 affinity purifications vare perfODlled (each usinq the material 

from 20,000 embryos). The elua~e from the WGA-Sepharose 4B 
colwim was ine\lDated with biotin-bFGF·prepared as described 
above (lO:i molar excess of ligand to receptor) and heparin at 

• a ccncentraticn of lS U/ml (to re~uce low affinity hindin9) for 
20 3 0 min at 4 • c. The mixture was then cycled. twice through a 

10 ml avidin-agarose column (bFGF-aqarose). To determine the 
nonspecific bindinq of protein to avidin•aqarose {control), the 

eluate from the WGA-Sepharose 4B column was cycled throuqh 
avidin-aqarose in the absence of biotin-bFGF {control). The 

25 colUDns vere washed with 200 ml of column buffer used with the 
Sepharose colUlUn described a.l:Jove containinq 0.2 M NaCl followed 
by colUlllil bu~-fer without NaCl .(300 ml} and then eluted with lO 

mM surall1in in column buffer. Four sequential 10 ml fractions 
were collected (frac. l-4) and sampies of each fraction were 

30 subjected to SOS PAGE and stained with silver nitrate.. As 
shown in Fiq. 2(B), only a single protein bound to avidin­
aqarose in an FGF-dependent manner and it miqrated at the 
expected size (130 kDa) of the bFGF receptor. 

The eluted proteins were separated by acrylamide gel 
35 elec~rcphor~sis and stained with Coomassie Blue. The band 

1 

corresp6naing to the bFGF receptor Yas cut out and the protein 
electroeluted accordinq to the method of M.W. Hunkapiller, et 
al., Meth. In Enz"DDol~, 91: 227 (198J). This procedure , ~·:N 
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resulted in the purifica~ion of 2 to s ng of pure FGF receptor 
per chicken embryo with an overall recovery of 5%. 

~o further characterize the receptor, protein was 
digestad Yith trypsin. Peptide fraqlnents were isolated by 

5 reversed-phase high performance liquid chromatography {HPLC) 
and analyzed by gas-phase sequencing as described in Yarden et 
al. , supra. From the tvo independent preparations, the amino 
acid sequences of 14 peptides, as shown in Fiq. 3, were 
obtained. Three of the peptides vere common to both 

10 preparations indicating ide.ntity between the tvo independent 
isolations. Four of the t:ryptic peptides (LILGXPLGEGCFGQVVLA, 
IADFGUR, MAPEALFDR and IYTHQSDVWSFGV, See. Table I and Fiq. 3) 
were homologous to consensus sQquances for tyrosine kinase 
domains {Fig. 6). This was consistent with the finding that 

15 tyrosine kinase activity is associated with the bFGF receptor 
as described in Huang and Huan9, J. Biol, Chem •• 261:9568 

(19BEi). Thus, the purified protein va,s determined to be a 
purified bFGF receptor in that it bound to bFGF, was the 
expected mciecular weight of the receptor, and contained 

20 tyrosine kinase sequences .. 

As discussed above the amino acid sequences cf 11 of 
the 14 peptides were identified in a previously published 
sequence of a partial human cDNA clone, tenried J;lg (.f:m2-like 
qene). See M. Ruta et al~, qncog~, ~: 9 (1988). That 

25 sequ.ence was isolated on the basis of its homolcqy to the 
proto-oncoqene sequence and was not previously recognized to 
encode a transmel:lltlrane receptor protein. 

Example 2 
30 Isolation of a ty.11-Length Chicken bFGF Reeeptor cDNA Clone 

A chicken embryo (day 6} cDNA library was constructed 
from size-selected poly A+ mRNA. 200 µg of poly A+ mRNA was 
size-fractionated on a 10%-30% sucrose gradient and fractions 
containinq mRNA qreater t~an or equal to J.5 Xb were pooled. 5 

35 µg of the sized l'liRNA vas used to generate the cONA according to 

the methbd of U. Gubler and B. Hoffman, ~ 25:263 (1983} 
using a cONA synthesis kit from Pharmacia (cat.#27-9260-01). 

The synthesized cDNAs were size-selected for cDNAs greater .... 1 
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or equal to 2.0 kb, and the sizaQ cONAs were then cloned inta 

the Eco RI site of the bacteriophage vector ZapII {Stratagene, 
cat.#236211). The resultant cONA library contained 2.0 x io6 
independent recombinants. 

5 The library was screened with a 32 ?-labeled 
oligonuclaotide probe that encoded the t~o contiguous peptides 
shown in Fiq .. J (TVALGSNVEFVCK and VYSDPQPHIQWLK). The 
oliqonucleotides were prepared using a commercial automated 
oli9onucleotide synthesizer. Two 43-45 base oligonucleotides 

10 containing a 12 base overlapping complementary sequence were 
annealed and labeled by Klenow fil1-in with C!NTP's (-dC'rP), . 
32P-dCTP, and ~NA polymerase Klenov fragment yielding a 70 bp 
labeled probe. Filters were hybridized under low stringency 
ccnditions (20% formamiae, SX standard saline citrate (SSC) and 

15 5X Denhardt's solution at 42•c) and washed vith o.2x SSC at 
42•c. 'IVenty-five positive clones were isolated following 3 
rounds of plaque purification. Of th~ 25 positive clones, 11 
hybridized at hiqh stringency to the human FGF-R cDNA labeled 
by nick translation and used as a probe (see EXample 3). All 

20 of the ll clones were essentially identical except far 
variation in length at the s• end of the clones. The amine 
acid sequence of the lar9est clone (3.2 kb) contained the 
sequence of all 14 of tbe receptor peptides obtained in the 
protein purification described above (See Fig. 3) and contained 

25 

30 

the complete coding sequence of the FGF-R. The transme:mbrane 
reqion and the hydrophobic signal sequence were identified by 
Kyte and Doolittle hydropathy analysis as described in Kyte and 
Doolittle,~. Mol. B:lgl~, 157:105 {1982). 

A single hybridizinq band of approximately J.5 Kb was 
identified by probinq chicken embryo poly(A)+ RNA (5 µq) with 
full-lenqth chicken bFGF receptor cDNA under high stringency 
conditions (50% form.amide), sx Denhardt's solution and SX SSC 
at 42•c. Filters were then washed with o.2X SSC at os•. The 
3.5 kb single hybridizing band identified by the RNA blot 

35 analysis is shc~n in Fig. S(A). Primer extension experiments 
with an qliqonucleotide complementary to a sequence near the 5' .. 
end of the clone \.lere performed. Chicken embryo poly(A) + n~.E.l' 

c:r,1· H/\S ( 5 µ.g) was denatured with lo 1UM me thy lmercury, ann ~g. Stie · A.Cl~D 
· \'-.El'\... 
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32P-la.belea primer (5 1 CTGCACGTCATCGCGCA-3') and extended with 
murine Moloney leukemia virus raverse transcriptase. (See 
Figura S(B}: lane (S) represents 32P-labeled DNA molecular size 

, standards (l kb); Lane (El represents extended fragment (52J ... 
~f 5 · nucleotides) ; Lanes ( G, A, T, and. C) reprasent a 5 % acrylaJniCle 

! 

Cll 

sequencing gel. The data predicted that the mRNA cf the 
receptor vas 48 nucleotides longer than the isolated clone. 

The amino acid sequence cf the lonqest open reading 
fraJne (2.4 kb) inc:J.uded an in-frame stop codon (amino acid 

lO residue ~12) followed by an initiator methionine (residue l) 
ana the entire receptor coding sequence (Fig. J). The cDNA 
encoded a protein with a deduced molecular mass of 91.7 kD that 
had features found in several kncvn grcwth factor receptors. 
It contained a sinqle-membrane spanning reqion, an NH2-terminal 

15 hydrophobic signal sequence, three extracellular 
i.Jmauno9lobulin-like domains and an intracellular·tyrosine 
kinase domain (Fig. 6). Eleven poten~ial N-linked 
qlyccsylation sites were a1so found. N- and O-linked 
qlycosylaticn of the chicken bFGF receptor may account f cr the 

' 20 disparity between the observed size of tbe bFGF reeep:tor and 
the size predicted from the cONA sequence. 

Three immunoglcbulin-like domains in the putative 
extracellular.reqion were i"entified on tha _basis of three 
criteria: (i) the presence cf two characteristic cysteine 

25 residues in each domain: (ii) the presence of a consensus 
tryptophan residue ll to 12 amino acids on the COOH-tenlinal 
side of the first cysteine residue in each. i11lmunoglobulin-like 
domain; and (iii) the presence of the consensus sequence, 
OXGXYXC, on the NHi-terminal side of the second cysteine 

30 residue in each immunoqlobulin-like domain. The interleukin-l 
(IL-1) receptor also has three immu:noglobulin-like domains, and 
bFGF has 25-30% sequence identity to IL-1. Five 
irmnunoglobulin-like domains are present in the receptors for 
platelet-derived qrowth factor (PDGF) and colony-still1ulatinq 

35 factor-1 (CSF-1). 
, Between the first and second immunoglobulin-like • 

domains, the bFGF receptor has a feature not found in other 
members of the illllllUnoqlobulin supe.rfalXlily. There is 'rftf.f!iaJ3E.T 1:;~~. BEl~ 
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of eight consecu~ive ~cidic residues (EDODDEDD) followed by 

three serine residues and two additional acidic residues (Fig& 
3). Although uninterrupted stratch.es of 7 to 35 acidic 

residues have been dascribed f cr several intracellular 
5 proteins, in particular nuclear proteins, such acidic reqions 

are unusual in the extracellular region of transmem.brane 
receptor proteins. 

Another unusual feature is the length of the 
juxtamembrane reqion, the region between the membrane spanninq 

10 segment and the kinase domain. This region is normally 

conserved amonq receptor tyrosine kinas~s. For example, the 
juxtame112.brane region is consistently 49 to 51 residues in 
length in the receptors for PDGF, CSF-lr epidermal growth 

factor (EGF) , hlll!lan epidermal growth factor-2 (HER2} and 
15 ·insulin. The bFGF receptor has an unusually lonq juxtamembrane 

region of about 87 residues. 
The cytoplasmic region of the am.inc acid sequence is 

a.bout 424 residues lonq and contains a tyrosine kinase sequence 
(al:aout residues 482 to 759). ove~all, the kinase reqion of the 

20 bFGF receptor shares the most seq11ence °identity (about 51 to 

53%) with the POGF and CSF-l receptors. The bFGF receptor 

contains the GXGXXG motif and the conserved lysine residue 
(about residue 512} that form part of the adenosine s•:­
triphosphate (ATP) binding site of tyrosine kinases. The bFGF 

25 receptor also contains the tvo charac~aristic tyrosine kinase 
motifs, HRDLAARNVL and OFGLAR, and a tyrosine (about residue 
651) at the position analoqous to the major phosphorylation 
site of pptiov-src (about Tyr 416). 

The kinase coding sequence of the bFGF receptor, 
30 defined by homology to other tyrosine kinases, is split by an 

insertion of 14 amino acids. The length of the insert~on in 
the kinase reqion is shorter than that £ound in the receptors 
for PDGF and CSF-l (104 and 70 amino acids, respectively} and 
is similar to the lenqth of the inserted sequence in the 

35 receptors for· insulin and insulin-like growth factor-I. 
' • 

E:gample. 3 
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A human FGF recep~or cDNA clone vas isolated from a 
human endothelial cell cDNA library obtained frcm 
£.Sadler (R.D. Ye T-C Wun & J.E. Sadler,~- Biol. ClJ.em., 262: 
3718-3725 (1987)) using the same oligonucleotide probe 

5 described in Example 2. 

The endothelial library was hybridized at high 
stringency with labeled probe i.x io6 cpm/ml (50% for.mamide, SX 
SSC, SX Oenhardts, lOlllM NaP04, pH 6.5, 100 ~g/ml salmon sperm 
DNA at 42•c, (16-24 hrs) and washed at 6s•c 'With 0~2.x SSC, 0.1% 

10 sos. 
From the initial screening of the hwuan endothelial 

cell cDNA library, four clones were identified and purified 
through J rounds of plaque purification. The cDNA inserts frcm 

three of these clones generated identical sequences and 
15 contained sequences highly homolo9ous to the sequences of 

tryptic fragments from the purified chicken bFGF-R. The amino 
acid and nucleic acid ·sequence of the ~arqe.st clone 
(approximately J.6 kb) is set forth in Figure 4. Amino acids 
ilDout 1•21 represent the hydrophobic: signal sequence, about 22-

20 285 the extracellular region containing the liga.nd-bindinq 
do~ain, about 286-306 the transmembrane reqion and about 307-
731 the cytoplasmic region containing tyrosine kinase domain. 
This method also isolated other highly +elated human FGF 
receptors. 

25 

1xample 4 

Human aFGF-R cDNA Clone Preparation 
Hwnan endothelial cell or placental libraries a.re 

screened with full-length FGF-R probes or probes containing a 
)0 portion of the sequence for FGF-R. Hybridization is performed 

at low stringency conditions and washed in increments cf 
increasinqly higher stringency. The low and high stringency 
conditions described in Exa~ples 2 and 3 are followed. Betveen 
each increment, autoradiography is performed. clones which are 

35 positive through to the most stringent conditions are most 
related FO the bFGF receptors previously described in Examples 
2 and J. Clones vhich are positive at relaxed strin9ency but 
a~e no longer positive at high strinqency conditions are more 
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distan~ly related. All related ou~ ~o~ iaen~ical (~o Fi9Ure 4) 
clones are determined by restriction mapping and DNA 
sequencing. All related clones are selected, subcloned and 
expressed. The expressed FGF-relatad cDNAs are then tested fer 

S their ability to bind the various FGFs, i.e. acidic FGF. 
Alternatively, tvo probes are designed, one probe 

containing intracellular FGF-R sequence and the other 
extraceilular FGF-R sequence. Triplicate filters are made. 
one filter is hybridized at hiqh strin9eney (see Examples 2 and 

10 J) vith the intracellular FGF-R probe.. Two filters are 
hybridized with the extracellular probe. one filter at high 
strinqency and_ one at low stringency. Since acidic and basic 
FGFs have only 55% sequence identity, their receptors may also 
exhibit about 55% sequence identity in the liqand-binding 

lS domain. Clone5 wnich are positive at high strinqency to the 
intracellular probe and positive only at low stringency to the 
extracallular probe are FGF-R related re~eptcrs. Thus clones 
are selectea, restriction mappin9 performed, sequenced, and 
expressed. The expressed receptors are tested for their 

20 ability tc bind to various FGFs, e.g., acidic ·FGF. 

EXample s 
Qiaracterization of human fGF-R cDNA clones 
Plasmid constructions. 

25 For transfection experiments, ful1-lenqth chicken FGY 
receptor cONA containing 46 nucleotides of S' nontranslated 
sequence and the entire 3 1 nontranslated sequence, and fUll­
lenqth human h2 cONA containinq 13 nucleotides of 5' 
nontranslated sequence and the entire 3' nontranslated sequence 

30 were individually subcloned into the BamHJ:/SalI sites of tbe 
mammalian expression vector pSV7d (P. Luciw, Chiron 
Corporation). This placed the recep~or cONA fragments in the 
proper orientation directly downstream from an SV40 promoter 
element. 

35 To prepare constructs to be used as templates for 
generat~nq in vitro transcribed RNAs, full-le.nqtn chicken FGF 
receptor cDNA was suhcloned into the BamHI/SalI sites of 
Bluescript Sk (Stratagene) and full-lenqth human 
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cONAs (h2 and h3) were sulJcloned into the PstI/SalI sites of 

Blueseript KS. This placed the receptor sequences directly 
downstream frc-m the T7 RNA polymerase promoter element. To 
enhance the possibility of efficient translation, ATC sequences 

s upstream of the initiator methionine residue were removed prior 
to sul::lclcning, leaving 46 and 13 nucleotides of intact 51 

nontranslated sequence for the chicken and human constructs, 
respectively. 

Cell Lines and Transfections. 
10 Rat L6 skeletal muscle myoblasts (ATCC CRL 1458) were 

grown in DME H21 containing 10% fetal calf serum and 
transferred into Opti-MEM (GIBCO) just prior to transtection. 
Within 24 hour~ aftar plating, l X 106 cells were cotransfected. 
with 20 µ.q of the appropriate expression construct (either 

l5 cFGFR/pSV7d or h2FGFR/pSV7d) and l µq of a vector containing 

the neomycin resistance gene (pSV2neo). Cells were transfected 
using SO µg 0£ Lipofectin (Bethesda Research Laboratories) 
following the protocol provided. by the manufacturer. Sixteen 
hours later, an equal volume ·of DHE R21 me.clia containinq 2ot 

'~ 20 fetal cal! se~ vas added. liter 46 hours, cells were 

harvested and passaged (l:lO) into selection media (DME H2l~ 
10% fetal calf serum, soo µq/ml. qeneticin (GI'SCO). 
Transf ectant colonies were assayed for expression of the FGF 
receptor by ilmnuno~lottinq vith anti-receptor peptide 

25 polyclonal antisera. 
Affinity Labalin9. 
Recombinant human aFGF and human bFGF were generously 

donated by Chiron corporation and indicated. For affinity 
labeling experiments, s x io6 cells were incut>atad for JO 

JO minutes at 37•c with 0.1 pmoles of 125I-aFGF or 125I-bFGF in 
the presence or absence of a 200-fold excess of the 
corresponding unlabeled ligand. The cells were then washed 
once with ice cold DM.E H2l containing 20 mM HEPES pH 7.4, o.2t 

qelatin, and twice vith ice cold PBS. Oisuccinimidyl sutierate 
35 vas added to a final concentration cf o.15 mM and incubations 

weri= allowed to proceed for 15 minutes at 4 •c. The ··,· 
cross1inkinq aqent was then reJDoved and the cells were 
resuspended in sample buff er containing 100 

Received Time 1Q ]1,,h ?Q· 1'' 
... ..J, • i;- v, - .... "' 

Print 'Tim~ 



...... -···· .. . .... 
------~-------··-·--·· ----------------···· 

19.Feb.1996 12:38 
No. 5'783 P. 58/64 

1 

W091/00916 PCTiUS90/03830 

51 

boiled for 5 minu~es, and su.bjec~ed to sos PAGE followed by 

autoradiograpby. 
In vitro Transcription of !WA. 
Prior to transcription, plasmid constructs were 

5 linearized with XhoI. lmAs were transcriped fro: the 
linearized templates using T7 RNA polymerase in the presence of 
5001µM rN'l'Ps (200 µM rGTP) and 500 ~M s•GpppG

31 
I (Pharmacia}. 

Following incubation at 4•c for 2 hours, transcription 
reactions were treated with ~Ase~free ONAse, phenol extracted, 

10 ethanol precipitated, dried and resuspended in water. 
Xnjection of Oocytes. 
Anilllals vere anesthetized in a solution of 0.06 . . 

percE!llt ethyl p-am.inobenzoate. oocytes were surqically removed 

and inanually dissected into clusters containinq 10-20 oocytes. 
15 Clusters were incubated in modified 5ari:h Saline (See Maniatis, 

et al., Molecular Clopinq: A L9poratory Manµ§l, CSH Press 

(1982), which is incorporated herein ;oy reference.) MBSH 
containing l mq/ml Typs II collaqenase (Sigma) for 2 hours at 
room.temperature and then washed extensively vith MBSH 

20 containing 2 mq/ml bovine serum albWlin (BSA). Individual 
oocytes were maintained-at ig•c in MBSH (l mq/ml BSA). 

Oocytes were injected into the veqetal pole with so 
nl of water or RNA solution (l µg/µl in water). Folloving 
injection, oocytes were inc\Ulated at 19•c for 48 hours before 

25 performing 45ca++ efflux assays. 
45ca++ Efflux Assays. 
Groups of so injected oocytes vere added to sinqle 

wells of a 24 well plate and washed four times with o.s ml of a 
ca++•free MBSH solution ccntaininq no BSA. Oocytes were then 

30 incubated in o.s ml of the wash solution containing 45cac12 
(100 ~Ci/~l) for 3 hours at 19•c. Followinq incullation, 
oocytes were washed six times with o.s ml of MBSH (l m.g/ml 

BSA), then transferred to another 24 ~ell plate (5 oocytes per 
well). All subsequent vashes and incubations were performed 

35 using o.s ml of MBSH containing 1 mg/ml BSA. At 10 minute time 

intervals, conditioned supernatants were removed from each well 
' 

and replaced with fresh media. The conditioned media sal11.ples 
were counted individually in a Beckman scintillat;1~·o:m,_.J:.'lll?l~~:--::;:::::;1 
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When background afflux stabilized, ~igands ~ere added to the 
specified concen~ations and media collections were continued. 

In 2 out of 16 experiments, oocytes injected with 
va.ter and stilllulated with either aFGF or bFGF exhibited 45ca++ 

s~ 5 efflux levels similar to those obtained from oocytes inj~cted .. 

• 

vith FGF receptor :RNA. We have not determined the reason for 
these unexpected responses, but it is possible that they ware 
due to expression of endoqenous FGF receptors on contaminating 
follicular cells, or on the surface of the oocytes themselves. 

lO In all other experiments the water injected occytes had·no 
significant efflux response whereas the receptcr RNA response 
to FGF vas ten to forty fold over the basal measurement. 

Receptor levels in injected oocytes have not been 
measured because our anti-receptor polyclcnal antisera 

15 nonspecif ically recognizes an abundant oocyte protein of 
approximately the same molecular weiqht as the FGF receptor on 

20 

vestern blots. Furthermore, the lev~ls of exogenous receptors 
expressed in oocytes appears to be quite lov. 

Isolation and Characterization of Human cDNA Clones • 
complementary DNA libraries from human placenta and 

human umbilical vein endothelial cells vere 9enerously donated 
by J. Evan Sadler (Washinqtcn University School of Medicine, 
st. Louis). The libraries vera screened with 32P-labeled 
oligamers identical to those previously used to identify 

25 enicken FGF receptor cDNA clones. Filters ware hybridized and 
washed under hiqh strinqency conditions using standard methods. 
A total of 7 positive clones were isolated after screening 
2so,ooo phaqe from .both libraries. Tbe 4 clones described in 
this report (h2, h3, h4, and hS) were sequenced by the didecxy 

JO chain termination method, using the Sequenase system (United 
states Biochemical Corporation}. Clones h2, h3, and h4 were 
obtained from the endothelial cell library and clone h5 was 
obtained from the placenta library. Nucleotide sequence 
analyses revealed that all four clones contained identical s• 

35 nontranslated sequences and had poly-A tracts at their 3' ends. 
Howevei.r, only the poly-A tract at the 3' end of h2 vas preceded 
upstream by a consensus poly adenylation signal sequence 
(AATAAA; 37) , indicatin~ that internal priming was responsible 
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FGF recep~or cDNAs, oligonucleotide probe based on the h.tl.g 
cDNA sequence was used to screen a hu:man umbilical vein 
endothelial cell cONA ii.bra:ry and a human placenta cDNA 
library. From the initial screenings of 2so,ooo plaques from 

5 each library, four positive clones ~ere isolated from the 

endothelial cell library and three from the placenta library. 
The cONA clones could be divided into two classes 

based on different patterns of restriction maps at their 3 1 

ends. one of these classes derived from cDNA clones which were 
10 much shorter in length. Representatives of each class were 

present in the clones isolated from either library. Two clones -
(h2 and h3) representinq the class of larger cDNA clones, and 
tvo clones (h4 and hS) representing the class of shorter cONA 
clones were sequenced in their entirety. The deduced amino 

15 acid sequences of the four human receptor forms.are shown in 
comparison to the chicken FGF receptor sequence in Fiqure 7. A 
sc:he:matic representation of the dif~erent receptor forms is 
shown in Fiqure a. 

The predicted amino acid sequences of the h2 and h3 
• ~ 2 o clones are virtually identical and diffe~ only by three amino 

acids (amino acids 59, 60, and 103 in h2, Fig. 7). At the 

nucleotide level, h2 and h3 differ only at the positions 
encoding these three amino acid residues. The h2/h3 open 
reading frames include a hydrophobic signal sequenca and the 

25 unusual ac~dic domain (8 consecutive acidic residues with 
accompanyinq residues} tbat was initially noted in the 
published sequence of the chicken FGF receptor cONA. The 
extracellular domains of h2 and hJ are highly hcmolcqaus to the 
chicken FGF receptor except that h2 and hl lack the sequences 

30 of one Ig-like dOlllain (labeled I in Fiq. S). The transmeml:>rane 
region and cytgplasmic do~ains are highly hcmolo9ous to the 

corresponding domains of the chicken FGF receptor~ 
The ceding sequences of the short cONA clones, h4 and 

hS, differ only by tw~ amino acids (positions 59 and 60 in h4: 
35 the nucleotide sequences of h4 and hS differ 

acidic reqion and one 

essentially identical 
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hJ. ~he dis~inc~ive rea~ure of h4 and h5 is ~he lg-like domain 
(IgIII) neares~ the ~ransmembrane domain. Approximately half . 
of this domain is identical to the corresponding sequence of h2 
and hJ. However, the carbcxyl terminal half of this Ig-like 

5 domain is unrelated to h2 and h3 sequences. unlike h2, hJ, and 
the chicken FGF receptor cDNA, h4 and h5 do not encode a 
hydrophobic membrane spanning region or a cytoplasmic dcmai~. 

The sequences of all of the human cONAs which have 
been isolated contain ~nly 2 Iq-like domains. To determine 

10 ~nether the human FGF receptor gene contains sequences encoding 
the first Ig-like domain (Iql), polymerase chain reactions vera 
performed on g~nomic DNA isolated from human Ioreskin 
fibroblasts (HFFs}. For these experilaents, we uti1ized one 
amplifying primer ~ased on the sequence of the IqI domain ·of 

15 the chicken receptor (correspondinq to amino acids 58-69), and 
a second primer based on sequence from the acidic reqion of the 
human receptor (amino acids 44-52 in h2). Using tbase primers, 
a single i.3 kb genomic fraqment was amplified. As shown in 
Fi9'1l1"e 9, this fragment contained ~odinq sequences homologous 

:zo (approxilllataly 83 percent amino acid identity) to the IgI 
domain of the chicken FGF receptor. In addition, an intJ;.""On 
sequence of approximately 1.0 kl) separates these coding 
sequences from sequences encodinq the highly acidic region of 
the receptor. Thus, the human FGF receptor qene clearly 

25 contains sequences encodinq the I9I domain not found in the 

human cDNA clones. Furthermore, the presence of an intron 
between the IgI domain sequence and the acidic re9ion sequence 
suggests that expression of 2 or J Ig domain forms may be 
regulated by alternative splicinq. 

JO To determine whether a 3 Iq domain form of the 

receptor is expressed in HFF cells, we performed PCR on cDNA 
qenerated from HFF mRNA. Using the primers described above, a 
single 0.24 kl:J fragment was amplified from HFF cONA. This 
fraqment contained sequences encoding the IqI domain and the 

35 acidic region, but no intron sequences. Thus, we conclude that 
HFF c~llsitranscribe a J Iq domain form of the receptor. To 
determine whether HFF cells also express a 2 Ig domain form of 
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pri~er based on sequence from the 5 1 non~ranslated region of 

the human FGF receptor. In these reactions a 0.2J kb fraqment 

was amplified vhich, in the same manner as our cDNA clones, ~as 

missing sequences corresponding to the IqI domain. Thus, a 2 

s Is domain form of the receptor is also transcribed in HFF 
cells. 

Receptors containinq 3 lg-like and 2 lg-like Domains 

Bind Acidic FGF and Basic FGF. 
Since the 3 Iq domain receptor (initially isolated 

10 from a chicken cDNA library) was purified on the :basis of its 

affinity for basic FGF, it was of interest to determine whether 

this receptor also binds acidic FGF. To address this question, 

the 3 Iq domain chicken receptor was expressed in rat L6 

myoblasts, a cell line vhich normally does not express FGF 

15 receptors. In addition, the 2 Ig domain human h2 receptor was 

also expressed in ·L6 cells. Figure 10 sho~s an affinity 

labelinq experiment performed vith transfected cells. Cells 

were incubated vith either 1251-aFGF. or 125I-bFGF and bound 

ligand was crosslinked in the presence of disuccinimidyl 

.. ~ 20 suberate (O.lS WI). Using either ligand, single crosslinked 

bands were seen in cells transfected with receptor cDNAs (lanes 

i, 3, 7, and 9), but not in cells transfected with vector alone 

(lanes s, 6, 11, and 12). Subtraction of the molecular veiqht 

of FGF (17 kd) frOJD. the size of the crosslinked complexes 

25 yields estimated molecular weights of 145 kd for the 3 Ig 

domain form of the receptor and 125 kd for the 2 Iq domain form 

of the receptor. Excess unlabeled ligands block formation of 

the crosslink.ed complexes (lanes 2, 4, a, and 10). These 
results demonstrate that both the 3 Ig domain form and the 2 Iq 

30 domain form of the FGF receptor are capable of binding either 

acidic or basic FGF. Scatchard binding analyses indicate that 

half-maximal binding of 1251-aFCF to either the 3 Iq domain 

form er the 2 Ig domain form occurs at a concentration of o.os 
nM. Similarly, half•maximal binding of 125I-bFGF to either the 

35 3 lg domain form or the 2 l9 domain form occurs at 0.1 nM. 

, A Three lg Domain FGF Rece.ptor and a Two Ig Domain 
• FGF Receptor Mediate Biological Responses to Both Acidic and 

Basic FGF. 
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To determine whetiler any of the :mem.brane spannin'. 

forms of the FGF receptor are activ.ated by either aFGF or n 

ve expressed these receptors in Xenopus oocytes and measur~ 

receptor activation usinq a sensitive ca+""' efflux assay. T: 

5 assay has been used to examine expression of receptors fer 

other ca++ mobilizing ligands including cholecystokinin, 

bombesin, vasopressin, and angiotensin II. Ligand-induced 

efflux reflects a mobilization of ca++ from intracellular 

stores, leadinq to increased levels of intracellular ca++ anc.: 

lO accelerated effl~. F.or our experiments full-length cDNA wez· 

transcribed in vitro and the capped mRNAs were injected into 

Xenopus oocytes. After 48 hours, the injected oocytes vere 

loaded with 45eaci2 and liqand-dependent calciWll mobilization 
was assayed by measuring- 45ca+• efflux (Fig. l1}. Addition of 

15 either aFGF (A and B) or DFGF (C and D) induced a rapid and 
larqe efflux of 45ca++ from oocytes injected with llNA enccdinq 

the chicke.n FGF receptor (A and C) o_r RNA encoding the human h2 

receptor (Sand D). In contrast, ooc:ytes injected with either 

hl.USlan h3 RNA CB an?. D) or vater alone {A-D) showed no response 
20 to eithex' a.FGF or bFGF. As a positive control, ear'bachol was 

added follovinq the 100 _minute timepoint. oocytes express 
endogenous receptors for carhachol, and oocytes injected with 

either FGF receptor .RNA or water eXhil:>ited a positive response 
after carbacbol stimulation. We conclude that both the 3 Ig 

25 domain form (cFGF-R) and the 2 Ig domain for.m (h2) of the FGF 

receptor are bioloqically res~onsive to both acidic and basic 
FGF. Thus, the ligand bindinq domains for acidic and basic FGF 
appear to lie in the receptor reqion encom.passinq t.~e highly 

acidic domain and the IqII and IgIII domains. 
30 

35 

While the hwnan h2 receptor clearly responds to both 
liqands, no response ~as seen in oocytes injected vith RNA 
enccdinq the h3 receptor form. It is possible that the tbree 

amino acid differences between h2 and h3 cause these proteins 
to respond differently. Alternatively, the lack of a response 

in oocytes injected vith the h3 RNA may be due to unusual.ly low 

expression levels of the h3 protein. Unfortunately, we have 

not yet been able to determine receptor protein expressi ___ 1 
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FGF-R forms bavinq either 2 or 3 extracellular Iq­
like domains will bind and respond to both acidic and basic 
rGr. scme forms of !'GF receptor mRNA encode only the 
extracellular domain of tha FCF receptor, a protein that is 

'.t~ S likely to be secreted. from t.he cell. 
~he fact that a 2 Ig-like domain for.m of the FG? 

receptor (h2) binds bath aFGF and bFGF with high affinity has 
allowed us to localize the bind.in; domains for these liqands tc. 
a reqion encompassinq the highly acidic region and the IgII and 

10 IgIII domains. 
The h4 and h5 receptor forms lack transmeml:lrane· 

sequences and ~resumely represent secreted forms cf the FGF 
receptor. Preliminary data indicates that cells transfected 
with the h4 cDNA secrete a 70 kd protein which is reooqnized by 

lS anti•FGF-R pelyclonal antisera. 
The role of secreted forms of the FG? receptor is 

unclear. The secreted forms may act,.to rec;ulate levels of 
extracellular FGFs, and thereby requlata availability cf FGFs 
to cell surface FGF receptors. Alternatively, the secreted FGF 

20 receptors may serve ta stcre and sequester FG?s at a particular 
location. Another possibility is that the secreted fo%ms zay 
bind to FGFs in an intracellular C021Partment and subseqUently 
serve as a means for secreting the factor. This is an 
important consideration in view of the fact that aFGP and JoFCF 

25 do not contain sicanal sequences and their mechanism of 
secretion is unknown. 

our results sugqest that receptor d~varsity can be 
qenerated by alternative splicing. We have isolated a total of 
s different FGF rec:eptor_cDNA species. Comparison of amino 

30 acid sequences strongly indicates that all S species are 
derived fro~ the same qene. Another intarestinq feature of the 
h1Dlan receptor forms is the presence or absence cf the ArqMet 
sequence (amino acids 59 and GO in h2 and h4) in the 
extracellular domain. 

3S Affinity labelinq experiments usinq either 1251-aFG? 
or 1251..1:,FGF identified a single 145 kd receptor protein on 
transfectant cells expressinq the l Iq domain for.m of the FGF 
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cells e>cpressinq the 2 domain ~arm of the FGF receptor (see 
ri~. 11). It is possible that the presence of two receptcr 
species may reflect ccexpressicn cf the 3 Iq domain and 2 Ig 
domain forms of .the receptor. our data clearly establish that 

s a sinqle FCF receptor species can bind both aFGF and bFGF with 
hiqh affinity and mediate the biological effects of these 
factors. We have used acidic and basic FGF ·in these 
experi=ents because they are the best characterized members of . 
the FGF family, and are readily available in ~ecc'mbinant fcrm • 

10 . ! 

gamnu 6 

CQ11!peti~ua B1u£ing of IGF-! Peptides or ,.rragment§. 

nevelcmmsnt 0£ E?I•R ReJated Antas2~1s:s.or~gnis~s 
A fraqment ccntaining all er part of the 

15 extracellular, liqand•bindin9 domain of the FGF-R (i.e., 
containing amino acids 22-374 of Fiqure 3 or 22-2ss cf Fiqure 
4) er analcqs thereof are expressed in a host (e.q. mammalian 
cells or baculcviras infected insect cells) and purified as 
described in Exampla 1. Alta:ma-ei valy, fraqm.ents cf the 

20 liqand-bindinq domain are made usinq a peptide synthesizer 
(Applied Biosystems) and p\1%'ified by HPLC. Different 
concentraticns of the FGP-R fraglllent er analcqs thereof (FGF• 
Rexs) are tested for their ability to block the bindinq of 
125I-FGF to swiss 3T3 cells. ccmpatitive bindinq is performed 

25 as described in Fiqure lA in Example l usinq FGF•Rexs instead 
of unlabeled liqand and competitive bindinq is determined. 

!'GF-Rexs are also tested for their ability to inhibit 
FGF-induced mitcgenesis as measured by 3H-thymidine 
incorporaticn into cells and by countinq cell numbers. 

30 FGF•Rexs which block binding of rGr to the cell-surface 
receptor may act as an antaqonist and blcck 3H-thymidine uptake 
and the increase in cell number induced by FGF. FGF-Rexs may 
also act as aqcnists, i.e. by dilr&erization with the cell 
surf ace receptor which may mimic a ligand-mediated receptor-

35 recaptor;interaction. In such an instance, FGF-Rexs may 
sti~ulate mito9enesis in the absence of liqand or may enhance 
the FGi' mediated. -mitoqenic respcnse. s si.iEET HAS BEE"N 

. Tffi n 
FGF-Rexs are also tested for their abilit tc ifili -=~----·-··-

r.,... "f ,... ....... - • 
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or activate FGF-induced tyrcsine phosphorylation cf the 90 
substrate protein in swiss 3T3 cells ar autophasphorylation of 
the cell-associated FGF-R. FGF•Rexs wnicb block FGF-induced 
tyrosine phospborylation are antaqonists. FGY-Rexs ~hich 

5 activate autcphcsphorylation of the cell-associated FGF-R in 
the absence cf FGF are agonists. 

FGF-Rexs are also tested f cr their anti-anqicqenic 
activity. FGF-Rexs are tested first for their ability to 
inhibit the FGF-induced 9rowth and the mcbilizaticn cf 

10 endo'thelial cells intc vessels in vitro. An;ioqenesis is 
assayed in vitr~ usinq an aortic ring assay. Aortic rings are 
placed in a.c~ilaqen matrix formed in the presence er absence 
cf FGF and FGF-Rexs. :endothelial calls sprout and form vessels 
from the aortic rinq within a few days in the presence cf FGr. 

15 The addition of FQF-Rexs which are antaqonists in the previous .. -
assays inhibit the FGF-induced qrowth of capillary sprouts. 
FGF•Rexs which a~e an;ioqenic even in: the absence cf ?GF are 
a;onists. 

FGF analcqs, angicqenic factcrs, anti-anqioqsnic 
20 factors as well as antibc4ies to the extracellular portion cf 

the FGF-R are tested fer their ability to bind directly er 
compete for binding of native FCF for bindinq to purified or 
expressed FGF·R. In addition, they are tested fer their 
ability to stimulate mitoqenesis (aqonists) or inhibit FGF-

. 25. dependent mitoqenesis (antagonists) as well as tyrosine 
phosphorylation in cells expressing the .!'GF-P.. These studies 
are important in determininq if the mcde cf action of each 
an;ioqenic and anti-an;ioqenic factor, etc., is receptor­
•ediatsd and in determinin; if there is receptor specificity 

30 (i.e. acidic versus basic FCF-R) for anqiogenic and anti· 
anqioqenic factors. 

FGF analoqs .are radiclal>eled and binding is performed 
with labeled ligand, purified or expressed receptor in the 
appropriate physioloqic buffer (i.e. culture media or phosphate 

35 buffered saline (PBS)) for o.s at 37•c or 2-24 hrs at 4•c. The 
complex is precipitated (5-10% polyethylene glycol, l mg/ml 
IqG) and separated by filtration through filters (i.e.-.lOl~!IQ~~Bm 
GYA) and the associated radioactivity deter.mined. 

... .......... 1 .. - ,_ .... 
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While the invention has been described in connection 
with certain specific embodiments thereof, it should be 
receqni:ed that various modifications as may be apparent to one 
of skill ~n the art to which the invention pertains also fall 

S within the scape cf the invention as defined by the appended 
claiu. 

c ~ 1 
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l. A method for 1r10difyinq ip vivo a fibroblast qrowth 
factor receptor mcdulatea aC'tivity comprising administerinq to 

5 a patient an amount of a fibrobla~t 9rowth factor receptor 
blackinq agent effective t~ inhibit fibroblast qrovth factor 
bindinq to said fibroblast qrcwth factor receptcr. 
2. A method of claim lg wherein the agent comprises a 
human fibroblast growth factor receptor or a portion thereof. 

lO 3. A method of claim. 2, wherein the human fibroblast 
growth f actcr receptor er portion thereof is produced in a cell 
transformed w~th a nucleic acid containing at least about 15 
bases of a sequence selected from the group consistinq cf: 

a) a ONA sequence in Fi91Jres 3 or 4; 
15 b) a DNA sequence enccdinq a polypeptide cf FiCJUreS l, 4 

or 7: and. 
c) a DNA sequence substantially,hcmalo9cus to a seq\ience . . 

of P-iqures 3 or 4. 

4. A method of claim 2, wh~rein the blockinc; aqent 
·20 ccmprises a fibroblast c;rowth faatcr receptor, extracellular 

domain without a tyrcsine kinase reqicn. 
s.. A method of inhibitinCJ bindinCJ between a fibroblast 
qrowth factor and a f ibrcblast growth f actar receptor present 
in a solution, said zethod comprising a step of addinq a 

25 fibroblast qrovth factoT recaptor peptide to said solution. 
6. A mathad cf claim 5, wherein said fibroblast qrowth 
factor receptor peptide is homolcqous to a se~ence described 
in Figures 3, 4 or 7. 
7. A composition comprising a so1uble polypeptide havinq 

30 between about five and two hundred contiguous a'lllino acids frem 
a blll!lan fibroblast qrowth factor receptcr extracellular domain. 
Sa A Cmtlposition according to claim 7, wherein the 
pelypeptide comprises an IgII or an I9III domain. 
9. A composition acccrdinq to clai~ 8, wherein the 

35 extracellular domain comprises about so amino acids fro~ 
! 

residues' l to 287 of a hwn_an fibroblast qroWth factor receptor 
Fiqure 7. 
10. A com=osition . . 

r, • 1 7QI", ! 'n ~; 
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domain comprises a.bout 7 amino acids from residues SS tc 141 of 
a human sequence cf Figure 1. 
11. A composition according to c1aim 6, wherein the 
polypeptide ccmprises both an IqII and an IqiII domain. 

5 12. A composition according to claim ll, wherein the 
polypeptide further comprises a carboxy terminal sequence 
substantially homologous to the 79 amino acid sequence from 
residues 222 tc 300 of a soluble human protein of Pigure 7. 
13. A composition according to claim 12 consisting 

10 essen~ially of h4 or hS. 
14. A composition ccmprising a sUbstantially pure 
polypeptide of.less than about SS KDa comprisinq a fil:3roblast 
grcwth factor-bindihg domain af a f ibrcblast growth factor 
receptcr. 

1S lS. A composition accorainq to claim 14, wherein said 
polypeptide is soluble. 
is. A camposition accordinq to ~laim 14, wherein said 
polypeptide further comprises a se9lJ1ent selected from the group 
consistinq cf a signal seqmant, an IgI segment, an acidic 

20 sQ9ment, an IqXI seqment, an !qIII segment, an IqIIIT seqment, 
and a tl:'annembrane segment. 
17. A composition acccrclinq tc claim 14, wherein said 
polypeptide is hcmolcqous to a sequence described in Figures 3, 
4 er 7. 

25 18. A composition accarclinc;r to claim 17, 'wherein the 
polypeptide is present in a multi-chain complex of proteins. 
19. A composition acccrd.ing to claim 14, wherein the 
fibroblast 9rowth factor-.bi:nd.inq domain includes at least about · 
30 amino acids of each of bath IqII and Iqill domains • . 

30 20. A composition according to claim 14, wherein the 
fibroblast growth factor receptor is a chicken fibroblast 
qrcwth factor receptor. 
21. An isolated nucleic acid encoding a human fibroblast 
qrowth factor receptor which substantially lacks an 

35 intracellular domain. 
' • 22. An isolated nucleic acid of claim 21, wherein said 

receptor comprises a sequence homolo~ous to an IqII.~d:ama:::~i~n::::::-;~~;;il 
described in Figure 7 • -T\-ilS sHEBT H~~ HEEN 

:'t:::\)11\Cf·.i) --~ .· .. ~.. _ .. _.,.,..,.---·------



-·---------··-·· 
-----· -----

----~~-----------

SL• 1 'll:!,T Ti 
J'' I '\ • '°' v\I 

W091100916 PCT/US90/03t 

64 

23. An isolated n~cleic acid encodinq a substantially 
full length IqII domain cf a fibroblast growth factor recept: 
24. An isolated nucleic acid of claim 23, further 
enccciinq at least one additional peptide seqment selected frt': 

s the qrcup consisting of a siqnal seg111ent, an I;I segment, an 
acidic seqment, an IqIII seqment, an Ig~IIT segment, a 
tra.nsmem.brane seqment, and a tyrosine kinase seqment. 
2S. An isolated nucleic acid of claim 24, wherein said 
additional sequence is hcmoloqous to a ccrrespondi.n9 sequence 

lO described in Figures 3, 4 or 9. 
26. An isolated nucleic acid of claim 23, wherein said 
IgII peptide ~equence is native tc a human. 
27. An isolated nucleic acid cf claim 23, furtha~ 
ccmprisinq a transcription promoter sequence. 

15 2a. An isolated nucleic acid enccdinq a soluble human 
fibroblast growth factor receptor. 
29. An isolated nucleic acid of .claim 28, wherein said . . 
solUble human qrowth factor receptor is hom.oloqous to h4 er hS. 
30. A protein made by expressing an isolated nucleic acid 

20 of claim 29. 
31. A ccmpositicn comprisinq a fil:)rcblast qrowth fact.or 
receptor segment 3ade by expressinq an isolated nucleic acid of 
claim 21, 23, or 28. 
~2. A method fer making a protein camprisinq a fibroblast 

25 qrowth factor receptor seg11lant, said method eamprisinq 
expressinq an isolated nucleic acid cf claim 21, 23, or 2a. 
33. A composition comprising a_nucleic acid according to 
claim 21, 23 0 or 2s, attached to a reporter molecule. 
34. A method for makin9 a fibroblast growth factor 

30 receptor peptide, wherein the peptide is produced in a cell 
transformed with a nucleic acid containinq at least abaut 20 
bases of a sequence selected frcm tha qroup consisting of: 

a) a DNA sequence in Fiqures 3, 4 or 9t 

b) a sequence encoding a polypeptide of Figures 3, 4 or 
3S 7; and 

• 
c) a sequence sUbstantially ho~oloqous to a sequence of 

Fiqures 3, 4 er 9. THfS SHEET HAS BEEN 

3.5 .. A method for producinq an antibody ac ainstRiPLACED 
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fibroblast qrcwt:h factcr receptor fraqment, said method 
comprising a step of prcducinq an antibody aqainst a 
polypeptide epitope homoloqcus to a sequence of at least six 
eonti9Uous amino acids described in Figures 3, 4 or 7. 

5 36. A method of claim 35, wherein said epitope is 
selected from the qrcup of protein seqments ocnsistinq of a 
siC]tlal seqm.ent, an IqI segment, an acidic Se9lttent, an IgII. 

segment, an IqIII seqment, and an IqIIIT segment. 
37. A method of zeasuring a fibroblast qrowth factor or a 

10 fibroblast qrcwth factor receptor in a target sample, said 
method comprisinq the steps ef: 

combining_ said tarqet sample with a f ibrcblast qrcwth 
factor receptcr seqment; and 
determininq the extant of bindin9 between said seqm.ent and 

lS said sample. 
31. A transformed cell capable of expressinq a 
polypeptide homolcqous to at least a portion of a fibroblast 
qrewth factor receptcr. 
39. A transformed cell as in claim 3B, wherein the 

20 polypeptide is h~oloqcus to substantially the entire membrane 
bound form of a human fibroblast c;rowth factor receptor. 
40. A ti:"ansfor.med cell as in claim 38, wherein the 
polypeptide.is homoloqous to substantially the entire soluble 
farm of a hWQan fibrcblast qrcwth factcr receptor. 

25 41. A transfor?Aed cell as in clailil 40, wherein the cell 
is capable of secretinq the hwnan f ibrcblast qrowth factor 
receptor. 

------------------
--\iiiiil 
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3/17--­FltL3 flG. lA. IFlG. 3BJ 
f16.-3A. . JC. FIG. 3D. 
I GGGGACCGGGCGGTGCGGGCAGCGCTGAGCGGCGGCCGTCGGGCCGGACCGCGCCTCCC 

120 GCGGCGGCGGCGGGGGTGCGCTCTCGCCCCGGCCGGGGCTCCCCTCCATTGTTCCCGtG 
I 

Met 
239 GCCCCATGGAGGGGCGGTTGASCGCAGTCGCTGAGCAGTAGCCSCAGCAGTGGG ATG --20 30 

Thr Leu Ser Ala Ala Arg Pro Ala Pro Thr Leu Pro As~ Gin Ala 
341 ACG CTG TCT GCT sec AGA CCG GCC CCC ACG CTG CCC GAC CAA GCT 

- -- .-i. --- ... - ....... S!ll • 

~ ~ 
Gfy As13_ leu Leu Sin Leu Arg(fyi\Arg Leu Arg Ast Ase Val Gin 

431 GGC GAT CTC. ere CAG en; CGC~CGG CTG CGC GAT GAC GTG CAG 

80 90 
Ar§ Thr Arg Ile Thr Gly Glu G1u Vol Gtu Val Aro Asp Ar~ Val 

521 CGG ACG CGC ATC ACC GGC GAG GAG GTA GAG GTG CGG GAG CGG GTG 
110 . . 120 

Gly Ser Glu Thr Thr Tyr Phe Ser Val.Asn Val Ser Asp Ala Leu 
611 GSG AGC GAG ACC ACC TAC TTC TCC GTC' AAC GTC TCA GAC GCA CTC 

140 150 
Glu Lys Glu Ala A11 Aan Thr Lya· Pra Asn Gin Ala Val Ala Pra 

701 GAG AAG GAG GCG GAT AAC ACC AAG CCG AAC CAG GCT GTA GCT CCT 
m 100 

Pro AI a Ala Lys Thr Val Lys Phe Lys(Cyi\Pro Ser GI I GI y Thr 
TSl c~c GCT GCC AAA ACA GTG AAA ITC AAG'lliJCCC TCA GGT GGG ACG 

mo . 2m 
Pro Asp His Arg Ile Gly Gly Tyr Lys Val Arg Tyr Ala Thr Trp 

881 CCT GAC CAC CGC ATC GGG GSG TAC AAG GTC CGC TAT GCC ACC TGG 
230 I *240 

Thr(fyi\lle Vat Glu Asn Lya Tyr Gly Ser lh Asn His Thr Tyr 
971 ACG~ATC GTG GAG AAC AAA TAC GGG AGC ATC AAC CAC ACC TAC 

260 270 
Ala GI y Leu Pro Ala Asn Lys Thr Val Ala Leu Gly Ser Asn Val 

IOSI GCA GGG ere CCC GCC AAC AAA ACG GTG GCC CTG GGC AGC AAC GTG 
290 300 

Tr~ Leu Lys His lie Glu Val Asn Gly Ser ~ys lie Gly Pro As~ 
1151 TG6 CTG AAA CAC ATC 'AG GTG AAC GGC AGC AAG ATC GGC CCC GAC ... .. 

320 • 330 
Thr Asp Lys Glu Me Glu Val 'Leu His Leu Ar~ Asn Val Ser Phe 

1241 ACA tAC AAA GAG ATG GAA GTC CTT CAC TTA AGG AAT GTC TCA TTT 
. 350 . 360 

l1e Ser His His Ser Ala Tr' Leu Thr Val Leu Glu Ala Thr Glu 
1331 ATC TCC CAT CAC TCT GCA TGG TIG ACA GTT CTC CAA G HFFN 380 THl-EET HAS ~ .... 

I le Tvr(jWC s Thr Gl ~ Ala Phe Leu 11 e Ser/CvS\Mef o! .~n· El'Jlftt-c:;1~ J. 7 IA'11 AT"' "'"4 ~ C ACC ,..,.. "CC TTC """"'"q i::r'l'i';l ~i)ifl};N.'::WTe ~ ~~· 1 · 1 " QRfil ii '"'2_",_ 7T ·: 70f!I ·o~~ \Jl'I !i:I _111.1.".. • 



· ..... 

· .. · 

·-···---·-

PCT /US90/03830 

l I 17 
ftG._38. 
GGGAGCGCCTCCCGCCGCCACCTCGGGGCCGGGGTCCGCCATGGGGCGGCCGCAGTGAGC 
AGCGGCGGGCACCGCGCCTCCGCCGCGCCCCGCGGGACTCCGCTCACAGCGGCCGACGGG 

10 
Phe Thr Trp Ara(fy'i\Leu lie Leu Tr~ A·t a Va I Leu Val Thr A la 
rrr ACC TGG AGG~crc ATC CTT TGG GCT GTG CTG GTC ACA GCC 

- a::m --- -- ._ ..- -. ,... .._. - ,.... ~ - - ..,_. - - ~ - - - --- - ._. - ....... 

40 
Leu Pro Lys Alo Asn lie Glu Val Glu Ser His Ser Ala His Pro 
CTG CCC AAA GCG AAC ATC GAG GTG GAG TCC CAC TCG GCG CAC CCC 

10 
Ser lie Asn Trp Val Arg Asp Gly Val Gin Leu Pro Glu Asn Asn 
AGC ATC AAC TGG GTG CGT GAT GGA GTG CAG CTG CCC GAG AAC AAC 

Pro Glu As~ "Ser Gly Leu Irr AlaAMet Thr ~n Ser Pro Ser 
CCC GAC GAU TCG GSG CTC TAT GCC \fgJ AlG ACC AAC AGC CCC TCG 

Pro Ser Al a GI u Aap A11 Asp As1 Jr~ As~ As,_ Ser Ser Ser GI u 
CCT TCT GCA GAG GAT GAT GAT GAT GAA GAT GAT TCC TCC TCG GAG 

160 . . 
Tyr Tr p Thr Tyr Pro Giu Lys Met ·Glu Lys Lys Leu His Ala Va f 
TAC TGG ACC TAT CCC GAG AAG ATG GAG AAG AAG CTG CAT GCC GTC 

190 
Pro Asn Pro Th r Leu Arg Tr~ Leu Lys Asn G J y Lys GI u Phe Lys 
CCC AAC CCC ACG CTG CGC TGG CTG AAG AAC GbC MG GAG TTC AAG 

220 
Ser lie He Met Asp Ser Val Val Pro Ser As~ Lys Gly Asn Tyr 
AGC ATC ATC ATG GAG TCG GTG GTG CCA TCA GAt AAG GGC AAC TAC 

Gin Leu All Vol Val Glu An Ser ~·~~ Hit Arg Pra Ile Leu Gin 
CAS CTG GAT GTC GTG GAG CGC TCC CCG CAT CGG CCC ATC CTG CAG 

. 280 
Glu Phe Valt6Yi\~y1 Val Tyr Ser Asp Pro Gin Pro His lie Gin 
GAG TTI GTC\.!!.9) AAG GTC TAC AGC GAG CCG CAG CCC CAC ATC CAG 

m;m 41** &!ii W *!* 3* F 

310 
Atn Leu Pro TAr Val Gin lie Leu Lys Thr Ala Gly Val Asn Thr 
AAC TTG CCC T C GTG CAG ATC CTG AAG ACG GCT GGC GTT AAC ACG 

340 
Glu As~ Ala Gly Gtu Tyr Thr(fy'S'\Leu Ala Gtr Asn Ser Ile Gly 
GAG G4T GCT GGG GAG TAT ACA \J!YTTG GOO GGT AAT TCT ATT GSG 

370 
Gln Ser Pro Alo Met Met Thr Ser Pro Leu Tyr Leu Glu II e lie 
CAG TCA CCA GCC ATG ATG ACG TCC CCC CTC TAC CTG AS BEEN 

400 Tl-\l, \ • ~D ~ 

~ T •• ~TA7~J~~o··1ti tll u~ ~t~ ~~ i?i~1~1~; ~1~~~ ~!.~~N\~~ ACAGv: 1.1 1aR~ 1 '4 a J '7.7. 
\. I ..I~ -....;\\! 1~l~-
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410 SI 17 4l0 
Asn Ser Gin Leu Ala Val His Lys Leu Ala Lys Ser lie Pro Leu 

1511 AAC AGC CAG CTG GCC G TG CAC AAG CTG GCC AAG. AGC ATC CCA CTG 

Ser Gf _y Vol ~~ Leu Vol Arg Pro Ser Arg Leu Ser Ser i~~ Gf y 
1601 TCG GGT GTG ATG TTG GTG CGG CCC TCA CGG CTC TCC TCC AGC GGA 

uo 4~ 
Pro Arg Trp Glu Leu Pro Arg As~ Arg Leu lie Leu GJy Lys Pro 

f691 CCG CGC TGG ;AG CTG CCA GGG GAC AGG CTG ATC CTG GGC AAG CCG 
500 510 

Gly Leu Asp Lys Asp Lys Pro Asn Arg Val Thr Lys Val Ala Val 
1781 GGC CTG GAC AAG GAC AAG CCA AAC CGC GTC ACC AAA GTG GCT GTA 

530 540 
lie Ser Glu Met Gtu Met Met Lys Met lie Gly ~ys His Ly~ Asn 

1871 ATC TCC GAG ATG GAG ATG ATG AAG ATG ATC GGC AAG CAC AAS AAC 
560 570 

Vol lie Vol Glu Tyr Ala Ser lys Gty A.sn Leu Arg Glu Tyr Leu 
f9SJ GTC ATC GTG GAG TAC GCC AGC AAA GGC AAC CTG CGT GAG TAC CTG 

590 . 600 
Ar g ll e Pro GI u Glu Gin Leu Ser Phe Lys Ast Leu Val Ser tern 

2051 CG c tTC CCC GAG GAG CAG ere TCC TTC AAG GAC CTG GTG TCC\W) 
620 . I I 630 

,fyi\ lie His Arg Asp Leu Al"a Ala Arg Asn Val Leu Val Thr Glu 
2141 \l!.91 ATC CAC AGG GAC CT& GCG GCC AGG AAC GTG CTG GTG ACC GAG 

650 660 
Hi a His Ile Asn Tyr Tyr Lys Lys Thr Thr Asn Gt y Arg Leu Pro 

2231 CAC CAC ATC GAT TAC TAC MG AAG ACG ACA AAC GGC CGC TTG CCG 
680 690 

Hia Gin Ser AaR Val Tr~ Ser Phe Sty Val Leu Leu Trp Gtu Ile 
2321 CAT CAG AGT GAT GTT TGG TCC TTC GGT GTG CTG CTG TGG GAG ATC 

TIO 720 
. Leu Phe Lys Leu Leu Lys Glu GI y Hi a Arg Met Asp Lys Pro Ser 

2411 CTC TTC AAG CTG CTG AAG GAA GGC CAC AGG ATG GAC AAG CCC AGC 
740 750 

Ala Vat Pro Ser Gln Arg Pr a Th r Phe Lys Gin Leu Val GJ u Aap 
2501 sec GTG CCC TCC CAG CGC CCC ACC TTC AAG CAG CTG GTG GAG GAC 

710 780 
Leu Ser Val Pro Leu As1 Gin Tyr Ser Pro Gly Phe Pro Ala Thr 

2591 CTG TCC GTG CCG TTG GAT CAG TAC TCG CCC GGC TTC CCG GCC AtG 
e . • I . 

. 800 810 . 
As~ Pro Leu Pro Asp Glu Pro tfri\Ltu Pro Arg!CffiPr o Pro His 

2&81 GAO CGG CTG CCC GAC GAG CCC\(SJCTG -CCG CGC~CCC GCG CAC 

2777 CCG6GCACCACCACCGCAGG6AACTGCCCAAAGCTTTCGGCTGCTGTTGSGCTGTTGGT 
2897 CCACGTGGCGGTGCCGCCGTGTCCCTATCGGGCCGATGCCCCCTGTGAGCATCSCATCC 
3011 CGCTAGGACAGAAGTCCCGT6TACATAGCTAAAATATGTATAAAT . ~ f s BEEN 

t,i .~1377Q~~1o~~!~~T~~~~AG.!!!~!AT~!~!~~~~~~~~~ ~lXMli.~tG_ ~::.JU~~~ ' :; " ·~v 
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Arg Arg GJn Val Thr. Val Ser Ala Asa Ser Ser Ser Ser Met Asn 
CGC AGA CAG GTA ACA GTG TCA GCA GAT TCC AGC TCC rec ATG AAC 
TAChCr Pro Met Leu Ala Gly Vat Ser ff~ Tyr Glu Leu Pro Glu Asp 

_ CCC ATG CTG GCC QJC GTC TCC GAG TAT GAG CTG CCC GAG GAC 
490 

Leu Cly GJu Gly(fyi\Phe Gly Gin Val Val Leu Ala Glu Ala lie 
CTG GGA GAA GGC\.l],g)TTT GGG CAS GTG GTG CTC GCG GAG GCC ATC - ~ F ·# g ..... 

520 
Lyt Met Leu Lys Ser As~ Alo ih r GI u Lys Asp L!u Ser Asp Leu 
AAG ATG CTC AAG TCC GAT GCC · ACA GAG AAG GAG CTG TCC GAC CTC 

550. 
tie Ile Asn Leu Leu Cl r. Ala (fyi\ Thr GI n Asp GI y Pro Leu Tyr 
ATC ATC AAC"CTG CTS GGT GCC~ACG CAG GAC GGG CCC ere TAT 

580 
Gin Ala Arg Arg Pro Pro Gly Met Glu Tyr(iji\'.[yr Asn Pra Thr 
CAG GCA CGG CGC CCA CCG GGC ATG GAG TAC\(S)rAC AAC CCC ACA 

610 
Ala Tyr Gin Val Afa Art Gly Net Glu Tyr Leu Ala Ser ~ys ln 
GCG TAC CAG GTG GCA CGC GGC ATS GAG TAC CTG GCC TCC AAA AJ.G 

640 
A~p Asn Val Met Lys 11 t A la As~ Phe Gl~ Leu Ala ArJ As~ lie 
GAC AAC GTG ATG AAG ATC GCT GAn TTC GGG CTG GCC CGC GAG ATC 

. 670 
Val Lys Trp Met Ala Pro Gtu Ala Leu· Phi As' Arg lie Tyr Thr 
GTG AAG TGG ATG GCC CCG GAG GCT CTG TTC GAC CGA ATA TAC ACC 

I II 111----
700 

Phe Thr Leu GI~ Gty Ser Pro Tyr Pro Gly Val Pro Val Glu Glu 
TTC ACG CTG GGC GGT TCG CCC TAC CCC GGC GTG CCC GTG GAG GAG 

730 
Asn/fyi"\Thr Asn Glu Leu Irr Met Met Met Arg Asp~Tr~ His 
AACWACC AAC GAG CTG TAC ATG ATG ATG CGG GAC~TGG CAC 

., 760 
Leu Asp Arg 11 e Val Alo Met Thr Ser Asn Gin Glu IIr Leu As~ 
CTG GAC AGG ATC GTG GCC ATG ACC TCC AAT CAG GAG TAC CTG GAC 

790 
Arg Ser Ser Thr(fyi\Ser Ser Gly Glu As~ Ser Vol Phe Ser His 
CGC A,GC TCC ACC \'!:!YTCC TGG GGG GAG GAC TCG GTG TTC TCC CAC 

• 
819 

Ser His Gly Ala Leu Lys Arg His OP 
AGC CAC GGA GCG CTG AAG CGG CAC TGA GGCTCCGCACGC ~G!Getoot~~ 
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I GGSGAACCCAAGGACTTTTCTCCGGTCCGAGCTCGGGGCGCC 42 

43 CCGCACCGG GACGGTA CCCGTG CTGCAGT CGSG CACGCCGCG 84 

85 GGCCCGCCGSGGGCCTCCSCASGGCGATGSAGCCGGTCTGCA 126 

121 AGGAAAGT&AGGCGCCGCCGCTGCGTTCTGGAGGAGGGGGGC 168 

169 ACAAG&TCTGGAGAcccc;;cTGGCGSACGGGAG CCCTCCCC 210 

211 CCGCCCCGCCTCCGGGGCACCAGCTcc;;cTCCATTGTTCCC 252 

!53 Gccc;GGCTGGAGGCGCCGAGCACCSAGCGCC6CCG6GAGTC 294 

2.95 GA&CGCCGGCCSCGGAGGACTCTTGCGACCCc;ccAGGACCC 336 

331 GAACAGAG CCCGGGGGCGGC GSGCCGGAGCCGGGG AGCCSGC 371 

. 
379 ACACGCCCGCTCGCACAAGCCAC,sc;;ACTCTCCCGAGGCG 420 

421 GAACCTCCACGCCGAGCGAGGGTCA;TTTSAAAAGGA;SATC · 462 

483 GASCTCACTGTGGAGTATCCATQGAGATGTQGAGCCTTGTCA 504 

I 
505 CCAACCTCTAACTGCAGAACTGSG ATGTGGAGCT~GAAGTG C 546 

MW SW KC m ~ 
547 CTCCTCTTCTGGGCTGTGCTGSTCACAGCCACACTCTGCACC 588 

l l F W ,A V L V T ~ T L C T 

589 GCTAGGCCGTCCCCGACCTTGCCTGAACAAGATSCTCTCCCC 630 
A R P S P T L P E Q D A L P 

·"· Ii{). 
631 TCCTCGGAGGAlGATGATGATG AT~ATGACTCCTCTTCA~AG 612 
;SSE 0 DD 0 DD 0 SSS E 

er ·; 7C!ii ·o~r 
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50 60 
613 GAGAAAGAAA CAGATAACA CCAAACCAAACCCCGTAG CTCCA 714 

EKE T DN T KPN P VA P 
10 

715 TATTGGACATCCCCAGAAAAGATGtAAAACAAATTGCATGCA ?SS 
y w T A p E x M E K K L H ~ 

151 GTGCCt;;Ot;CCAAGACAGTGAAGTTCAAATSCCCTTCCAGT 7!8 
V. P A A K T V K F K C P S S 

100 
799 GGGACCCCAAAC ceCACACTGCGCTGSTTGGAAAATG GCAAA 840 

G T P H P lb L R W L E N G K 
841 GAATTCAAACCT;ACCACAGAATTGGAGSCTA CAAGGTCCGT 882 

E F . l P· D H R l G G Y '"' V R 
883 TArslAceTSCAGCATCATAATGGACTCTGTGG'TGcccTCT 924 

Y A T W S 1 I ¥... D S V V P S 
925 GACAAGGGCAACTACACCTGcllrs TGCAGAATCACTACCGC 966 

D l G N Y T C I V E N E Y 6 
967 AGCATCAAcdfcACATACCAGCTGQATGT~iTGGAGCGG1ft 1008 

S I N H T Y Q L. D l\o V E R S 
1009 CCTCACCGGCCCATCCTGCAAGCAGGGTTGCCC~CCAACAAA IOSO 

P H R P l llo 0 A G L P A N K 
1051 ACASTQGCCCTGGGTAGCAACSTGGAGTTCATGTSTAACGTG 1092 

T It A L G s N V E F M i&, K V 
1093 TACAGTGACCCGCAGCCGCACATCCAGTGGCTAAAGCACATC 1134 

Y SD P Q P H~O Q W L K H 1 
1135 GACQT6AATGGGAGCAAGATTGSCCCAGACAACCTGCCTTAT 1116 

EV HG SK I GP D NL P~~ 

1m GTCCAGATcff8AAGACTGCTGGASTTAATACCACC;AcAAA 1218 
V Q l L l T A G V H T T D l 

1219 G ~CA~ GGt cc ice f CftCTl AA~AAA n1f/:T f 1pc ~G;~c 1260 

1261 GCAGGGGACTATAccfcrrG GCGGSTAACTCTATCGGACTC 1302 
A G E l T C L A G N S I G l 

280 210 
1303 TCCCATCACTCTGCATGGTIGACCSTTCTGG AAGCCCTS GAA 1344 

SHH SAWL TV LE ALE 
280 . 

1345, GAGAGGCCGGCAGTGATGACCTCGCCCCTGTACCTGGAGATC 1386 
·ERP AV N TSP LYLE l 

290 300 
138r ATCATCTATTGCACAGGGGCCTTCCTCATCTCC TGCATGGTG .14za 
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~o 300 
l I Y C TG AF LIS CM V 

310 
1429 GGSTCGGTC ATCGTCT·ACAAGATGAAGAGTGSTA CCAAGAAG 

SS V l V ~OK MKS GT l X 

IQI AGTGACTTCCACAGCCAGATGGCTGTGCACAA~CTGGCCAAG 
S 0 F HS QN AV H X l Al 

330 340 
1513 AGCATCCCTCTGCGCAGACAGGlAAf'Gi'iTC TGCTS ACT CC 

S I P L R R Q !So S A D S 

15 AGTGCATCCATGAACTCTGGGGTTCTTCTGGTTCGGCCATCA 
SAS M NSG V L LV RPS 

1591 cmrciccrr&cmmtcccmcrmAm;rc.ffl 
R LS S S GT P.M 

380
A G VS 

l839 GAGTATGAGCTTCCCGAAGACCCTCGCTGGGAGCTGCCTCGG 
EYE LP EDP RWE LP R • 1581 GACAGACTGG TCTTAGGCAAACCCCTGGGAGAGSG CTGCTTT 
D 4'o L v l GK pl GE i1oc F 

rr23 GGGCASGTGG TGTT GGCAGAGGCTATCGGGCTGSACAAGGAC 
G 0 V V L A E A I G l D K D 

R6S AOACCCAACCGTGTGACCAAAQ!;crGTGAAGATGTTQAAG 
n P N R V T K V A V K M l J." ao . -rrv 

1801 TCGGACG CAACAGAQAAAGACTTGTCAGACCTG AT CTCAGAA 
S D A T E K 0 L S ~O L I S E 

1849 AIGGAGATGATGAAGATGATCGGGAAGCATAAGAATATCAfC 
Pl E M M I\ 4o G ~ H l N l 

1891 AACC~GCTGGG 6GCCTGCACGCAGGATGGTCCCTTGTATGTC 
N 1. LG.ACT Q D GP L YV 
~ 480 

1933 ATCGTGSAGTATGCCTCCAAQGGCAACCTGCSGGAGTACCTG 
IVE YA SK GN l REY l 

1915 CAGGCCCGGAGGCCCCCAGGsc1!GAATACTGCTACAACCCC 
Q A R R P P G l E Y C Y N 1-

10 500 . ~ 

2017 AGCCACAACCCAGAG;AGCAGCTCTCCTCCAAGSACCTGGTG 
S ff NP EEO l SS K 0 LV 

2059 TCCTGCGCCTACCAGGTSGCCCGAGGCI~GAGTATCTGGCC 
•· S C A Y Q V A R G M E Y L A 

2101 TCCAAGAAGTGCATAC5~CGACACCTGGCASCCACGAATGTC 
5 ~ K C I H R 0 L A A R N V 
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5~ 5~ 
2143 CTGGTGACAGAGGACAATGTGATGAAGATASCAGACTTTGGC 

LV TED NV MK I AD f G 
560 

2185 CTCCCACGGGACATTCACCACATCGACTACTATAAAAAGACA 
l A R D I H H I o·y Y K K T 

2Z2l ACCAACGGca~icTGCCTSTGAAGT;GATGGCACCCGAGGi~ 
TN GR l PV KW MAP EA 

590 
2269 TTATTTGACCGGATCTACACCCACCAGAGTGATGTGTGGTCT 

L F D R I ~o T H a s D v \11 s 
2311 TTCSGGGTGCTCCTGT!GGAGATCTTCACTCTGCGCGGCTCC 

F G V L L W E I F T L S G S 
610 620 

2353 CCATACCCC;GTGTGCCTGTGGAGGAACTTTTCAAGCTGCTG 
PY PG VP V *EL f ~LL 

2395 AtSG~GG~T~CiCA~ GGftCAf G c JCA\TA~ctgcA~CA~ 

2437 GA~CTGTACATGATGATGCGGGACTGCTGGCATGCASTGCCC 
EL y MM MR D c LH A v p 

MT9 TCACAGAGACCCACCTTCAAGCAGCTGGTGGAAGACCTGSAC 
S 0 R P T F K 0 L V E D L D· 

2521 CGCATC;TGGCCTTGil!TccAACCAGGAGTACCTGGACCTG 
R I V A L T S N Q E Y L D l 

2583 Tccff~ccccr;;AccAGTACTCCCCCA;cTTTB~sACACC 
SM PL D 0 Y SP SF PDT 

2605 CGGAGCTCTACGTGCTCCTCAs
7
2!GAGSATTCCGTCTTCTCT 

RS STC S SG ED SV F S 
710 120 

2847 CATGAGCCGCTGCCCGAQGAGCCCTSCCTGCCCCGACACCCA 
HEP LP EE PC LP RH P 

130 
2689 GCCCAGCTTGCCAATGGCGCACTCAAACGCCGCTGACTGCCA 

A 0 LANG G L KR R Z 

2184 

2226 

2288 

2310 

2352 

,2436 

2478 

2520 

2562 

2604 

2146 

2688 

2730 

2731 CCCACACGCCCTCCCCAGACTCCACCGTCACCTGTAACCCTC 2112 

2773 ACCCACAGCCCCTG CTGCGCCCACCACCTGTCCGTCCCTGTC 2814 

2815 CCCTT-TCCTGCTGGCAGSAGCCSG CTGCCTACCAGGGGCCTT 2856 
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RECEPTQRS FOR FIBROBLAST GROWTH FAcybRS-.-·-- . .w-- ---

This application is a continuat:ton-tn·•part , 

application of commonly assigned patent application u.s.s.N. 
07/377,003 filed on July 6, 1989, which is hereby incorporated 
herein by reference. 

This invention was made in part with government 
support und~r grant contract No. HL-07192 and under grants ROl 
HL-32898 and POl HL-43821-01, all awarded by the National 
Institutes of ·Health. The government may have certain ~ights 
in this invention. 

Field of the Invention 
The present invention relates to receptors for growth 

factors, specifically to the fibroblast growth factor receptor 
(~F-R). More particularly, it provides various purified 
fibroblast growth factor receptor proteins, nucleic acids 
encoding the receptor proteins, methods for the production of . 
purified FGF-R proteins, proteins made by these methods, 
antibodies against these proteins, and diagnostic and 
therapeutic uses of these various reagents. 

BACKGROUND OF THE INVENTION 
Polypeptide growth factors are mitogens that act on 

cells by specifically bindinq to receptors situated at the 
plasma membrane. These receptors usually have three major 
identifiable regions. The first is an extracellular region 
which contains the ciomain that binds the polypeptide growth 
factor (i.e. the ligand-binding domain). The second region is 
a transmembrane region and the third is an intracellular 
reqicn. Many of these receptors contain a tyrosine kinase 
domain in the intracellular region. 

The fibroblast growth factor receptor (FGF-R} 
proteins bind to a family of related growth factor ligands, the 
fibroblast growth factor (FGF) family. This family of growth 

.• 
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factors are characterized by amino acid sequence h~~9!99Y.t .............. __ , __ ] 
heparin-bindinq avidity, the·'ability to promote angioqenesis 
and mitogenic activity toward cells of epithelial, mesenchymal 

and neural origin. 
The FGF family includes the f ollowinq seven 

known FGFs: _ ....... ·-·-- ----~.-· ............ "·····"·'···· 
(1, 2) acidic FGF (aFGF) and basic FGF (bFGF) 

(D. Gospodarowicz et al., Mol. Cell. Endocrinol., 46:107 

(1986) : 

(3) the int-2 gene product (R. Moore et .. al., EHBO. 
iL.,, 5:919 (1986); 

(4) the hst gene product or Kaposi's sarcoma FGF 

(K.J. Anderson et al. Nature, 332:360.'(1988); M. Taira et al., 

~.Natl. Acad. Sci. USA, 84:2980 (1987}): 

(5) FGF-5 (X. Zhan et al., Mol. Cell. Bigl., 8:3487 
(1988)}; and 

(6) keratinocyte growth factor (J.S. Rubin et al., 
PrqC. Natl. Acad. Sci. USA, 86:802 (1999)). 

(7) FGF-6 {I. Maries, et al., Oncogene 3:335 
(1989)). . 

The actions of acidic and basic FGF are mediated 
through binding to hiqh affinity cell surface receptors of 
approximately 145 and 125 kDa (G. Neufeld and D. Gospodarowicz, 
J. Biol. Chem., 261:5631 (1986)). 

The reference of Imamura et al., "Purification of 

Basic FGF Receptors from Rat Brain, '' Biochem. BioDhys. Res. 
communicatioris, 155:583 (Septembe~ 15, 1988) discloses the 
purification of nanogram amounts of a basic FGF receptor 
(bFGF-R) from rat brain. 

While genes encoding a number of growth factor 
receptors have been molecularly cloned (e.g., mouse PDGF 
receptor, Yarden et al., Nature, 323:226 (1986), no clone has 
previously been identified as encoding a f ibrcblast growth 
factor receptor (FGF-R). ·Using antiphosphotyrosine antibodies 
to screen ~qt11 cDNA expression libraries, a 2.5 kilcbase cDNA 
encoding a novel tyrosine kinase gene, designated bek 
(bacterially expressed kinase), was isolated from a mouse liver 
cDNA library. (S. Kornbluth et al., "Novel Tyrosine Kinase 
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Identified by Phosphotyrosine Antibody screening W-"·eDNA"-- ·-·------~···---~"--" 
Libraries", Mol. cell. Biol. No. a, 5541 ( 1988)) • The bek 
sequence did not contain a transmembrane region and therefore 
could not be identified as a growth factor receptor. Another 
protein tyrosine kinase gene designated ~ (fms-like-qene) was 
isolated from a human endothelial cal-l·-.,cO:fA .. libracy' by 

~ybridization under relaxed stringency with a v-fms oncogene 
probe. (M. Ruta et al., "A Novel Protein Tyrosine Kinase Gene 
Whose Expression is Modulated During Endothelial Cell 
Differentiation11 , oncogene, 3:9 (1988)). Those authors could 
not identify a transmembrane region in their isolated sequence 
and therefore hypothesized that f1g encodes a cytoplasmic 
tyrosine kinase. 

The purified an~ cloned chicken bFGF and hUlllan bFGF 
receptors of this invention have amino.acid sequence similarity 
with the bek and !lg clones in the regions which have been 
isolated. However, both the ~ and !lg sequences reported 
were incomplete and there was no recognition of their function 
as FGF binding receptors. Moreover, the prior reports failed 
to recoqnize many of the structural and fUJ\Ctional features 
described in the present invention. 

Members of the FGF family appear to have roles in 
tissue development, tissue repair, maintenance of neurons and 
in the pathogenesis of disease. Aperrant expression of FGF may 
cause cell t~ansformation by an autocrine mechanism. -Moreover, 
FGFs may enhance twn.or growth and invasiveness by stimulating 
blood vessel growth in the tumor or by inducing production of 
proteins such as plasminogen activator. However, 
"identification of the components involved and understandinq of 
the mechanisms and interactions involved remain woefully 
incomplete. 

Purified FGF receptors and fragments, and isolated 
DNA sequences encoding defined FGF receptors and defined 
fragments (e.g., the ligand-binding domain) will greatly 
accelerate the understanding of fibroblast growth factor 
functions. Antibodies against specific and defined regions of 
the FGF receptor also become available. These reagents will 
find both diagnostic and therapeutic uses in the aforementioned 



processes. 

needs. 

.~ . .:-~:·.:::::::::~::.~.,:;:.o.:;.;::~ .. ~ .:·:·.'4•.:.:. - " ....... ,,/ .: .-. ............... ~., :0:1'><~ 

R~~LtCEMENT SHEET . 

4 i 
; 
.... ,.. •.•. ~ ... ··~·!;"~~..'1:.;:<.~::·;;:·:· .. ;:~ •. 

The present invention fulfills these an~ other ., 
-----.. ·-- .. -......... _,, 1 

''''···-'·~·-~·~·"··-·;······=<"·· :·''"":"'!'.• .... i..-,,r 

SYMMARY OF THE INYENTION 
The present invention provides purified fibroblast 

growth factor receptor (FGF-R) proteins, nucleic acids encoding 
"' ·=-- .... ,._ ............. ...... - ... -~--- .. ~·: .~•:.: .. ,·-~-.-.•. -·- .... ;.: .. -·.\ 

FGF-R proteins, methods fer the production of purified FGF-R 

proteins, purified proteins made by these methods, antibodies 

against these proteins and fragments, and diaqnostic and 

therapeutic uses of these reaqents. Notably, the present 

invention provides soluble and secreted forms of the receptors 

exhibiting an ~usual receptor structure. 

'!'he present invention provides a method f cr modifying 

in vivo a fibroblast qrcwth factor receptor modulated activity 

comprising administering to a patient an amount of a fibroblast 

growth factor receptor blockinq aqent effective to inhibit 

fibroblast qrcwth factor bindinq to said f il>roblast qrowth 

factor receptor. Typically, the aqent;will be a fraqment of a 

human fibroblast growth factor receptor, e.q., a fraqment 

produced in a cell transformed with a nucleic acid containing 

at least about 15 bases of a sequence selected from the qroup 

consisting of: 

a) a DNA sequence in Fiqures 3 or 41 

b) a.sequence encoding a polypeptide of Fiqures 3, 4 or 

7; and 

c) a sequence substantially homoloqous to a sequence of 

Figures 3 or 4. 

The fragment will often be a fibroblast qrowth factor receptor 

extracellular domain without a tyrosine kinase reqion. 

Alternatively, a method is provided for inhibiting 

binding between a fibroblast qrowth factor and a fibroblast 

growth factor receptor in a solution. This method will contain 

a step of combining an FGF-R peptide, e.g., a peptide 

homologous in sequence to~ sequence described in Figures 3, 4 

or 7 to a solution or medium containing fibroblast growth 

factor and fibroblast growth factor receptor, usually native 

fibroblast growth factor receptor. such methods will be useful 

in vitro, after employing labeled FGF-R peptide in assay 
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procedures. I! I 
compositions containing a soluble FGF-J~p'olypei;fid~' ... ~ .. , ... ,,,.il 

having between about five and two hundred contiguous amino 
acids from a human FGF-R extracellular domain are described. 
In one embodiment, the pciypeptide contains at lea~~ about 80 
amino acids from residues 1 to 287 .. of, .. a_.human ... ,fibr-eblast growth 

factor receptor of Figure 7 o~ an IqII or IqIII domain, or 
both. In alternative embodiments, the IgII domain will have 
about 7 contiguous amino acids from residues 85 to 141 of a 
human sequence of Figure 7 or may contain a carboxy-terminal 
sequence substantially homologous to the 79 amino acid sequence 
from residues 222 to 300 of a soluble human protein of Figure 
7. Particularly preferred polypeptides consist essentially of 

the h4 or h5 sequences (Figure 7). 
A further aspect of the invention is a fibroblast•· 

growth factor receptor composition containing a substantially 
pure polypeptide of less than about .as KDa comprising a 
fibroblast growth factor-binding domain. The polypeptide may 
be soluble or may specifically possess a.signal segment, an Iql 
seqment, an acidic segment, an IqII segmen~, an IgIII segment, 
an IqIIIT segment, or a transmembrane segment. Preferred 
embodiments will be homologous to a sequence described in 
Figures 3, 4 or 7 or will include at.least about 30 amino acids 
of each of both IgII and IgIIX domains. The polypeptide can be 
one polypeptide chain in a multi-chain complex of proteins. A 
chicken f i.broblast growth factor receptor is one preferred 
embodiment. 

The present invention em.braces isolated nucleic acids 
encoding human fibroblast growth factor receptor proteins which 
substantially lack an intracellular domain. such a nucleic 
acid will usually exhibit a sequence homologous to an IgII 
domain described in Figure 7, or may include a substantially 
full length IgII domain. The nucleic acid will usually also 
nave a signal segment, an·IgI segment, an acidic segment, an 
IgIII segment, an IgIIIT segment, a transmembrane segment, or a 
tyrosine kinase segment, and will preferably correspond to a 
sequence described in Figures 3, 4 or 9. A particularly 
pref erred embodiment is a nucleic acid encoding a receptor 
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incorporated into expression vectors suitable for production of 

recombinant FGF-R peptide. 
Also included are isolated nucleic acids encoding a 

soluble human fibroblast growth factor J;ecepto;-,_,_,P..~eferably one 
.... • . ...-.~ -~ _,...,~-<_,..,_. ................. '·· --~- ............. ~ .• 

homologous to h4 or h?. Protein products made by expressing 

such an isolated nucleic acid are provided. 
A method is provided for making these proteins of 

newly recognized utility, e.q., fibroblast growth factor 
receptor activity, said method comprising expressing an 
isolated nucleic acid. Products produced by this method are 
now also available. 

Additional methods are provided for making fibroblast 
growth factor receptor peptides by transforming a cell with·a 
nucleic acid of at least about 21 bases of a sequence selected 
from the.group consisting of: 

a) a ONA sequence in Figures 3, 4 or 9: 

b) a sequence encodinq a polypeptide of Figures 3, 4 or 
1: and 

c) a sequence substantially homologous to a sequence of 
Figures J, 4 or 9. 

Other methods for producing an antibody aqainst a 
fibroblast growth factor receptor fra9111ent are described, 

including a step of producing an antibody against a polypep~ide 
epitope homologous to a sequence of at least six contiguous 
amino acids described in Figures 3, 4 or 7. The epitopes of 
most interest will be those from a signal se9111ent, an IgI 
segment, an acidic segment, an IgII segment, an IgIII segment, 
or an IgIIIT segment. 

As a diagnostic use, these reagents provide a method 
for measuring a fibroblast growth factor or a fibroblast growth 
factor receptor in a target sample, said method comprising the 

steps of: 

combining said target sample with a fibroblast growth 
factor receptor segment: and 

determining the extent of binding between said segment and 
said sample. 
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This invention also provides a transformJb.,oe11-,, .. 
capable of expressing a polypeptide homologous to at least a 

portion of a human fibroblast growth factor receptor. A 

pref erred embodiment is where the cell expresses a polypeptide . 
homologous to substantially the entire membrane bound or 

soluble form of a human fibroblast --growth---f-a·ctor· receptor. 
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Fig. l compares the binding of various derivatives of 
FGF to FGF-R. Fig. l(A) is a graph showing the percent binding 
inhibition cf 1251-labeled bFGF. Fig. l(B) is an 

• "> • ·J~ ., ... -.-............... ~--~-·-- • ,.,....... • 

autoradiograph of bFGF cross-linked swiss 3T3 cells subJected 

to qel electrophoresis. 
Fig. 2(A) is an autoradiograph of cross-linked 

chicken membrane fractions and WGA eluates subjected to gel 
electrophoresis. Fig. 2(B) is a silver stained gel showing 
pure FGF receptor resulting from an affinity purification 
performed on the WGA-Sepharose 4B column chicken embryo eluate 

shown in Fig. 2(A). 
Fig. 3 shows the nucleotide and aminQ acid sequence 

.of a chicken bFGF receptor. 
Fig. 4 shows the nucleotide and amino acid sequence 

of a huma~ FGF receptor. 
Fig. S(A) represents an autoradiograph of ~ northern 

blot of chicken RNA probed with a full length cDNA chicken bFGF 
receptor under high stringency conditions. ·Fig. S(B) 

represents an autoradiograph of a primer extension of chicken 
mRNA subjected to electrophoresis on an acrylam.ide sequencing 
gel. 

Fig. 6 is a schematic of a chicken bFGF receptor -~ 

indicatinq the (solid block) acidic domain; (cross-hatched 
block) transmembrane region: (flecked block) tyrosine kinase 
domain: (S), position of the SH cysteine residues (in contrast 
to the s designation of Table I): (W), position of tryptophan 
residue with respect to the first cysteine resi~ue in the Ig­

like domain. 
Fig. 7 provides an amino acid sequence comparison of 

various different FGF receptor forms. The amino acid sequences 
of 4 human receptor forms are shown in comparison to a chicken 
FGF receptor sequence. Sequences which differ from the chicken 
FGF receptor sequence are outlined in open boxes. Transmembrane 
sequences are underlined. These DNA sequences are in 
GenBank/EMBL data bases under the following accession numbers: 
h2 is M34185, h3 is M34186, h4 is M34187, and h5 is M3418B. 



-- - ------ -- ---- - ---
.. ~ ••••• - ..... ~- - ... , .............. ___ ..:;;;..---.:-;-... --o-¥ ·-.. -.-----

r-·""·. . . · · :.::.. s ~. ! .. Et T 
t : .... . - ~- . . . . • .... ., 

\ ,..,...,..,, ...... ~ ,.--·~·,,-···· .. ·-··. · ......... , 
t 1 

~. g I 

~i ~D ~$ t)s.~~-t~~-1 ·~9'tii ~ 
q 

1 '.~·:·:l'·;:;::r.;:...: . .-·~~11':' :::::~·::.·_, ..... ·-·~·•\:-' .. ·""·'''.:I'··~·· .... ~·-.,..; 
l 9 
i t 

Fig. a provides a ~;:hematic representatioti"'of;.variOus""""==' 

different FGF receptors. The following structural features are 

identified: hydrophobic putative signal sequence (solid boxes), 

the highly acidic region (open boxes), transmembrane domain 

striped boxes), kinase 1 and kina~e 2 domains (stippled boxes), 

and the diverqent region of h4ih5- ·cztqzlrq"--1111e). " Allterisks 

indicate the position at which h2 and h4 contain the sequence 

Arc;Met, the chicken receptor contains a single Asn residue, and 

~3 and hS contain no corresponding residues. Triangles 

indicate the position at which h3 contains a Glu residue and 

all other receptor forms contain a Lys residue. The numbers at 

the top of the figure indicate the degrees of amino acid 

identities between similar domains of the h2 human receptor and 

the chicken receptor. 

Fig. 9 presents a comparison of various human FGF 

receptor genomic sequences with deduced amino acid sequences of 

FGF receptor cDNA clones. The sequence of a human genomic 

fragment obtained by PCR is shown in comparison to human and 

chicken cDNA sequences. A 1 kb intron separates genomic 

sequences encoding the Ig-like (Ig) domain and the highly 

acidic region. Dashed lines represent.continuous sequence with 

no gaps. The deduced amino acid sequence shown for the chicken 

FGF receptor begins with the initiator methionine residue {l) 

and ends with the acidic region {EDDDDEDD: amino acids 125~132 

in cl FGF-R). The amino acid sequence shown for the human h2 

FGF receptor begins with the initiator methionine residue (l) 

and ends with the acidic region (EDDDDDDD: amino acids 37-44 in 

h2). 
Fig. 10 shows crosslinking of acidic or basic FGF to 

receptors in cells transfected with FGF receptor cDNAs. L6 

cells (5 X 105 ) transfected with the cFGFR/pSV7d expression 

construct (lanes 1, 2, 7, and S), the h2FGFR/pSV7d expression 

construct (lanes 3, 4, 9, and 10), or with vectors alone (lanes 

s, 6, 11, and 12) were i~cubated with 0.1 pmoles of 125I-aFGF 

(lanes 1-6) or 125I-bFGF (lanes, 7-12) in the presence or 

absence of a 200-fold excess of unlabeled aFGF (_lanes 2, 4, and 

6) or bFGF (lanes a, 10, and 12). Binding was performed for 30 

minutes at 37•c. Cells were then washed twice with ice cold 
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DME H21 containing 20 mM HEPE~ pH 7.4, ·a.2% gelatin,~_,!l}~J:"!!C?~ ........ --_j\ 
with ice cold PBS. Disuccinimidyl suberate (DSS) was added to 

a final concentration of 0.15 mM and crosslinkinq was allowed 
to proceed for 15 minutes at 4•c. Samples were resuspended in 

sample buffer then subjected to sos PAGE followed by 
autoradiography. 

•• ,,.. ......... ~,.,.: ................. .- ... ,~·.,,...,. ..•. ---.-• .ii! ..... -·:~ 

Fig. 11 illustrates acidic and basic FGF induction of 

a 45ca++ efflux from Xenopus oocytes injected with RNA encoding 

a chicken FGF receptor or the h2 human FGF receptor. The 
graphs show 45ca++ efflux from oocytes injected with chicken 

FGF receptor RNA (A and c, open squares), human h2 RNA (Band 
D, open squares), human h3 RNA (Band D, solid triangles) or 
water (A-D, solid squares). Injected oocytes were incubated 
with 45cac12 for 3 hours at 19•c and then washed extensively. 
Groups of 5 oocytes were placed in individual wells of a 24 
well plate and o.s ml of media was added. At 10 minute 
intervals, the media was removed for counting and fresh media 
was added. After 40 minutes, aFGF (panel A and B) ~r bFGF 
(panel c and D) were added to a final concentration of o.s nM. 
As a positive control, carbachol was added.after 100 minutes. 
Each data point represents the average of triplicate wells. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

OUTLJ:NE 

I. General Description 
A. FGF-R 

1. structural features·--·-·-.-------··-·--····· 
a. extracellular domain 

i. signal sequence 
ii. Iq domains 
iii. acidic amino acid region 

b. transmembrane segment 
c. intracellular domain 

i. tyrosine kinase 
ii. insert 

2. function 
a. bind FGF 
b. bind to FGF-R peptide 
c. tyrosine kinase activity 

B. Physiological FUnctions 
1. cellular 
2. tissue differentiation 
3. organismal 

II. Polypeptides 
A. Soluble Forms 
B. Truncated Forms 
c. FUsion Proteins 
D. Genetic Variants (site-directed mutaqenesis) 
E. compositions Comprising Proteins 

III. Nucleic Acids 
A. Isolated Nucleic Acids 
B. Recombinant Nucleic Acids 
c. Compositions comprising Nucleic Acids 

IV. Methods for Making FGF-R 
A. Protein Purif icaticn 

1. affinity with derivatized FGF 
2. various ligands, same receptor 

B. Expression of Nucleic Acids 
V. Antibodies 
VI. Methods for Use 

A. Diagnostic 
B.. Therapeutic 

* 
I. General Description 

* * * * 

A first aspect_ of the invention provides ·homogeneous 
FGF-R peptides. These homogeneous FGF-Rs include a chicken 
basic fibroblast growth factor receptor and various human 
fibroblast growth factor receptors. Homogeneous polypeptides 
either having FGf-R ligand-binding activity or comprisinq a 
portion of the ligand-binding domain of an FGF-R are described. 
Notably, the present invention provides homogeneous 

' 

..... ... l 
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polyp,eptides corresponaing to _.naturally occurring( F~;--~~~~~-~; ·.----~ ... 
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proteins having unexpected structural features. one class 
provides soluble proteins lacking a transmembrane se9111ent, 
another class provides proteins possessing both a transmembrane 
seqment and a tyrosine kinase domain. Both of these classes 
have an unexpected extracellular doma!ii' <stilictureshorter than 
the corresponding chicken FGF-R. Experimental data indicating 
that a single receptor binds various FGF types is also 
described. 

A second aspect of the invention provides isolated 
DNA sequences. These sequences encode polypeptides having 
FGF-R ligand-binding activity, including polypeptides which 
correspond to naturally occurring full-length fibroblast growth 
factor receptors. ONA sequences encoding a chicken bFGF-R or 
encoding various human FGF-Rs (hFGF-R) have been isolated. 
Also pr.ovided are. cloning and expression vehicles containing 
the FGF-R encoding sequences. A DNA sequence encoding the 
full-lenqth FGF receptor or an FGF-R polypeptide fra9111ent can 
be operably linked to control sequences and expressed in a 

culture of a compatible transformed, transfected or infected 
host cells. 

Methods of synthesizing growth factor receptor 
proteins and methods for providing analogues of the fibroblast 
growth factor receptors are provided. . " 

The invention also provides antibodies to defined 
domains of the receptor. Still further aspects of the 
invention include methods for evaluating compositions which are 
agonistic or antagonistic to ligand and receptor interactions, 
particularly those which promote er inhibit binding 
interactions. 

Diagnostic and therapeutic uses for the reagents 
provided herein are also described. 

A. FGF Receptors 
The fibroblast growth factor receptors (FGF-R) are 

receptors for the family of fibroblast growth factors (FGFs), 
as described above. See also P.L. Lee et al., Science 245:57-

60, (198~), which is hereby incorporated herein by reference. 
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polypeptide jb.cwt.h."factnrs _J The FGF family consists of 
·'" 

characterized by amino acid sequence homoloqy, heparin-bindinq 
avidity, the ability to promote anqioqenesis, and mitogenic 
activity toward cells of epithelial, mesenchymal, and neural 
oriqin. The FGF family includes acidic FGF, basic-·FGF, the 
.tnt-2 gene product, the b.§:t gene proauce·--rKaposfsarcoma-FGF), 
FGF-5, the keratinocyte growth factor, and FGF-6. Members of 
the FGF family appear to have roles in development, tissue 
repair, maintenance of neurons, and the pathogenesis of 
disease. Aberrant express~on of FGFs may cause cell 
transformation by an autocrine mechanism. Moreover, FGFs may 
enhance tumor 9rowth and invasiveness by stimulating blood 
vessel qrowth into the tumor or by inducing production cf 
proteases such as plasminogen activator. 

The term "ligand" refers to the molecules, usually 
members of the fibroblast growth factor family, that bind the 
domains involved in the qrowth factor binding. Also, a ligand 
is a molecule which serves either as the natural lig~nd to 
which the receptor binds, or a functional analogue which may 
serve as an agonist or antagonist. 

As described herein, a chicken bFGF receptor is 
characterized by various identifiable structural features. The 
chicken and human FGF-R structures are generalized to define a 
structural nomenclature appl·icable to other FGF-Rs. General 
descriptions of protein structure and its relationship to 
nucleic acid sequences are discussed in J.D. Watson et al., 
Molecular Biology of the Gene, 4th Ed., vols. land 2, 
Benjamin/CUmmings, Menlo Park, California, (1987); and B. 
Alberts et al., Mglecular Biologv of the Cell, 2d Ed., Garland, 
New York, (1989), each of which is incorporated herein by 
reference. Common structural features of known FGF-Rs are 
described, including various naturally occurring soluble human 
FGF binding proteins. A human fibroblast growth factor 
receptor is a protein either derived from a natural human FGF­
R gene, or which shares significant structural characteristics 
peculiar to.a naturally occurring human receptor for FGF. 

The.isolated full-length chicken FGF-R mRNA contains 
a single hydrophobic segment similar to a membrane-spanning 
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segment (designated the transmembrane segment). The{.-.. seqments·''"··---·-,. _J 
;< 

of FGF-R amino-proximal to the transmembrane segment are 
designated the extracellular domain, while the seqments 
carboxy-proximal to the transmembrane segment are designated 
the intracellular domain. From the amino-terminus, .. the 
extracellular domain has an NH2•termina1:'-nYdropliobi.t:'putative 
siqnal sequence, an immunoqlobulin-like domain (designated 
IgI), and acidic segment, a second immunoqlobulin-like domain 
(designated IqII), and a third immunoqlobulin-like domain 
(designated IgIII). ~though various structured features may 
be identified in the external domain of the FGF-R, the'mast 
important f un~ional property which defines the domain is the 
bindinq to the receptor ligands, e.g., members of the FGF 
family. As discussed below, this function is correlated with 
the combined presence of IgII and IqIII domains·. 

The intracellular domain is characterized by the 
presence of a split tyrosine kinase structural domain and, in 
the chicken receptor, is about 424 res~dues long. 
Functionally, this domain is defined by its tyrosine kinase 
activity, typically modulated by ligand binding to the 
extracellular domain. A protein substantially lacks an 
intracellular domain when it lacks a prototypical intracellular 
domain, particularly lacking a tyrosine kinase domain. 

Besides the chicken receptor, four unique human cDNA 
clones have. been identified. These encode previously unknown 
FGF receptor yariants which contain only two Ig-like domains. 
Two of the human clones encode membrane spanning receptors and 
two encode putative secreted forms. Both the forms exhibiting 
the 3 Ig-like or 2 Ig-like domain structures mediate biological 
responsiveness to acidic and basic FGF. Thus, the first Ig 
domain of the 3 Ig domain form may have a function other than 
binding of acidic and basic FGF. The multiple human receptor 
forms, are.identical in some regions·but are highly divergent 
in other selected regions of the extracellular domain. Two of 
the human variant receptors, h4 and hS, are likely to encode a 
secreted form of the FGF receptor. 

A typical FGF-R nucleic acid sequence encodes a 
transitory NH2-terminal hydrophobic sequence, which is usually 
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l . cleaved during the translocation process. The cla~sical ,1 

function of a signal sequence"is to direct the nascent-"'"'''''"'-'"'····-··----·--

polypeptide chain to membrane bound ribosomes, thereby leading 
to membrane translocaticn. However, since the signal sequence 
is typically removed in the translocation process, _t~e signal 
sequence is absent in a mature polypept-ide.·- ·· ·· · .. ..__,, __ 

The Ig-like domains (Ig domains) are characterized by 
three main features: (i) the presence of two characteristic 
cysteine residues in each domain: (ii) the presence of a 
consensus tryptophan residue 11 to 12 amino acids on the COOH­
terminal side·of the first cysteine residue in each Iq-like 
domain; and (i~i) the presence of the consensus sequence, 
DXGXYXC, on the NH2-terminal side of the second cysteine 
residue. The last feature is modified in the cases of the 

soluble receptor proteins, and substituted with an equivalently 
sized sequence·. 

Additional features characteristic of the Ig domains 
are apparent both in comparing the dmia.ins with one another, 
and comparinq homologous domains of different receptor 
molecules. The amino-proximal Ig domain found in the ch~cken 

clone was designated IgI. As the chicken clone has three Iq 
domains, the domains have been numbered from the amino 
terminus. As indicated in Figure 6, the IgI domain includes 
the 45 amino acids flanked by a pair of cysteine residues. The 
chicken IgI domain has a high homology in sequence with the IgI 
domain found in the genomic sequence of the human FGF-R. 
However, the human forms appear to lack a domain corresponding 
to Igl:. 

The next Ig domain is designated IgII, and in the 
chicken receptor includes 51 amino acids between the two 
cysteine residues (see Fiqs. 3 and 6). As described below, 
this domain, in combination with the IgIII domain is involved 
with ligand binding. Th~ polypeptide sequence homology of this 
domain between the chicken and human receptors is quite high, 
as shown by the sequence alignments in Fig. 7. It will be 
noted that the human receptors lack an Ig I domain but have 
IgII and IqIII domains. The cysteine residues used to 
delineate this domain are residues 176, 89, 87. 89, and 87 on 
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the amino proximal side, and 228, 141, ... 
carboxy proximal side for the chicken, 
receptors, respectively. 

The third Ig domain is designated IgIII and in the 
chicken receptor includes 63 amino acids between the two 
cysteine residues. see Fiqs. J ··and 'e·: .. --··xg-afn~- althouqh the 
human receptors have only two domains, the domains correspond 
to IgII and IgIII. In both the chicken and human forms, the 
IgIII domain is that closest to the transmembrane segment. The· 
cysteine residues for the chicken, h2, h3, h4 and hS receptors, 
respectively, used to delineate this domain are residues 274, 
187, 185, 187,_ and 185 on the amino proximal side and residues 
339, 252, 250, 253, and 251 on the carboxy proximal side. 

The h4 and bS soluble receptors have a substituted 
terminal segment desiqnated Ig:tIIT.. This segment is a 
substituted terminal seqment replacing part of the membrane . . 
bound to IgIIJ:, and is 79 amino acids long. This sequence 
corresponds to amino acids '224 and 222' of h4 and h5., 
respectively, while preserving many of the features found in 
the IqIII domain except of the DSGSYSC. It should be noted, 
however, the IgXIIT sequences are conserved between the soluble 
forms of the human FGF-R. 

Between the first and second immunoglobulin-like 
domains, the FGF receptors (shown for the basic FGF-R, but the 
same FGF-R binds both the acidic and basic FGFs) have a feature 
not found in other members of the immunoglobulin superfamily. 
There is a· series of eight consecutive acidic residues 
(EDDDDEDD in the case of chicken, and EDDDDDDD in the case of 
human) followed by three serine residues and two additional 
acidic residues (Figures J and 7). Although uninterrupted 
stretches of 7 to 35 acidic residues have been described for 
several intracellular proteins, in particular nuclear proteins, 
such acidic regions are unusual in the extracellular region of 
transme:mbrane receptor proteins. 

The 5 receptor species (e.g. the chicken, ·h2, h3, h4 
and h5 forms) also exhibit variability at a specific location 
between the conserved acidic region and the conserved second 
Iq-like domain (IgII). The h2 and h4 receptor forms contain 
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two amino acids (ArqMet) at positions 59 and 60, wJhJ,~,_,;t;.~~---~-·-·"~---~~"j 
chicken receptor contains a single amino acid (Asn) at this 
position and the h3 and hS receptor forms contain no 
corresponding amino acids at this position (see asterisks, Fig. 

a> • 
Another unusual feature-is-th:e·-1engU1 t>'f'"the 

juxtamembrane region, the region between the membrane spanning 

segment and the kinase domain. This region is normally 
conserved among receptor tyrosine kinases. For example, the 
juxtamembrane region is consistently 49 to 51 residues in 
length i~ the receptors for PDGF, CSF-1, epidermal growth 
factor (EGF), ~uman epidermal growth factor-2 (HER2) and 
insulin. The FGF receptors with an intercellular domain have 
an unusually long juxtamembrane region of about 87 residues. 

The cytoplasmic regions of the amino acid sequences 
are about 424 and 425 residues long, respectively for the 
chicken and human forms. These also contain a tyrosine kinase 
.sequence (about residues 482 to 759, 395 to 672, and 393 to 
670, respectively for the chicken, h2, and h3 forms). overall, 
the kinase region of the bFGF receptors s~ares the most 
sequence identity (about 51 to 53%) with the PDGF and CSF-l 
receptors. The bFGF receptors contain the GXGXXG motif and the 
conserved lysine residue (about residue 512) that form part of 
the adenosine 5 1 -triphosphate (ATP) binding site of tyrosine 
kinases. ~he bFGF receptors also contain the two 
characteristic tyrosine kinase motifs, HRDLAARNVL and DFGLAR, 
and a tyrosine (about residues 651, 564 and 562) at the 
position analogous to the major phosphorylation site cf pp60v­
src (about Tyr illG). 

The kinase coding sequence of the bFGF receptors, 
defined by homology to other tyrosine kinases, are split by an 
insertion of 14 amino ac~ds. The length of the insertion in 
the kinase region is shorter than that found in the receptors 
for PDGF and CSF-1 (104 and 70 amino acids, respectively) and 
is similar to the length of the inserted sequence in the 
receptors for insulin and insulin-like growth factor-I. 

The FGF-R appears to have three different biological 
functions. The first is the binding of ligands, usually the 
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FGF proteins or their analogues. These ligands or -~naro-~gu-----e_s ____ , ________ ___._ 

may also serve as either agonists or antagonists. The ligand 
binding site is apparently in the extracellular domain. The 
receptor transduces a signal in response to ligand binding, and 
the result is a ligand modulated activity. As the .likely 
ligand is a FGF, the signal will .. ordi-nari-:ly--be --r'CF"'"D'todulated. 

A second biological activity relates to the tyrosine 
kinase enzymatic activity. This activity is typically 
activated in response to ligand binding. However, since the 
receptors are likely to function in a dimer state, the 
intrachain binding interactions may be considered another 
biological act~vity which may be mediated by blocking agents. 
this may serve as an additional means to modulate FGF-mediation 
of particular activities. 

B. Physiological Implications 
The interactions of FGFs with their receptors cause 

changes in, on particular cell types, cell morphology and cell 
transformation, cell proliferation, cell differentiation, cell 
senescence, heparin sensitivity, and heparin effects. The in 
vivo effects of FGF include, in particular prqanisms, 
:modulation of various activities, e.g., limb regeneration, lens 
reqeneration, angiogenic effects on both normal and tumor 
Qells, wound healing·, adipocyte differentiation, and growth of 
various neural and myoblast cells. FGFs also exhibit potent 
angioqenic activities. It is thought that the angiogenic 
activity of FGFs is due in large part to the chemotactic and 
mitogenic effects of these factors on endothelial cells. In 
addition, constitutive expression of FGFs has been shown to 
induce cellular transformation in transfected cells, indicating 
that autocrine or paracrine stimulation by FGFs may be involved 
in tumor formation. These diverse cellular and physiological 
effects foreshadow the central importance of these receptor­
liqand interactions. 

The compositions· and cells comprising them can be 
used for diagnostic purposes and to study and treat diseases 
associated with FGF receptors. Cells expressing cloning 
vehicles containing defined sequences can be used to define 
specific sites of an FGF receptor neces~ary for effecting a 
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particular activity. Alterna~ively, these cells ntay be useful ; 
' < ·'' ·1 

to assess the ability of a sa'lected receptor to b{na--di"ff"erent ____ ~ __ ,_,,. 

ligands (FGFs and analogues) thereby providing a powerful tool 

for evaluating the poten~ial of drugs for promoting or 
inhibiting specific FGF-induced cellular responses·.--

Cells trans f ected, inj edted';·--,:ri'iY-ect:eii or_._,. 

electroporated with ONA or lllR.NA containing a full length 

natural FGF-R sequence will often express the native or wild 
type receptor and respond accordingly. Specific concentrations 
of a purified receptor er a receptor polypeptide fragment can 
be used to block the binding of the ligand (FGF) to native FGF 

receptors. A~ternatively, antibodies to the receptor or 
fragment can have the same effect. 

Homogeneous and defined polypeptides and DNA 
.sequenc$s wil-1 find use in· raisinq antibodies. In particular, 
antibodies against specific regions of the receptor, e.g., the 

liqand-bindinq domain, will find use in diagnostic testinq. 
' The reagents FGF-R, FGF-R polypeptides and antibod~es to 

specific regions of the receptor can be used to study 
regulation of FGF mediated activities. For example, FGF 
aqonists should stimulate blood vessel development, an effect 
particularly beneficial in wound healing and in the qrowth of 
collateral blood vessels in ischemic areas of the.heart. FGF 
antaqonists should find use in preventing aberrant anqioqenesis 
as seen in diabetic retinopathy and rheumatoid arthritis or in 

controlling tumors by blocking proliferation of vascularization 
to a tumor. 

II. Polypeptides 

This invention includes fibroblast growth factor 
receptor polypeptides and proteins having FGF-R ligand-binding 
activity. The receptors of the present invention include FGF 
receptor amino acid seque~ces such as the amino acid sequences 
for a chicken bFGF-R and human FGF-R forms as shown in Figures 
3, 4, and 7. Also included are homologous sequences, allelic 
variations, natural mutants, induced mutants, alternatively 
expressed variants, and proteins encoded by DNA which hybridize 
under high or low stringency conditions, to FGF receptor 
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encoding nucleic ac,ids retrieved from naturally oc~~ring - " - · """ 

• 1. ~. 

material. Closely rel~ted FGF-receptors retrieved"'-bY"arttisera"----'-'----'' 
to FGF receptors are also included. 

The symbols for the amino acid residues are shown 
in Table I. 

Table I 

Aba;:eviat~gns f o:t; the Amino Acid Besi:gues 
A, Ala1 G, Gly; M, Met; s, Ser: 
c, cys; -H, His; N, Asn: T, 'l'b.r; 
D, Asp; ·I, Ile; P, Pro: v, Val; 
E, Glu; K, Lys; Q, Gln: w, Trp; 
F, Phe; L, Leu; R, Arq: Y, Tyr; 

X, any amino acid and Z, termination. 

Various new human FGF receptors have been cloned and 
characterized, as described further below. Of particular note, 
various shorter forms (h2 and h3) and soluble versions (h4 and 
h5) of FGF receptors have been discovered. The soluble 
proteins (e.g., forms lackinq a transmembrane seqment) which 
possess FGF binding capacity indicate! that sh~rter forms will 
find therapeutic and/or diagnostic uses. 

Typically, the fibroblast growth factor receptor 
peptides of the present invention will exhibit at least about 
85% hom.oloqy with the naturally-occurring receptors in the IgII 
and IqIII reqions, usually at least about 90% homology, and 
preferably at least about 95% homology. 

In particular, the liqand binding function is 
localized to the extracellular domain, and the soluble forms 
retain this particular function. Soluble fragments of FGF 
receptors should be useful in substituting for or interfering 
with the functions o~ the naturally soluble variants. 
Alternatively, the soluble forms may interfere with 
dimerization of FGF receptors, since the receptors may normally 
be in a dimer form. Receptor dimerization may be essential for 
proper physiological signal transduction. 

The human receptors possessing a transmembrane 
segment are unusual in having only the IgII and IgIII of the 
three Ig domains. The absence of the IgI domain indicates that 
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certain functions ,may be absent in t~e human receptor:·~ar-:~~-more------·--
."'f. •• 

likely, that the IgI domain is unnecessary in the human 
receptor. Data presented below shows that the IgI'domain is 
not essential for liqand binding. 

As used herein, the terms substantially pure and 
homogenous describe a protein which ··has· ·tnaen- s~p-a:ra't~d from 
components which naturally accompany it. Typically, a 
monomeric protein is substantially pure when at least about 60 
to 75\ of a sample exhibits a single polypeptide backbone. 
Minor variants or Chemical modifications typically share the 
same polypeptid~ sequence. A sub~tantially pure protein will 
typically comp~ise over about 85 to 90% of a protein sample, 
more usually will comprise at least about 95%, and preferably 
will be over about 99% pure. Normally, purity is measured on a 
polyacryla.mide gel, with homogeneity determined by staining. 
For certain purposes high resolution will be used and HPLC or a 
similar means for purification utilized. For most purposes, a 
simple chromatography column or polyacrylamide gel will be used 
to determine plirity. 

A protein is substantially free of naturally- . 
associated components when it is separated from the native 
contaminants whic::h accompany it in its natural state._ Thus, a 
protein-which is chemically synthesized or synthesized in a 
cellular system different.from the cell from which it naturally 
originates ~ill be substantially free from its naturally­
associated components. The term is used to describe receptors 
and nucleic acids which have been synthesized in heterologous 
mammalian cells or plant cells, ~- coli and other prokaryotes. 

A polypeptide is substantially an entire membrane 
bound form of an FGF-R when it is substantially a full lenqth 
peptide corresponding to, or highly homologous to a naturally 
occurring membrane bound form of an FGF-R. 

Whether soluble or membrane bound, the present 
invention provides for substantially pure preparations. 
Various methods for their isolation from biological material 
may be devised, based in part upon the structural and 
functional descriptions contained herein. 

FGF receptor peptides including chicken and human FGF 
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receptors may, be purified usi~g tech.niques of claJsical.--t»7otein --·-~__J 
chemistry, see· below. For example, a lectin affinity 
chromatography step may be used, followed by a highly specific 
ligand affinity chromatography procedure that utilizes an FGF 

I 

conjugated to biotin through the cysteine residues of the FGF. 
Purified FGF-R receptors may also be· obtained by .. ··a~ method such 
as FGF affinity chromatography using activated CH-Sepharose 
coupled to FGF through primary amino groups as described in 
Imamura, supra. This method, however, while resulting in a 
pur.ifi~d protein, may not provide a workable amount of purified 
protein (i.e. mare than nanogram amounts). 

Depe~dinq on the availability of specific antibodies, 
as provided herein, specific FGF receptors may also be purified 
using immunoaffinity chromatcqraphy. Antibodies prepared, as 
described below, may be immobilized to an inert substance to 
generate a highly specific affinity column. See Harlow and 
Lane, below. 

By way of example and not limitation, one 
purificatio~ procedure may·be used which takes advantage of the 
fact that labeled biotin-bFGF pinds with high affinity to 
receptors in cells containing high amounts of those receptors. 
125I-labeled biotin-bFGF will bind to bFGF receptors in swiss 
3T3. cells and can be cross-linked to the receptor protein. 

Various cell or tissue sources may be selected as 
starting materials usually selected due to an abundance of the 
desired receptor. Chicken embryos (day 6, staqe 29-30) are 
preferred because they contain relatively large amounts of the 
receptor protein as determined by hiqh-aff inity binding of 
human and.bovine bFGF. Embryo extracts can first be 
fractionated on wheat germ agglutinin (WGA) Sepharose 4B and 
the partially purified bFGF receptors then bound to biotin­
bFGF. The receptor-ligand complex may be adsorbed to an 
avidin-aqarose due to the high affinity interaction between the 
biotin and avidin moieties'. The avidin-agarose columns may be 
eluted with compounds which dissociate the FGF from its 
receptor such as suramin or sos. The chicken protein which 
bound to avidin-aqarose in an FGF-dependent manner migrated at 
the expected size (130 kDa) of the bFGF receptor. See Fig. 2B. 
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or i.b-o'-~i-n- --··--·-· _ ~-"'-'-' __ _.) To determine the am;no acid sequence 

polypeptide fraqmen~s of the receptor, the receptor may be 

digested with trypsin. Peptide fragments may be separated by 

reversed-phase high performance liquid chromatography (HPLC) 

and analyzed by gas-phase sequencing. Other sequencing methods 
known in the art may also be used.~·-···--·'"··--------·-··- .. ---~,~-·,~-

The FGF receptors or the specific external regions of 

the receptors may be used to affinity purify respective FGFs. 

The external region comprising the ligand-binding domain of the 

chicken bFGF-R shown in Figure 3 extends from about amino acid 

22 to about amino acid 374. The ligand-binding domain of the 

human FGF-R shown in Figure 4 extends from about amino acid 22 

to about amino acid 285. The ligand-binding domain varies with 

different FGF receptQrs and may be anywhere from 5% to 100% of 

the extracellular region. The minimal amount of protein 

sequence necessary for ligand bonding may be determined by 

excising various seqments of the extracellular domain and 

assaying ligand binding to the remainihg sequence. studies of 
I . 

ligand-receptor interaction indicate that at least the 

ligand-binding region is located in the extracellular reqion of 

the receptor is required. As used in this application, FGF 

receptor or FGF-R liqand-binding activity means having the 

ability to bind a fibroblast qrowth factor or other specific 

ligand. Usually these ligands will be members of the FGF 

family. Therefore the external region has utility in 

establishing FGF agonists or antagoni~ts. 

It is also li~ly that the FGF-R, like many other 

qrowth factor receptors, is found naturally in a multimeric 

protein complex, most likely in dimer form. Thus, other 

important regions of a receptor will be those, either 

extracellular or otherwise, which are involved in dimerization. 

The intracellular regions of the receptors (e.g. 

starting at about amino a~id 396 through the COOR-terminus for 

the chicken bFGF-R and about amino acid 307 through the 

COOR-terminus for the human FGF-R shown in Figures 3 and·4, 

respectively) may also be used as enzymes with tyrosine kinase 

activity. The bek gene has 84% amino acid sequence identity to 

the analogous region (tyrosine kinase region) of the chicken 
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bFGF-R. The i.lg has 99% homology with various 
' 

human FGF receptor described in Figure 4. 
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sequences of the 

A signal or leader sequence directs a protein through 
the membrane of a cell. The signal sequences of the receptors 

may be used in conjunction with their respective receptors but 
may also be used with other proteins {e~q.- amino-·acids about 1 

through 21 of the N-terminal sequence comprise the leader or 
signal sequence of the chicken bFGF-R shown in Fiqure 3 and the 

human FGF-R shown in Figure 4). 
The present invention also provides for analogues of 

the fibroblast qrowth factor receptor polypeptides. Such 
analogues include both modifications to a polypeptide backbone 
and variants and mutants of the polypeptides. Modifications 

include chemical derivatizations of polypeptides, such as 
acetylations, carboxylations and the like. They also include 
glycosylation modifications and processing variants of a 
typical polypeptide. These processing steps specifically 
include enzymatic modifications, such as ubiquinization. See, 
e.g., Hershko ~nd CieChanover (1982), "Mechanisms of 
Intracellular Protein Breakdown," Ann. Rev •. Bioch., 51:335-

364. 

Other analogues include genetic variants, both 
natural and induced. Induced mutants may be derived from 
various techniques including both random mutagenesis of the 
encoding nucieic acids using irradiation or exposure to EMS, or 
may take the form of engineered changes by site-specific 
mutagenesis or other techn~ques of modern molecular biology. 
See, Sambrook, Fritsch and Maniatis (1989), Molecular Cloning: 
A Laboratory Manual (2d ed.), CSH Press. 

Besides substantially full-length polypeptides,' the 
present invention provides for biologically active fragments of 

the polypeptides. Significant biological activities include 
ligand-binding, immunological activity and other biological 
activities characteristic of fibroblast growth factor receptor 
polypeptides. Immunological activities include both 
immunogenic function in a target immune system, as well as 
sharing of immunological epitopes for binding, serving as 

either a competitor or substitute antigen for a fibroblast 
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growth factor receptor epitope. As used herein, the term 
segment, as applied to a polypeptide, will ordinarily be at 
least about 5 contiguous amino acids, typically at least about 
7 contiguous amino acids, more typically at least about 9 
contiguous amino acids, usually at least about 11 contiguous 
amino acids, preferably at le!!St about· J:"j- contiquousi· amino 

acids, more preferably at least about 16 contiguous amino 
acids, and most preferably at least about 20 to 30 or more 
contiguous amino acids. Segments of a particular domain will 
be segments of the appropriate size within the corresponding 
domain. 

For ~ample, liqand-bindinq or other domains may be 
"swapped" between different new fusion polypeptides or 
fragments. Thus, new chimeric polypeptides exhibitinq new 
combinations of specificities result from the functional 
linkage of ligand-binding specificities ·.and intracellular 
domains. For example, the Ig domains may be substituted by Ig 
domains' from other related polypeptides. 

For immunological purposes, immunoqens may be 
produced which tandemly repeat polypeptide se9111ents, thereby 
producing highly antigenic proteins. Alternatively, such 
polypeptides will serve as highly efficient competitors for 
specific binding. Production of antibodies to fibroblast 
growth factor receptor polypeptides is described below. 

The present invention also provides for other 
polypeptides comprising fragments of fibroblast growth factor 
receptors. Thus, fusion polypeptides between the receptors and 
other homologous or heteroloqous proteins are provided. 
Homologous polypeptides may be fusions between different growth 
factor receptors, resulting in, for instance, a hybrid protein 
exhibiting ligand specificity of one receptor and the 
intracellular domain of another, or a receptor which may have 
broadened.or weakened specificity of binding. Likewise, 
heterologous fusions may be constructed which would exhibit a 
combination of properties or activities of the derivative 
proteins. Typical examples are fusions of a reporter 
polypeptide, e.g., luciferase, with a domain of a receptor, 
e.g., a ligand-binding domain, so that the presence or location 
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of a desired liqand may be easily determined. See, 1~4--..--.. Dull .. ,, ____ . __ ,, __ . _ __J 

et al., U.S. No. 4,859,609, which is hereby incorporated herein 

by reference. Other g~ne fusion partners include bac~erial ~­

qalactosidase, trpE Protein A, ~-lactamase, alpha amylase, 

alcohol dehydrogenase and yeast alpha mating factor. See, e.g., 

Godowski et al. (1988) , Science ~4~_; ~-12_:~.!~L and E¥B!rimental 

section below. 

FUsion proteins will typically be made by either 

recombinant nucleic acid methods or by synthetic polypeptid~ 

methods. Techniques for nucleic acid manipulation are 

described qenerally, for example, in Sam.brook et al. (1989), 

Molecular Clon;nq: A taboratory Manual (2d ed.), Vols. 1-3, 

Cold spring Harbor Laboratory, which are incorporated herein by 

reference. Techniques for synthesis of polypeptides are 

described, fer example, in Merrifield, J. Amer. Chem. soc. 

85:2149-2156 (1963).. The recombinant nucleic acid sequences 

used to produce fusion proteins of the present invention may be 

derived from natural or synthetic seqliences. Many natural gene 

sequences are obtainable from various cDNA or from genomic 

libraries using appropriate probes. ~, GenBank~, National · 

Institµtes of Health. Typical probes for fibroblast growth 

factor receptors may be selected from 'tjle sequences of Fiqures 

3, 4, er 9 in accordance with standard procedures. suitable 

synthetic DNA fraqments may be prepared by the phosphoramidite 

method described by Beaucage and Carruthers, Tetra. Letts. 

22:1859-1862 (1981). A double stranded fragment may then be 

obtained either by synthesizing the complementary strand and 

annealing the strand toqether under appropriate conditions or 

by adding the complementary strand using DNA polymerase with an 

appropriate primer sequence. 

III. Nucleic Acids 

The present invention provides nucleic acid sequences 

encoding various FGF receptor sequences described above. 

Figures 3, 4, and 7 respectively set forth the corresponding 

cDNA sequences encoding chicken and human FGF receptors. 

In Figure 3 showing the chicken bFGF-R, peptides 

sequenced from purified protein are underlined, including the 
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( al a ---l~;·~:-~~~:_;.;;_~---......... -.·-------·-·J NH2-proximal sequences from am~no acids 35-53 

67 (leu---arq), and 139-158 (qlu---lys). The transmembrane 

sequence is indicated by a dark bar, a unique acidic amino acid 

region is outlined, cysteine residues are circled, potential N­

linked glycosylation sites are indicated by a dot and the 

dashed underlining indicates the· putative hyd:rdphob·rc signal 

sequence. The amino acid sequence includes an in-frame stop 

codon (about residue -12) followed by an initiator methionine. 

The structural sequence begins at about amino acid 22. 

In Figure 4 showing the human FGF-R, the methionine 

of codon ATG starting at about nucleotide 529 is the first 

a.mi.no acid of ~e FGF-R gene. For example, amino a·cid 22 of · 

the receptor described in Figure 4 is an arginine residue (R) 

located two amino acids in from the left, two lines up from the 

bottom between "589" and "630" on page 1 of Fiqure 4. 

Nucleic acids according to the present invention will 

possess a sequence which is either derived from a natural 

human, chicken, or other FGF-R gene or one having substantial 

homology with a natural FGF-R gene or a portion thereof. 

Substantial homology in the nucleic acid context 

means either that the segments,· or their complementary strands, 

when optimally aliqned and compared, are identical with 

appropriate nucleotide insertions or deletions, in at least 

about 80% of the residues, usually at least about 90%, more 

usually at least about 95%, preferably at least about 97%, and 

more preferably at least about 98 to 99.5% of the nucleotides. 

Al ternati Vely I Substantial homology eXiStS When tij·e· Segments 
·• 

will hybridize under selective hybridization conditions, to a 

strand, or its complement, typically using a sequence derived 

from Figures 3, 4, or 9. Selectivity of hybridization exists 

when hybridization occurs which is more selective than total 

lack of specificity. Typically, selective hybridization will 

occur when there is at le~st about 55% homology over a stretch 

of at least about 14/25 nucleotides, preferably at least about 

65%, more preferably at least about 75%, and most preferably at 

least about 90%. ~, Kanehisa, M. (1984), Nucleic Acids Res. 

12:203-213, which is incorporated herein by reference. 

Stringent hybridization conditions will typically include salt 
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concentrations of less than about 1 M, more usually hess_ than J ___ .................. _.__.,, .... _ ...... _____ .---.:; 
about 500 mM and preferably iess than about 200 mM. 
Temperature conditions will typically be greater than 2o•c, 
more usually greater than about Jo•c and preferably in excess 
of about 37 •c. As other factors may significantly -~.1:fect the 
stringency of hybridization, including,.-.. amonq--ethers., base 
composition and size of the complementary strands, presence of 
organic solvents and extent of base mismatching, the 
combination of parameters is more important than the absolute 
measure of any one. 

An isolated nucleic acid is one which has been 
substantially purified away from other sequences which normally 
accompany it, e.g., other cellular nucleic acid sequences. 
Usually, the term refers to a fragment of a genome which has 
been selectively cloned, isolated and purified to substantial 
homogeneity. 

Probes may be prepared based en the sequence of the 
FGF receptor cDNAs provided in Figures 3, 4, and 9. The probes 
will include an isolated nucleic acid attached to a· label or 
reporter molecule and may be used to isola~e other FGF receptor 
nucleic acid sequences by standard methods. See, e.g. J. 
Sambrook et al., Molecular Cloning: A Laboratory Manual, vols. 
1-3, CSH Press, N.Y. (1989), which is hereby incorporated 
herein by reference. Other similar nucleic acids may be 
selected for by using homologous nucleic acids. Alternatively, 
nucleic acids encoding these same or similar receptor 
polypeptides may be synthesized or selected by making use of 
the redundancy in the genetic code. various codon 
substitutions may be introduced, e.g., silent changes therel::ly 
producing various restriction sites, or to optimize expression 
for a particular system. Mutations may be introduced to modify 
the properties of the receptors, perhaps to change the ligand 
binding affinities, the inter-chain affinities, or the 
polypeptide degradation or turnover rate. 

The DNA compositions of this invention may be derived 
from genomic DNA or cDNA, prepared by synthesis or may be a 
hybrid of the various combinations. Recombinant nucleic acids 
comprising sequences otherwise not naturally occurring are also 
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provided by this invention. An isolated DNA sequeriGe-.--.i.as-~s·., .. ·-·--··~·~i; 
.' 

any sequence that has been obtained by primer or hybridization 

reactions or subjected to treatment with restriction enzymes or 

the like. 
synthetic oligonucleotides can be formulated by the 

triester method according to Matteucci, et al.- ,---J~~~Am. Chem. 

Soc., 103:3185 (1981) or by other methods such as commercial 

automated oligonucleotide synthesizers. Oligonucleotides can 

be labeled by excess polynucleotide kinase (e.g., about 10 

units to O.l nmole substrate is used in connection with 50 mM 

Tris, pH 7.6, 5 mM dithiothreitol, 10 mM MgCl2, 1-2 mM ATP, 1.7 

pmoles 32P-ATP (2.9 mCi/mmole} 0.1 mM spermidine, 0.1 mM EDTA). 

Probes may also be prepared by nick translation, Klenow fill­

in reaction, or other methods known in the art. 

cDNA or genomic libraries of various types may be 

screened. The choice of cDNA libraries normally corresponds to 

a tissue source which is abundant in mRNA for the desired 

receptors. Phage libraries are normally preferred, but plasmid 

libraries may also be used. For example, a keratinocyte cell 

genomic or cDNA library would be preferred.to isolate and clone 

a keratinocyte growth factor receptor. Embryonic or placental 

libraries can be used for int-2, FGF-5 and h§:t. receptors and an 

endothelial cell library is preferred for acidic FGF receptors. 

Clones of a library are spread onto plates, transferred to a 
.. • ... .... "'-• '~ t,.,,,. ": ~ 

substr~te for screening, denatured and probed f~~~ .~~. ~~v,~?T~ 
of desired sequences. l.J~)i ~.:..... ..... n f i ...... •V• 1 

For example, with a plaque hybridization procedure, 

each plate containing bacteriophage plaques is replicated onto 

duplicate nitrocellulose filter papers (Millipore-HATF). The 

phage DNA is denatured with a buffer such as 500 mM NaOH, 1.5 M 

NaCl for about 1 minute, and neutralized with, e.g., o.s M 

Tris-HCl, pH 7.5, 1.5 M NaCl (3 times for 10 minutes each). 

The filters are then washed. After drying, the filters are 

typically baked, e.g., for 2 hours at so•c in a vacuum oven. 

The duplicate filters are prehybridized at 42•c for 4-24 hours 

with 10 ml per filter of DNA hybridization buffer (20-50% 

formamide, SX SSC, pH 7.0, SX Denhardt's solution 

(polyvinylpyrrolidone, plus Ficoll and bovine serum albumin: 
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lX = 0.02% of each}, 50 mM sodium phosphate buffer 

0.2% sos, and so µg/ml denatured salmon sperm ONA). 

Hybridization with an appropriate probe may be performed at 

42•c for 16 hrs with 10 ml/filter of l x 106 cpm/ml of DNA 

hybridization buffer containing labeled probe. The final 

concentration of formamide is v~r;~~ .. ~~q!?.!'-9.~,~g ,,.;9,J;,~e length cf 

the probe and the deqree of stringency desired. See, e.g., 

J.G. Wetm~r ad Davidson, J. Mol. Biol. 31:349-370 {1968}; and 

M. Kanehisa, Nuc. Acids Res. 12:203-213 (1984), each of which 

is incorporated herein by reference, for a discussion of 

hybridization conditions and sequence homology. 

An o~igonucleotide probe based on the amino acid 

sequence of the two tryptic peptides of the purified.chicken 

bFGF-R was used to screen a chicken embryo (day 6) cDNA library 

under low stringe.ncy conditions. sequences corresponding to 

TVALGSNVEFVCK and VYSDPQPRIQWLK, prepared using a commercial 

automated oligonucleotide synthesizer (Applied Biosystems) were 

used to obtain the chicken bFGF receptor clone described in 

Figure 3. This clone, or sequences derived from it, can be 

used to isolate bFGF-Rs in other species as well as other 

FGF-Rs in a target species. 

The probes described above which were used to isolate 

the chicken bFGF-R were also used to isolate a human bFGF 

receptor cDNA clone. 

In accordance with this invention any isolated DNA 

sequence which encodes an FGF-R complete structural sequence 

can be used as a probe. Alternatively, any DNA sequence that 

encodes an FGF-R hydrophobic siqnal sequence and its 

translational start site may be used~ Any isolated partial DNA 

sequence which encodes an FGF-R activity (e.g. ligand-binding 

or FGF-R binding) is also part of this invention. Preferred 

probes are cDNA clones of each isolated FGF receptor. 

The DNA sequences used in this invention will usually 

comprise at least about s codons (15 nucleotides) , more usually 

at least about 7 codons, typically at least about 10 codons, 

preferably at least about 15 codons, more preferably at least 

about 25 codons and most preferably at least about 35 codons. 

One or more introns may also be present. This number of 
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nucleotides is usually aoout the minimal leng~h 
:<-

successful probe that would hybridize specifically with an FGF 

receptor. For example, epitopes characteristic of an FGF-R may 

be encoded in shori: peptides. Usually the wild-type sequence 

will be employed, in some instances one or more mutations may 

be introduced, such as deletions, ·-subs°'t::itutil:>ttl:f;-1.'rtsertions or 

inversions resulting in changes in the amino acid sequence to 

provide silent mutations, to modify a restriction site, or to 

provide specific mutations. The genomic sequence will usually 

not exceed about 200 kb, more usually not exceed about 100 kb, 

preferably not be greater than 0~5 kb. 

Portions of the DNA sequence having at least about 15 

nucleotides, usually at least about 15 nucleotides, and fewer 

than about 6 kd, usually fewer than about 1.0 kb, from a DNA 

sequence encoding an FGF receptor are preferred as probes. The 

probes may also be used to determine whether mRNA encoding a 

specific FGF-R is present in a cell or different tissues. 

The natural or synthetic DNA'fraqments coding for.a 

desired fibroblast.growth factor receptor f~agment will be 

incorporated into DNA constructs capable of introduction to and 

expression in an in vitro cell culture. Usually the ONA 

constructs will be suitable for replication in a unicellular 

host, such as yeast or bacteria, but may also be intended for 

introduction to, with and without and integration within the 

genome, cultured mammalian or plant or other eukaryotic cell 

lines. DNA constructs prepared for introduction into bacteria 

or yeast will typically include a replication system recoqnized 

by the host, the intended DNA fragment encoding the desired 

receptor polypeptide, transcription and translational 

initiation regulatory sequences operably linked to the 

polypeptide encoding segment and transcriptional and 

translational termination regulatory sequences operably linked 

to the polypeptide encod~ng segment. The transcriptional 

regulatory sequences will typically include a heteroloqous 

enhancer or promoter which is recognized by the host. The 

selection of an appropriate promoter will depend upon the host, 

but promoters such as the trp, lac and phage promoters, tRNA 

promoters and glycolytic enzyme promoters are known. See, 
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Sambrook et al. (1989). conveniently available exptession ,., 
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vectors which include the replication system and 
transcriptional and translational regulatory sequences together 
with the insertion site for the fibroblast growth factor 
receptor DNA sequence may be employed. Examples of .. .workable 
comb::j.nations of cell lines and expres·s±on·-vectors··are"' described 
in Sambrook et al. {1989): see also, Metzger et al. (1988), 
Nature 334:31-36. 

Expr~ssion vectors for these cells can includ~ 
expression control sequences, such as an origin of replication, 
a promoter, an enhancer and necessary processing information 
sites, such as ribosome-binding sites, RNA splice sites, 
polyadenylation sites, and transcriptional terminator 
sequences. Preferably, the enhancers or promoters will be 
those naturally associated with genes encoding the fibroblast 
growth factor receptors, although it will be understood that in 
many cases others will be equally or more appropriate. Other 
preferrea expression control sequences·are enhancers or 
promoters derived from viruses, such as SV40, Adenovirus, 
Bovine Papilloma Virus, and the like. 

Similarly, preferred promoters are those found 
naturally in immunoglobulin-producing cells (seg, u.s. Patent 
No. 4,663,281, which is incorporated herein by reference), but 

_ SV40, polyoma virus, cytomegalovirus (human or murine) and the 
LTR from va~ious retroviruses (such as murine leukemia virus, 
murine or Rous sarcoma virus and HIV) may be utilized, as well 
sa promoters endog~ous to FGF-R genes. See, Enhancers and 
Eukaryotic Gene Expression, Cold Spring Harbor Press, N.Y., 
1983, which is incorporated herein by reference. 

The vectors c~ntaining the ONA segments of interest 
(e.g., a fibroblast growth factor receptor gene or cDNA 
sequence or portions thereof) can be transferred into the host 
cell by well-known methods, which vary depending on the type of 
cellular host. For example, calcium chloride transfection is 
commonly utilized for procaryotic cells, whereas calcium 
phosphate treatment may be used for other cellular hosts. See 
generally, Sambrook et al. (1989), Molecular Cloning: 
A Laboratory Manual (2d ed.), CSH Press (1989), which is 
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incorporat:ed herein by reference. The term 11transfo:ba.e.d eel J "··-- .. --

is meant to also include the progeny of a transformed cell. 
As with the purified polypeptides, the nucleic acid 

segments associated with the ligand-binding segment, the 
extracellular domain and the intracellular domain are 
particularly useful. These gene .. seqments._will .be....J.U5ed as 
probes for screening for new genes exhibiting similar 
biological activities, though the controlling elements of these 
genes may also be of importance. 

:rv. Methods for Making FGF Receptors 
DNA sequences may also be used to express 

polypeptides which exhibit or inhibit FGF receptor activity. 
For example, a DNA sequence of from about 21 nucleotides (about 
7 amino acids} to about 2.1 kb (about 700 amino acids) may be 
used to express a polypeptide having an FGF receptor specific 
activity, typically liqand-binding. 

Larqe quantities of the receptor proteins may be 
prepared by expressing the whole receptor or parts of the 
receptor contained in the expression vehic~es in compatible 
hosts such as E. coli, yeast, mammalian cells, insect cells or 
frog oocytes. The expression vehicles may be introduced into 
the cells using methods well known in the art such as calcium 
phosphate precipitation (discussed below), lipofection, 
electroporation or DEAE dextran. 

Usually the mammalian cell hosts will be immortalized 
cell lines. To study th~ characteristics of an FGF-R and its 
corresponding growth factor, it will be useful to transfect, 
etc. mammalian cells which lack or have low levels of an FGF 
receptor where the signal sequence directs the peptide into the 
cell membrane. Cells without significant FGF receptors include 
lymphocytes, myocytes, green monkey cos-7 cells and Chinese 
hamster ovary cells (CHO). Transformed or transfected, etc., 
cells encode a receptor that is functionally equivalent to a 
wild-type receptor and confers a FGF-sensitive mitoqenic 
response on t~e cell. such cells will enable one to analyze 
the binding properties of various native FGFs. Transfected 
cells may also be used to evaluate. a composition or dru9 1 s 
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effectiveness as an FGF antagonist or agonist. T~e level of 1 

receptor tyrosine kinase activity or the rate of nucleic-acid-··-·------.: 

synthesis can be determined by contacting transfected cells 

with drugs and comparing the effects of FGFs or their analogs 

on the drug-treated cells versus the controls. Although the 

most common prokaryote cells used as ,hosts~_are. strains of lh 
gg].i, other prokaryotes such as Bacillus sµbtilis or 

Pseudomonas may also be used. The DNA sequence of the 

invention, including fragments or portions of the sequence 

encoding for an entire receptor, a portion of the receptor or a 

polypeptide having an FGF-R activity can be used to prepare an 

expression veh~cle or construct for an FGF-R or polypeptide 

having an FGF-R activity. Usually the control sequence will be 

a eukaryotic promoter for expression in a mamnalian cell. In 

some vehicles, the receptor•s own control sequences may also be 

used. A common procaryotic p_lasmid vector for transforming Jh 

~ is pBR322 or its derivatives (e.g. the plasmid pkt279 

(Clcntech)J. (Bolavar et al., ~, 2:95 (1977)). The 

procaryotic vectors may also contain procaryotic promoters for 

transcription initiation, optionally with ~n operator. 

Examples of most commonly used procaryotic promoters include 

the beta-lactamase (penicillinase} and lactose (lac) promoter 

(Cheng et al., Nature, 198:1056 (1977), the tryptophan promoter 

(trp) (Goeddell et al., HUcleic Acid Res.,~: 457 (l9BO)) the 

PL promoter.and the N-qene ribosome binding site (Shimatake et 

al., Nature, 292:128 (1981). 
Promoters used in conjunction with yeast can be 

pro~oters derived from the enolase gene (Holland et al., iL. 
Biol. Chem., 256:1385 (1981)) or the promoter for the synthesis 

of glycolytic enzymes such as 3-phosphoglycerate kinase 

(Hitzeman et al., J. Biol. Chem., ~ (1980)). 

Appropriate non-native mammalian promoters might 

include the early and late promoters from SV40 (Fiers et al., 

Nature, 273:113 (1978) or'promoters derived from murine molony 

leukemia virus, mouse mammary tumor virus, avian sarcoma 

viruses, adenovirus II, bovine papilloma virus or polyoma. In 

addition, the construct may be joined to an amplifiable qene 
(e.g. DHFR) so that multiple copies of the FGF receptor gene 
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Prokaryotes may be 'transformed by various methods, 

including using cac12 (Cohen, S.N., Proc. Natl. Acad. Sci. USA, 

69:2110 (1972)) or the RbCl method (Maniatis et al., Molecular 

Cloning; A Laboratory Manual, Cold Spring Harbor Press 1982)). 

Yeast may be transformed usinq a method described~hY Van 

Solingen et al., J. Bacter., 130:946 (1977) and C.L. Hsiao et 

al., Proc. Natl. Acad. sci. USA, 76:3829 (1979). With.respect 

to eukaryotes, mammalian cells may be transfected using a 

calcium phosphate precipitation method described by (Graham and 

van der Eb, Virology, 52:546 (1978)), or by lipofectin· (BRL) or 

retrcviral infection (E. Gilboa, Experimental Manipulation of 

Gene Expression, Chap. 9, Academic Press P. 175 (1983)). The 

actual expression vectors containing appropriate sequences may 

be prepared according to standard techniques involving ligation 

and restriction enzymes (See e.g., Maniatis supra.) 

Commercially available restriction enzymes for cleaving 

specific sites of DNA may be obtained' from New England Biol.abs, 

Waltham, Massachusetts. 

Clones are selected by using markers depending on the 

mode of the vector construction. The marker may be on the same 

or a different ONA molecule preferably the same DNA molecule. 

With mammalian cells the receptor gene itself may be the best 

marker. In procaryotic hosts the transformant may be selected 

by resistance to ampicillin, tetracycline or other antibiotics. 

Production of a particular product based on temperature 

sensitivity may also serve as an appropriate marker. Various 

methods may be used to harvest and purify the FGF-R receptor 

protein or peptide fragment. The peptide may be isolated from 

a lysate of the host. The peptide may be isolated from the 

cell supernatant if the peptide is secreted. The FGF-R peptide 

is then further purified as d·iscussed above using HPLC, 

electrophoresis, affinity chromatography (preferably immuno­

affinity or ligand affinity). 

Another method which can be used to isolate cDNA 

clones of FGF-R related species involves the use of the 

polymerase chain reaction (PCR). (Saiki, R.K., et al. Science 

230: 1350 (1985). In this approach two oligonucleotides 
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(27mers) corresponding ~o dis~inct regions of 
the · FGF::.R···-· -_______ ., _______ J 

sequence are synthesized and then used in the PCR reaction to 
amplify receptor-related mRNA transcripts from an mRNA source. 
Annealing of the oligonucleotides and PCR reaction condition 
are performed under conditions of reduced stringency as 
described below in Example 2. The -ri~sui ·t:inq amplfffed 
fragments are subcloned, and the resulting recombinant colonies 

are probed with 32P-labeled full-length FGF-R cONA using both 
high and low stringency conditions (see Examples 2 and 3). 

Clones which hybridize under low but not high stringency 
conditions represent FGF-R related mRNA transcripts. In 
addition this approach can be used to isolate variant FGF-R 
cDNA species which arise as a result of alternative splicing, 
see Frohman, M.A., et al., proc. Natl. Acad. Sci. USA, 85: 8998 
(1988}. 

v. Antibodies 
Polyclonal and/or monoclonal antibodies to the 

' 
· various FGF receptors and peptide fraqme~ts may also be 

I . 

prepared. The term antibody is used both to refer to a 

homogeneous molecular entity, or a mixture·such as a serum 
product made up of· a plurality of different molecular entities. 
Peptide fragments may be prepared synthetically in a peptide 
synthesizer and coupled to a carrier molecule (i.e. keyhole 
limpet hemocyanin) and injected into rabbits over several 
months. The rabbit sera is tested for immunoreactivity to the 
FGF receptor protein or fragment: Monoclonal antibodies may be 
made by injectinq mice·with FGF-R protein, FGF-R polypeptides 
or mouse cells expressing hiqh levels of the cloned FGF 
receptor on its cell surface. Monoclonal antibodies will be 
'screened by ELISA and tested for specific immunoreactivity with 
the FGF receptor protein or polypeptides thereof. See, E. 

Harlow and D. Lane, Antibodies: A Laboratory Manual, CSH 
Laboratories (1988), which. is hereby incorporated herein by 

reference. These antibodies will be useful in assays as well 
as pharmaceuticals. 

once a sufficient quantity of the desired fibroblast 
growth factor receptor polypeptide has been obtained, the 
protein may be used for various purposes. A typical use is the 
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production of an~ibodies spec~f ic tor binding ~o these 
receptors. These antibodies may be either polyclonal or 

ii 
... , ·-··: .. • : •. , .. 'C,·.:-:-.~ ··; :· -~--- ~· ~Jj 

monoclonal and may be produced by in yitro or in vivo 
techniques. 

For production of polyclonal antibodies, -an 
appropriate target immune system- is-·· selected, typically a mouse 
or rabbit. The substantially purified antiqen is presented to 
the immune system in a fashion determined by methods 
appropriate for the animal and other parameters well known to 
immunoloqists. Typical sites for injection are in the 
footpads, intramuscularly, intraperitoneally, or intradermally. 
Of course, another species may be substituted for a mouse or 
rabbit. 

An immunological response is usually assayed with an 
immunoassay. Normally such immunoassays involve some 
purification of a source of antigen, for example, produced by 
the same cells and in the same f ashio~ as the antigen was 
produced. The immunoassay may be a radioimmunoassay, an 
enzyme-linked assay (ELISA), a fluores9ent assay, or any of 
many other choices, most of which are functionally equivalent 
but may exhibit advantages under specific conditions. 

Monoclonal antibodies with affinities of io8 M-l 
'preferably io9 to 1010 , or stroriqer will typically be made by 

standard procedures as described, e.q., in Harlow and Lane, 
Antibodies;-A Laboratory Manual, CSH Laboratory (1988): or 
Goding, Monoclonal Antibodies: Principles and Practice (2d ed) 
Academic Press, New York· (1986}, which are hereby incorporated 
herein by reference. Briefly, appropriate animals will be 
selected and the desired immunization protocol followed. After 
the appropriate period of time, the spleens of such animals are 
excised and individual spleen cells fused, typically, to 
immortalized myeloma cells under appropriate selection 
conditions. Thereafter tl)e cells are clonally separated and 
the supernatants of each clone are tested for their production 
of an appropriate antibody specific for the desired region of 
the antigen. 

Other suitable techniques involve in vitro exposure 
I 

of lymphocytes to the antigenic polypeptides or alternatively 
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to selection of libraries of antibodies in 
vectors. See, Huse et al., "Generation of a Large 
Combinatorial Library of the Immunoglobulin Repertoire in Phage 

Lambda," Science 246:1275-1281 (1989), hereby incorporated 
herein by reference. The polypeptides and antibodies of the 
present invention may be used with or withoue--·modlfication. 
Frequently, the polypeptides and antibodies will be labeled by 
joining, either covalently or non-covalently, a substance which 
provides for a detectable signal. A wide variety of labels and 
conjugation techniques are known and are reported extensively 

in both the scientific and patent literature. Suitable labels 
include radionuclides, enzymes, substrates, cofactors, 
inhibitors, fluorescent agents, chemiluminescent agents, 
magnetic particles and the like. Patents, teaching the use of 
such labels include U.S. Patent Nos. 3,817,837; 3,850,752; 
3,939,350; 3,996,345: 4,277,437; 4,275,149; and 4,366,241. 
Also, recombinant immunoglobulins may be produced, ~ cabilly, 

U.S. Patent No. 4,816,567. 

VIII. Methods for Use 
The present invention provides a fibroblast·growth 

factor-receptor (FGF-R) purification method as well as a method 
for synthesizing FGF receptors within cells. Also provided are 
the homogeneous receptors produced by these methods, the 
nucleic acid sequences encoding the receptors or portions of 
the receptors, as well as the expression vehicles containing 
these sequences, cells comprising the FGF-receptors and 
antibodies to the receptors. Of particular interest are the 
soluble forms of the receptors, which have binding sites which 
may compete with receptors to bind FGF. 

However, as indicated above, the FGF-R likely 
functions in a dimer state. The soluble forms of the receptor 
may interfere with the di~erization and may be effective in 
blocking signal transduction by a different mechanism from 
competitive affinity for the FGF ligands. The soluble, or 
intracellular or transmembrane fragments of the various 
receptor forms are expected to interfere with dimer formation 
and thus can serve to block at least some types of, or some 
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frac~ion of signal transduction. 

This observation provides a method for modifying in 
vivo a fibroblast growth factor receptor modulated activity 
comprising administering to a patient an amount of a fibroblast 
growth factor receptor blocking" agent effective to ---inhibit 
fibroblast growth factor binding to fibroblast··--growth factor 
receptors. As discussed above, the FGF family of proteins have 
a siqnif icant role in regulating many important physiological 
processes. The soluble FGF-R polypeptides may be effective in 
modifying the extent of FGF modulation of these processes. For 
this reason, the soluble forms of the receptors may find use as 
competitive binding sites for FGF. Likewise, truncated FGF 
binding sites or binding sites which have been mutated, 
particularly those from the human forms described, may be 
equally effective in this effect at a lesser cost, both in 
terms of economics and in terms of medical side-effects upon 
administration. 

The reagents provided herein will also find use in 
diagnosis of either FGF production or FGF-R production. 
Various medical conditions are indicated by an abnormal level 
of production of either of these proteins, including, e.q., 

Kaposi sarcoma, which produces Kaposi FGF, and diabetic 
retinopathy. Thus, diagnostic tests dependent upon these 
reagents now.become available. 

With the different FGF types, there is a likelihood 
that different types of receptors exist having variations in 
affinities for the various liqands. With the genes and 
proteins of the present invention, distinctions between various 
receptor types will be found. Thus, tissue markers should 
become available. 

Since tumor growth is so dependent upon 
microvascularization, administration of the FGF-R may serve to 
prevent such and result ~n suppression of tumor growth. By 
prevention of the FGF activation, the present invention may be 
an important addition to the arsenal of agents for fighting 
tumor growth. 

Viral infections may also be dependent upon binding 
to particular receptors for.the invasion process. There is 
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suggestive evidence that HSV (Herpes simplex 
.•· 

binding to FGF-R proteins. Thus, administration of 

therapeutically effective amounts of FGF-R soluble forms or 

fragments may serve as a prophylactic measure to minimize the 

risk of exposure to this, or other viruses, making use of this 

mechanism for cell entry. Again·; tne "mecnani'sm-or'··protection 

may depend upon competitive binding, disruption of dimer 

structure, a combination, or another. 

The qdantities of reagents necessary for effective 

therapy will depend upon many different factors, including 

means of administration, target site, phy~ioloqical state of 

the patient, and other medicants administered. Thus, one 

should titrate the dosage for treatment of particular 

conditions. Typically, dosages used in vitro may provide 

useful guidance in the amounts useful for in situ 

administration of these reagents. Animal testing of dosages 

for treatment of particular disorders ;will provide further 

predictive indication o~ human dosage. Various considerations 

are described in Gilman et al., Goodman and Gilman•s; The 

Pharmacological Basis of Tberapeutics, 7th·Ed., MacMillan, New 

York (1985), which is hereby incorporated herein by reference. 

Because of the high affinity bindinq between FGF and its 

receptors, low dosages of these reagents would be initially 

expected to be effective. Thus, dosaqe ranges would ordinarily 

be expected.to be in amounts lower than mM concentrations, 

typically less than about 10 ~M concentrations, usually less 

than about 100 nM concentrations, more usually less than about 

1 nM, preferably less than about 10 pM (picomolar), more 

preferably less than about 100 fM (femtomolar), and most 

preferably less than about 1 fM, with an appropriate carrier. 

The invention will better be understood by reference 

to the following illustra~ive examples. 

Example 1 

Characterization of a bFGF receptor. 

125I-labeled bFGF was first competitively bound to 
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Swiss JTJ cells. As shown in ·'Figure 1 (A} , 125I-labeled bFGF (.2 

Ci/µmol) was added to the confluen'C JTJ cells (6 fmol of 1251-

labeled bFGF per io5 cells) in the presence of indicated 

concentrations of: unmodified bFGF (-X-); biotin-bFGF (solid 
--· 

square}: the unbound fraction af.~e;r: .. ~~Q1:i.IJ.::-Q~~!.".~W~fitJ.ncubated 

with avidin-agarose, (open square); the unbound fraction after 

bFGF was incubated with avidin-agarose, (open triangle). 

Binding was performed for 30 min at J7•c in culture media {DME 

H21} containing 0.2% gelatin, and heparin (15 U/ml}. The cells 

were washed three times with a buffer containing 20 mM HEPES 

(pH 7.4), 0.2% gelatin, a~d 150 mM NaCl. The radioactivity 

present was determined in a Beckman gamma counter. Maximal 

binding (0% inhibition) represents 5700 cpm of specific binding 

(nonspecific binding was 600 cpm). All determinations were 

made in triplicate. Recombinant human bFGF (Barr et al., J..:,. 

Biol. Cbem., 1§.3.: 16471 (1988)) was iodinated using IODOBEADS 

(Pierce). The bFGF was iodinated usinq o.s- lmCi: of 125I per 

l µq FGF, 0.2M NaPi, pH 7.4, 2 IODOBEADS and incubated for 15 

min. at room temperature, quenched with Na metabisulfite and . 
excess KI. Iodinated bFGF was separated from unreacted free 

iodine by gel filtration on a PD 10 column equilibrated with 

0.2M Na phosphate, pH 7.5, o.2M NaCl, 0.2% gelatin. The bFGF 

was biotinylated using iodoacetyl-LC-biotin (Pierce) at a 4:1 

molar excess of cysteine residues in 10 mM Tris-HCl (pH 8.0) 

for 5 hours at 4•c, according to the method of Yamamoto, et 

al., FEBS Lett. 17~:75 (1984). Unreacted biotin was removed 

by gel filtration with PD 10 columns as described above 

(Pharmacia). DUring the purification procedqre·, modified 'pFGF 

was indistinguishable from unmodified bFGF in its ability,ito. 

inhibit the binding of 125I-labeled bFGF to high affinity bFGF 

receptors in Swiss 3T3 cells and in its ability to stimulate 

the phosphorylation of a 90 kD protein, known to be a substrate 

of bFGF-induced tyrosine kinase activity. See Fig. l(A). The 

biotinylation reaction modified 90 to 95% of the bFGF molecules 

as measured ~y binding to ayidin-conjugated agarose. 

As shown in Fig. l(B), cellular in situ bFGF 

receptors were cross-linked to labeled bFGF. 125I-labeled 

biotin-bFGF or 125I-labeled bFGF (O.l pmol) was added to swiss 
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3T3 cells (5 X io5 cells) in .the presence or absence of 
unlabeled bFGF as indicated. The cells were washed and cross­
linked with 0.15 mM disuccinimidyl suberate (DSS} (Pierce). 

The cells were then solUbilized, subjected to SDS 
polyacrylamide gel electrophoresis (PAGE) and 125I.:.:.labeled 
proteins were detected by autorad.i'~cj~~phy<:··-· --125Z:i·~b~led 
biotin-bFGF bound to bFGF receptors in swiss JTJ cells with 
high affinity (dissociation constant equals l nM) and was 
cross-linked to a 130 kD protein which comiqrated with the bFGF 

receptor cross-linked to 125I-labeled bFGF. 
PUrif ied chicken bFGF receptor was prepared by 

homogenizing fresh day 6 chicken embryos (stage 29-30) with a 
Brinkmann polytron: (1500 embryos/batch): (1:1 v/v) in a final 
concentration of 0.25 M sucrose, so mM HEPES (pH 7.5}, 2 mM 

EDTA, 50 mM NaF, 150 µM sodium orthovanadate, JO mM sodium 
pyrophosphate, l mM phenylmethylsulfonyl fluoride (PMSF), 

aprotinin (20 to JO kallikrein international units (KIU)/ml, 
leupeptin (10 µg/ml), and pepstatin (1 µg/m.l). The.homogenate 
was centrifuged at l7,700g for 45 minutes at 4•c. The pellet 
was resuspended in homogenization buffer (JOO ml) and the 
resulting suspension was referred to as the membrane fraction 
(Mb). The membrane fraction was then incubated for 30 min at 
4•c with an equal volume of 2X lysis buffer (1X lysis buffer 

consists of 10 mM Tris-HCl (pH 7.5)), so mM NaCl, 5 mM EDTA, 1% 
Triton x-100, so mM NaF, 150 µM sodium orthovanadate, 30 mM 

sodium pyrophosphate, l mM PMSF, aprotinin (20 to 30 KIU/ml), 
leupeptin (10 µg/ml) and pepstatin (l µg/ml)), and then 
centrifuged at 31,000g for 30 min. The supernatant was applied 
batchwise to a 150 ml WGA-Sepharose 4B column, washed with 300 
ml of lysis buffer followed by 500 ml of column buffer which 
contained 20 mM HEPES (pH 7.5), 2 mM EDTA, 10% glycerol, 0.1% 
Triton x-100, 50 mM NaF, 150 µM sodium orthovanadate, 30 mM 

sodium pyrophosphate, l mt-t PMSF, aprotinin (20 to 30 KIU/ml), 
leupeptin (10 µg/ml) and pepstatin (1 µg/ml). The column was 
eluted with column buffer containing 0.5 M N-acetylglucosamine. 
Peak protein containing fractions were combined and stored at 
-1o•c. 

To establish the presence of FGF-R in the embryo 
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membranes and WGA eluate, chicken bFGF recepT.or1 was ereSir·---·· .. ··-~·J 

linked by incubating 10 µl of the chicken embryo membrane 

fraction (Mb) or 100 µl of the eluate from the WGA-Sepharose 4B 

column with 125I-labeled bFGF (0.1 pmol) in the pr~~ence (+) or 

absence (-) of a 200-fold excess Cf ilnlabalsd bFGF·for 30 min 

at 37•c (See Fig. 2(A)). oss was added to a concentration of 

0.15 mM, and the reaction mixture was incubated for 10 min on 

ice. Samples were subjected to sos PAGE followed by 

autoradiography. Specific binding and cross-linking of 
125I-bFGF to crude chicken embryo membrane fraction revealed 

only a single protein band of 150 kDa (Fig. 2(A)). After the 

molecular mass of bFGF was subtracted, the deduced size of the 

chicken bFGF receptor was 130-135 kDa. 

As shown in Fig. 2(B), two large-scale ligand 

affinity purifications were performed (each using the material 

from 20,000 embryos). The eluate from the WGA-Sepharose 4B 

column was incubated with biotin-bFGF•prepared as described 

above (10:1 molar excess of ligand t·o receptor) and heparin at 

a concentration of 15 U/ml (to reduce low.affinity binding) for 

30 min at 4"C. The mixture was then cycled twice through a 

10 ml avidin-agarose column (bFGF-agarose). To determine the 

nonspecific binding of protein to avidin-agarose (control), the 

eluate from the WGA-Sepharose 4B column was cycled through 

avidin-aga~ose in the absence of bictin-bFGF (control}. The 

columns were washed with 200 ml of column buffer used with the 

Sepharcse column described above containing 0.2 M NaCl followed 

by column buffer without NaCl (300 ml) and then eluted with 10 

mM suramin in column buffer. Four sequential 10 ml fractions 

were collected (frac. 1-4) and samples of each fraction were 

subjected to SOS PAGE and stained with silver nitrate. As 

shown in Fig. 2 (B), o·n1y a single protein bound to avidin­

agarose in an FGF-dependent manner and it migrated at the 

expected size (130 kDa) of the bFGF receptor. 

The eluted proteins were separated by acrylamide gel 

electrophoresis and stained with Coomassie Blue. The band 

corresponding to the bFGF receptor was cut out and the protein 

electroeluted according to the method of M.W. Hunkapiller, et 

al., Meth. In Enzymol., 91: 227 (1983). This procedure 
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resulted in the purification o~ 2 to 5 ng of pure FGF receptor 

per chicken embryo with an overall recovery of 5%. 

To further characterize the receptor, protein was 

diqested with trypsin. Peptide fragments were isolated by 

reversed-phase hiqh performance l~~;c; .~~;:9~~~og;-~p~i:_{HPLC) 

and analyzed by gas-phase sequencing as described in Yarden et 

al., supra. From the two independent preparations, the amino 

acid sequences of 14 peptides, as shown in Fig. 3, were 

obtained. Three of the peptides were common to both 

preparations indicating identity between the two independent 

isolations. Four of the tryptic peptides (LJ:LGKPLGEGCFGQVVLA, 

IADFGLAR, MAPEALFDR and IYTHQSDVWSFGV, See Table I and Fig. 3) 

were homologous to consensus sequences for tyrosine kinase 

domains (Fig. 6). This was consistent with the finding that 

tyrosine kinase activity is associated with the bFGF receptor 

as described in Huang and Huang, J. Biol. Chem. 261:9568 

(1986). Thus, the purified protein wa~ determined to be a 

purified bFGF receptor in that it bound to bFGF, was-the 

expected molecular weight of the receptor, and contained 

tyrosine kinase sequences. 

As discussed above the amino acid sequences of 11 of 

the 14 peptides were identified in a previously published 

sequence of a partial human cDNA clone, termed tJ.g (iJn!i-like 

gene). See M. Ruta et al., oncogene,~: 9 (1988). That 

sequence was· isolated on the basis of its homology to the 

proto-oncogene sequence and was not previously recognized to 

encode a transmembrane receptor protein. 

Example 2 

Isolation of a Full-Length Chicken bFGF Receptor cDNA Clone 

A chicken embryo (day 6) cDNA library was constructed 

from size-selected poly A+ m.RNA. 200 µq of poly A+ mRNA was 

size-fractionated on a 10%-30% sucrose gradient and fractions 

containing mRNA greater than or equal to 3.5 Kb were pooled. 5 

µg of the sized mRNA was used to generate the cDNA according to 

the method of U. Gubler and B. Hoffman, Gene 25:263 (1983) 

using a cDNA synthesis kit from Pharmacia (cat.#27-9260-01). 

The synthesized cDNAs were size-selected for cDNAs greater than 
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or equal to 2. o kb, and the sized cDNAs "'ere then clonea--rnto --·--,,.,...,,,~,;; 

the Eco RI site of the bacteriophage vector ZapII (Strataqene, 

cat.#236211). The resultant cDNA library contained 2.0 X 106 

independent recombinants. 

The library was screened with a 32P-labele~ 
•~ - ~-· ,.,. ,,...,. c~ •. ~ .... .-- .,, •. , ..• ~ -~·---~.,· .. .., .. 

oligonucleotide probe that encoded the two contiguous peptides 

shown in Fig. 3 (TVALGSNVEFVCK and VYSDPQPHIQWLK). The 

oligonucleotides were prepared using a commercial automated 

oliqonucleotide synthesizer. Two 43-45 base oligonucleotides 

containing a 12 base overlapping complementary sequence were 

annealed and labeled by Klenow fill-in with dNTP's (-dCTP), 

~ 2P-dCTP, and ~NA polymerase Klenow fragment yielding a 70 bp 

labeled probe. Filters were hybridized under low stringency 

conditions (20% form.amide, sx standard saline citrate (SSC) and 

sx Denhardt's solution at 42•c) and washed with o.2x SSC at 

42•c. Twenty-five positive clones were isolated following 3 

rounds of plaque purification. Of th~ 25 positive clones, 11 

hybridized at high stringency to the human FGF-R cDNA labeled 

by nick translation and used as a probe (see Example 3). All 

of the 11 clones were essentially identicai except for 

variation in length at the 5' end of the clones. The amino 

acid sequence of the largest clone (3.2 kb) contained the 

sequence of all 14 of the receptor peptides obtained in the 

protein purification described above ("See Fig. 3) and contained 

the complete coding sequence of the FGF-R. The transmembrane 

region and the hydrophobic signal sequence were identified by 

Kyte and Doolittle hydropathy analysis as described in Kyte and 

Doolittle, J. Mol. Biol., 157:105 (1982). 

A single hybridizing band of approximately 3.5 Kb was 

identified by probing chicken embryo poly(A)+ RNA (5 µg) with 

full-length chicken bFGF receptor cDNA under high stringency 

conditions (50% formamide), SX Denhardt's solution and 5X SSC 

at 42•c. Filters were then washed with o.2x SSC at ss•. The 

3.5 kb single hybridizing band identified by the RNA blot 

analysis is shown in Fig. S(A). Primer extension experiments 

with an oligonucleotide complementary to a sequence near the S' 

end of the clone were performed. Chicken embryo poly(A)+ RNA 

(5 µg) was denatured with 10 mM methylmercury, annealed to 
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32P-labeled primer (5 1 CTGCACGTCATCGCGCA-3 1 ) and 
murine Moloney leukemia virus reverse transcriptase. (See 
Figure 5(B): lane (S) represents 32P-labeled DNA molecular size 
standards (1 kb); Lane (E) represents extended fragment (523 
nucleotides); Lanes (G, A, T, and C) represent a 5% acrylamide 
sequencing gel. The data predicted that the mRNA of the 
receptor was 48 nucleotides longer than the isolated clone. 

The amino acid sequence of the lonqest open reading 

frame (2.4 kb) included an in-frame stop codon (amino acid 
residue -12) followed by an initiator methionine (residue l) 
and the entire receptor ceding sequence (Fig. 3). The cDNA 
encoded a protein with a deduced molecular mass of 91.7 kD that 
had features found in several known growth factor receptors. 
It contained a single-membrane spanning region, an NH2-terminal 
hydrophobic signal sequence, three extracellular 
immunoglobulin-like domains and an intracellular tyrosine 
kinase domain (Fig. 6). Eleven poten~ial N-linked 
glycosylation sites were also found. N- and 0-linked 
glycosylation of the chicken bFGF receptor may account for the 
disparity between the observed size of the bFGF receptor and 
the size predicted from the cDNA sequence. 

Three immunoqlobulin-like domains in the putative 
extracellular region were identified on the basis of three 
criteria: (i) the presence of two characteristic cysteine 

residues in each domain: (ii} the presence of a consensus 
tryptophan residue 11 to 12 amino acids on the COCH-terminal 
side of the first cysteine residue in each imm.unoglobulin-like 
domain; and (iii) the presence of the consensus sequence, 
DXGXYXC, on the NH2-terminal side of the second cysteine 
residue in each immunoglobulin-like domain. The interleukin-1 
(IL-1) receptor also has three immunoglobulin-like domains, and 
bFGF has 25-30% sequence identity to IL-l. Five 
immunoglobulin-like domains are present in the receptors for 
platelet-derived growth factor (PDGF) and colony-stimulating 
factor-1 (CSF-1) . 

Between the first and second immunoglobulin-like 
domains, the bFGF receptor has a feature not found in other 
members of the immunoglobulin superfamily. There is a series 
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of eight consecutive acidic r~.sidues (EDDDDEDD) fd:lllc;>.Y-@d.. . .b¥~------· .. ·--"" ... 
three serine residues and two additional acidic residues {Fig. 
3). Although uninterrupted stretches of 7 to 35 acidic 
residues have been described for several intracellular 
proteins, in particular nuclear proteins, such acidic regions 

<- ~- -:- ,_,_ ~----=-~··--···.-·---~-y ~·---~~ 

are unusual in the extracellular region of transmembrane 

receptor proteins. 

Another unusual feature is the length of the 
juxtamembrane region, the region between the membrane spanning 
seqment and the kinase domain. This region is normally 
conserved among receptor tyrosine kinases. For example, the 
juxta~embrane region is consistently 49 to 51 residues in 
length in the receptors for PDGF, CSF-1, epidermal growth 

factor (EGF), human epidermal growth factor-2 (HER2) and 
insulin. The bFGF receptor has an unusually long juxtameml:>rane 
region of about 87 residues. 

The cytoplasmic region of the amino acid sequence is 
about 424 residues long and contains a tyrosine kinase sequence 
(about residues 4S2 to 759). overall, the kinase region of the 
bFGF receptor shares the most sequence ·identity (about 51 to 
5~%) with the POGF and CSF-1 receptors. The bFGF receptor 
contains the GXGXXG motif and the conserved lysine residue 
(about residue 512) that form part of the adenosine S'­

triphosphate (ATP) binding site of tyrosine kinases. The bFGF 

receptor also contains the two characteristic tyrosine kinase 

motifs, HRDLAARNVL and DFGLAR, and a tyrosine {about residue 
651) at the position analogous to the major phosphorylation 
site of pp60v-src (about Tyr 416). 

The kinase coding sequence of the bFGF receptor, 
defined by homology to other tyrosine kinases, is split by an 
insertion of 14 amino acids. The length of the insertion in 
the kinase region is shorter than that found in the receptors 
for PDGF and CSF-1 (104 and 70 amino acids, respectively) and 

is similar to the length of the inserted sequence in the 
receptors fer· insulin and insulin-like growth factor-I. 

Example 3 

Full Length Human FGF Receptor cDNA Clone Preparation 
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A human FGF recep~or.~DNA clone was isolated from a 
human endothelial cell cDNA library obtained from 
E. Sadler (R.D. Ye T-C Wun & J.E. Sadler, J. Biol, Chem., 262: 
3718-3725 (1987)) using the same oligonucleotide probe 
described in Example 2. 

The endothelial library" wa:s .. hybrtdizedat .hiqh 
stringency with labeled probe l x io6 cpm/ml (50% formamide, sx 
SSC, SX Denhardts, lOmM NaP04 , pH 6.5, 100 µg/ml salmon sperm 
DNA at 42•c, (16-24 hrs) and washed at 6S•c with o.2x ssc, 0.1% 
sos. 

From the initial screening of the human endothelial 
cell cDNA library, four clones were identified and purified 
through 3 rounds of plaque purification. The cDNA inserts from 
three of these clones generated identical sequences and 

contained sequences highly homologous to the sequences of 

tryptic fragments from the purified chicken bFGF-R. The amino 
acid and nucleic acid ~equence of the ~arqest clone 
(approximately 3.6 kb) is set forth in Fiqure 4. Amino acids 
about 1-21 represent the hydrophobic signal sequence, about 22-

285 the extracellular region containing the ligand-binding 
domain, about 286-306 the transmembrane region and about 307-

731 the cytoplasmic region containing tyrosine kinase domain. 
This method also .isolated other highly related human FGF 
receptors. 

Example 4 

Human aFGF-R cDNA Clone Preparation 
Human endothelial cell or placental libraries are 

screened with full-length FGF-R probes or probes containing a 
portion of the sequence for FGF-R. Hybridization is performed 
at low stringency conditions and washed in increments of 
increasingly higher stringency. The low and high stringency 
conditions described in Examples 2 and 3 are followed. Between 
each increment, autoradiography is performed. Clones which are 
positive through to the most stringent conditions are most 
related to the bFGF receptors previously described in Examples 
2 and 3. Clones which are positive at relaxed stringency but 
are no longer positive at high stringency conditions are more 
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distan~ly related. All related but not identical 
clones are determined by restriction mapping and DNA 
sequencing. All related clones are selected, subcloned and 
expressed. The expressed FGF-related cDNAs are then tested for 
their ability to bind the various FGFs, i.e. acidic-FGF • 

..,. ..... <·· .............................. ,_ . .......,... .. - ..... ·.--.o.~.·.'c-.·'P."' .... ·.~;.:;..':o 

Alternatively, two probes are designed, one probe 

containing intracellular FGF-R sequence and the other 
extracellular FGF-R sequence. Triplicate filters are made. 
One filter is hybridized at high stringency (see Examples 2 and 
J) with the intracellular FGF-R probe. Two filters are 
hybridized with the extracellular probe, one filter at high 
stringency and one at low stringency. Since acidic and basic 
FGFs have only 55% sequence identity, their receptors may also 
exhibit about 55% sequence identity in the ligand-binding 
domain. Clones which are positive at high stringency to the 
intracellular probe and positive only at low stringency to the 
extracellular probe are FGF-R related receptors. Thus clones 
are selected, restriction mapping performed, sequenced, and 
expressed. The expressed receptors are tested for their 
ability to bind to various FGFs, e.q., acidic FGF. 

Example 5 
. Characterization of human FGF-R cDNA clones 

Plasmid Constructions. 
For transfection experiments, full-length chicken FGF 

receptor cDNA containing 46 nucleotides of 5 1 nontranslated 
sequence and the entire 3' ncntranslated sequence, and full­
lenqth human h2 cDNA containing lJ nucleotides of 5' 
nontranslated sequence and the entire J' nontranslated sequence 
were individually·subcloned into the BamHI/SalI sites of the 
mammalian expression vector pSV7d (P. Luciw, Chiron 
Corporation). This placed the receptor cDNA fragments in the 
proper orientation direct·ly downstream from an SV40 promoter 
element. 

To prepare constructs to be used as templates for 
generating in vitro transcribed RNAs, full-length chicken FGF 
receptor cDNA ~as subcloned into the BamHI/SalI sites of 
Bluescript Sk (Stratagene) and full-length hwnan FGF receptor 
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cDNAs (h2 and h3) were subcloned into the 
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Bluescript KS. This placed the receptor sequences directly 
downstream from the T7 RNA polymerase promoter element. To 
enhance the possibility of efficient translation, ATG sequences 
upstream of the initiator methionine residue were removed prior 
to subcloning, leaving 46 and 13 nucleo.tides cl intact 5 1 

nontranslated sequence for the chicken and human constructs, 
respectively. 

Cell Lines and Transfections. 
Rat LG skeletal muscle myoblasts (ATCC CRL 1458) were 

grown in DME H21 containing 10% fetal calf serum and 
transferred into Opti-MEM (GIBCO) just prior to transfection. 
Within 24 hour~ after plating, 1 X 106 cells were cotransfected 
with 20 ~g of ~e appropriate expression construct (either 
cFGFR/pSV7d or h2FGFR/pSV7d) and 1 µg of a vector containing 
the neomycin resistance gene (pSV2neo). Cells were transfected 
using 50 µg of Lipofectin (Bethesda Research Laboratories) 

' following the protocol provided by the manufacture.r. Sixteen 
hours later, an equal volume of DHE H21 media containing 20% 
fetal calf serum was added. Af~er 48 hours, cells were 
harvested and passaged (1:10) into selection media (DME H2l, 
10% fetal calf serum, 500 µg/ml qeneticin (GIBCO). 
Transf ectant colonies were assayed for expression of the FGF 
receptor by immunoblotting with anti-receptor peptide 
polyclonal antisera. 

Affinity Labeling. 
Recombinant human aFGF and human bFGF were generously 

donated by Chiron Corporation and indicated. For affinity 
labeling experiments, 5 x io6 cells were incubated for 30 
minutes at 37•c with 0.1 pmoles of 1251-aFGF or 125I-bFGF in 
the presence or absence of a 200-fold excess of the 
corresponding unlabeled ligand. The cells were then washed 
once with ice cold OME ~21 containing 20 mM HEPES pH 7.4, 0.2% 
gelatin, and twice with ice cold PBS. Disuccinimidyl suberate 
was added to a final concentration of 0.15 mM and incubations 
were allowed to proceed for 15 minutes at 4•c. The 
crosslinking agent was then removed and the cells were 
resuspended in sample buffer containing 100 mM dithiothreitol, 
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boiled for s minu~es, and su.bjec~ed to SDS PAGE followed by 

autoradiography. 

In vitro Transcription of RNA. 

Prior to transcription, plasmid constructs were 

linearized with XhoI. RNAs were transcribed from the 
.... - ·-· .. ., ........ ..,. .... ,.~ .. ..,,,,,. .. -.-,~ -~ :··-.. :'/." .. ~.:~ .•::.:.~~--~ 

linearized templates using T7 RNA polymerase in the presence of 

S001µM rNTPs (200 µM rGTP) and 500 µM 51 GpppG31
, (Pharmacia). 

Following incubation at 4•c for 2 hours, transcription 

reactions were treated with RNAse-free DNAse, phenol extracted, 

ethanol precipitated, dried and resuspended in water. 

Injection of Oocytes. 
Animals were anesthetized in a solution of 0.06 

percent ethyl p-aminobenzoate. Oocytes were surgically removed 

and manually dissected into clusters containing 10-20 oocytes. 

Clusters were incubated in .modified Barth Saline (See Maniatis, 

et al., Molecular Cloning: A Laboratory Manual, CSH Press 

(1982), which is incorporated herein ~y reference.) MBSH 

containing l mq/ml Type II collagenase (Sigma) for-2 hours at 

room.temperature and then washed extensively with MBSH 

containing 2 mq/ml bovine serum albumin (BSA). Individual 

oocytes were maintained at ig•c in MBSH (1 mq/ml BSA). 

Oocytes were injected into the veqetal pole with 50 

nl of water or RNA solution (1 µq/µl in water). Following 

injection, oocytes were incubated at i9•c for 48 hours before 

performing "45ca++ efflux assays. 
45ca++ Efflux Assays. 

Groups of 50 injected oocytes were added to single 

wells of a 24 well plate and washed four times with 0.5 ml of a 

ca++-free MBSH solution containing no BSA. oocytes were then 

incubated in 0.5 ml of the wash solution containing 45cacl2 
(100 µCi/ml) for 3 hours at ig•c. Following incubation, 

oocytes were washed six times with 0.5 ml of MBSH (l mg/ml 

BSA), then transferred to another 24 well plate (5 oocytes per 

well}. All subsequent washes and incubations were performed 

using 0.5 ml of MBSH containing 1 mg/ml BSA. At 10 minute time 

intervals, conditioned supernatants were removed from each w~ll 

and replaced with fresh media. The conditioned media samples 

were counted individually in a Beckman scintillation counter. 
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specified concentrations and media collections were continued. 
In 2 out of 16 experiments, oocytes injected with 

water and stimulated with either aFGF or bFGF exhibited 45ca++ 
efflux levels similar to those o}?.t~:j_,_n_fi!~ ... ;.!"..9~!t99~t':.~53--injected 
with FGF receptor IUIA. We have not determined the reason for 
these unexpected respon~es, but it is possible that they were 
due to expression of endogenous FGF receptors on contaminating 
follicular cells, or on the surface of the oocytes themselves. 
In all other experiments the water injected oocytes had no 
significant efflux response whereas the receptor RNA response 
to FGF was ten to forty fold over the basal measurement. 

Receptor levels in injected oocytes have not been 
measured because our anti-receptor polyclonal antisera 
nonspecif ically recognizes an abundant oocyte protein of 
approximately the same molecular weight as the FGF receptor on 
western blots. FUrthermore, the lev~ls of exogenous receptors 
expressed in oocytes appears to be quite low. 

Isolation and Characterization of Human cDNA Clones. 
Complementary DNA libraries from human placenta and 

human umbilical vein endothelial cells were generously donated 
by J. Evan Sadler (Washinqton University School of Medicine, 
St. Louis) •. The librar~es were screened with 32P-labeled 
oligomers identical to those previously used to identify 
chicken FGF ·receptor cDNA clones. Filters were hybridized and 
washed under high stringency conditions using standard methods. 
A total of 7 positive clones were isolated after screening 
250,000 phage from both libraries. The 4 clones described in 
this report (h2, h3, h4, and hS) were sequenced by the dideoxy 
chain termination method, using the Sequenase system (United 
States Biochemical Corporation). Clones h2, h3, and h4 were 
obtained from the endothelial cell library and clone hS was 
obtained from the placenta library. Nucleotide sequence 
analyses revealed that all four clones contained identical 5' 
nontranslated sequences and had poly-A tracts at their 3 1 ends. 
However, only the poly-A tract at the 3' end of h2 was preceded 
upstream by a consensus poly adenylation signal sequence 
{AATAAA: 37), indicatin9 that internal priming was responsible 
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for the poly A traci:s ai: the 3·1 ends of the oi:her clones. The 

h2, h3, h4, and h5 cDNAs contained 0.93 kb, 0.78 kb, 0.95 kb, 

and 0.2 kb of 3' nontranslated sequence, respectively. The 3' 

nontranslated sequences of h2 and h3 were identical and the 3 1 

-· 
nontranslated sequences of h4 and hS were also ~~entical. In 

contrast, the h2/h3 3' nontranslated sequences were entirely 

different from the 3 1 nontranslated sequences of h4/h5. 

Polymerase Chain Reactions. 

Amplification: reactions (42) were carried out using 

one primer corresponding to the human highly acidic region 

(approximately amino acids 44-52 in h2: 

S'GTTTCTTTCTCCTCTGAAGAGGAGT-3 1 ) and one degenerate primer 

corresponding to the IgI domain of the chicken FGF receptor 

(approximately amino acids 58-69: s•- GA(TC)GACGTGCAG 

(A/T)(G/C)CATCAACTGGGTGCGTGATGG-3 1 ). In additional reactions, 

we used the primer from the human highly acidic region and a 

second primer derived from the 5 1 ncn~anslated region of the 

human FGF receptor (5 1 -GAGGATCGAGCTCACTGTGGAGTA-3')• Reaction 

mixtures contained 750 ng of human genomic DNA, 10 pmcles of 

each primer, 200 µM cf each of the four dNTPs, and 1 unit of 

Taq polymerase (Perkin Elmer Cetus) in 50 µl of 10 mM Tris­

HCl, pH 8.3, 50 mM KCl,. 1.5 mM MqCl2, 100 nq/m1 BSA. Reactions 

were carried out in an Ericomp twin block system. Thirty one 

cycles were performed, consisting of denaturation at 94•c for 

50 seconds, annealing at Gs•c for 1 minute, and extension at 

12•c for 3 minutes. 

Isolation and Characterization of Four Unique Human 

FGF Receptor cDNAs. 

The chicken basic FGF receptor contains a single 

transmembrane domain, an extracellular region containing 3 Ig­

like domains and a highly acidic domain, and an intracellular 

region containing a split tyrosine kinase domain. The chicken 

FGF receptor cDNA is highly homologous to a previously 

published partial cDNA (h.flg) which encodes a tyrosine kinase 

that, at the time of its description was of unknown function. 

The high degree of identity (95 percent) between the chicken 

bFGF receptor and human flg suggested that hflg was the human 

counterpart of the bFGF receptor. To obtain full-length human 
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FGF recepcor cDNAs, oligonucleotide probe based on the h.flg 
cDNA sequence was used to screen a human umbilical vein 
endothelial cell cDNA library and a human placenta cDNA 
library. From the initial screenings of 250,000 plaques from 
each library, four positive clones were isolated from the 

#:.. .,,. c• , .• ',.,, ... r ·""--~---:· · • -~·'t'!'!!l"'"I 

endothelial cell library and three from the placenta library. 
The cDNA clones could be divided into two classes 

based on different patterns of restriction maps at their 3' 
ends. One of these classes derived from cDNA clones which were 
much shorter in length. Representatives of each class were 
present in the clones isolated from either library. Two clones 
(h2 and h3) r~presentinq the class of larger cDNA clones, and 
two clones (h4 and hS) representing the class of shorter cONA 
clones were sequenced in their entirety. The deduced amino 
acid sequences of the four human receptor forms are shown in 
comparison to the chicken FGF receptor sequence in Figure 7. A 
schematic representation of the dif ~erent receptor forms is 
shown in Figure tr. 

The predicted amino acid sequences of the h2 and h3 
clones are virtually identical and differ only by three amino 
acids (amino acids 59, 60, and 103 in h2, Fig. 7). At the 
nucleotide level, h2 and h3 differ only at the positions 
encoding these three amino acid residues. The h2/h3 open 
reading frames include a hydrophobic signal sequence and the 
unusual aciliic domain (8 consecutive acidic residues with 
accompanying residues) that was initially noted in the 
pUl:>lished sequence of the chicken FGF receptor cDNA. The 
extracellular domains of h2 and h3 are highly homologous to the 
chicken FGF receptor except that h2 and h3 lack the sequences 
of one Ig-like domain (labeled I in Fig. 8). The transmemhrane 
region and cytoplasmic domains are highly homologous to the 
corresponding domains of the chicken FGF receptor. 

The coding sequences of the short cDNA clones, h4 and 
hS, differ only by two amino acids (positions 59 and 60 in h4: 
the nucleotide sequences of h4 and h5 differ only at the 
positions encoding these two residues). The signal sequence, 
acidic region and one of the Ig-like domains (IgII) are 
essentially identical to the corresponding regions· of h2 and 
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hJ. The distinci:ive ieai:ure of h4 and hs is i:he Ig-Tf:ke-dOmaTn-·--~---·"" 

(IgIII) nearest the transmembrane domain. Approximately half 

of this do111ain is identical to the corresponding sequence of h2 

and h3. However, the carboxyl terminal half of thif?_. Iq-like 

domain is unrelated to h2 and h3 ·sequences. · -UnLi-ke- -h2, h3 , and 

the chicken FGF receptor cDNA, h4 and h5 do not encode a 

hydrophobic membrane spanning region or a cytoplasmic domain. 

The sequences of all of the human cDNAs which have 

been isolated contain ~nly 2 Ig-like d0111ains. To determine 

whether the human FGF receptor gene contains sequences encoding 

the first Ig-like domain (IgI), polymerase chain reactions were 

performed on genomic DNA isolated from human foreskin 

fibroblasts (HFFs). For these experiments, we utilized one 

amplifying primer based on the sequence of the IgI domain of 

the chicken receptor (corresponding to amino acids 58-69), and 

a second primer based on sequence from the acidic region of the 

human receptor (amino acids 44-52 in h2} • Using these primers, 

a single 1.3 kb genomic fragment was amplified. As.shown in 

Figure 9, this fragm~nt contained coding sequences homologous 

(approximately 83 percent amino acid identity) to the IqI 

domain of the chicken FGF receptor. In addition, an intrcn 

sequence of approximately·l.O kb separates these coding 

sequences fro111 sequences encoding the highly acidic region of 

the recepto~. Thus, the human FGF receptor gene clearly 

contaihs sequences encoding the IgI domain not found in the 

human cDNA clones. Furthermore, the presence of an intrcn 

between the IgI domain sequence and the acidic region sequence 

suggests that expression of 2 or 3 Ig domain forms may be 

regulated by alternative splicing. 

To determine whether a 3 Ig domain form of the 

receptor is expressed in HFF cells, we performed PCR on cDNA 

generated from HFF mRNA. Using the primers described above, a 

single 0.24 kb fragment was amplified from HFF cDNA. This 

fragment contained sequences encoding the IgI domain and the 

acidic region, but no intron sequences. Thus, we conclude that 

HFF cells transcribe a 3 Iq domain form of the receptor. To 

determine whether HFF cells also express a 2 lg domain form of 

the receptor, we utilized the acidic region primer and a second 
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primer based on sequence from the 5.' nontranslated region of 
the human FGF receptor. In these reactitms a 0.23 kb fragment 
was amplified which, in the same manner as our cDNA clones, was 
missing sequences corresponding to the IgI domain. Thus, a 2 
Ig domain form of the receptor is also transcribed in HFF 
cells. 

•• -.~- ...... __ ., ___ ,..., __________ ,..,..,. __ d' •.. ; .. ··.:.-;.:;·:· .. ,. "> 

Receptors Containing 3 lg-like and 2 Ig-like Domains 
Bind Acidic FGF and Basic FGF. 

Since the 3 Ig domain receptor (initially isolated 
from a chicken cDNA library) was purified on the basis of its 
affinity for basic FGF, it was of interest to determine whether 
this receptor also binds acidic FGF. To address this question, 
the 3 Ig domain chicken receptor was expressed in rat L6 
myoblasts, a cell line which normally does not express FGF 
receptors. In addition, the 2 Ig domain human h2 receptor was 
also expressed in L6 cells. Figure io shows an affinity 
labeling experiment performed with transfected cells. Cells 
were incubated with either 1251-aFGF. or 125I-bFGF and bound 
ligand was crosslinked in the presence of disuccinimidyl 
suberate (0.15 mM). Using either ligand, single crosslinked 
bands were seen in cells transfected with receptor cONAs (lanes 
~· 3, 7, and 9), but not in cells transfected with vector alone 
(lanes 5, 6, ll, and 12). SUbtraction of the molecular weight 
of FGF (17 kd) from the size of the crosslinked complexes 
yields estimated molecular weights of 145 kd for the 3 Ig 
domain form of the receptor and 125 kd for the 2 Ig domain form 
of the receptor. Excess unlabeled ligands block formation of 
the crosslinked complexes (lanes 2, 4, 8, and 10). These 
results demonstrate that both the 3 Ig domain form and the 2 Ig 
domain form of the FGF receptor are capable of binding either 
acidic or basic FGF. Scatchard binding analyses indicate that 
half-maximal binding of 125r-aFGF to either the 3 Ig domain 
form or the 2 Ig domain .form occurs at a concentration of 0.05 
nM. Similarly, half-maximal binding of 1251-bFGF to either the 
3 Ig domain form or the 2 Ig domain form occurs at 0.1 nM. 

A Three Ig Domain FGF Receptor and a Two Ig Domain 
FGF Receptor Mediate Biological Responses to Both Acidic and 
Basic FGF. 
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To determine whether any of the membrane spanning 
forms of the FGF receptor are activ.ated by either aFGF or bFGF, 
we expressed these receptors in Xenopus oocytes and measured 
receptor activation usinq a sensitive ca++ efflux assa~. This 
assay has been used to examine ~~~e_s~~~~--C?~. _recep~t:s for 
other ca++ mobilizing ligands including cholecystokinin, 
bombesin, vasopressin, and angiotensin II. Ligand-induced 
efflux reflects a mobilization of ca++ from intracellular 
stores, leading to increased levels of intracellular ca++ and . 
accelerated efflux. F.or our experiments full-length cONA ~ere 
transcribed in vitro and the capped mRNAs were injected into 
Xenopus oocytes. After 48 hours, the injected oocytes were 
loaded with 45cacl2 and ligand-dependent calcium mobilization 
was assayed by measuring 45ca++ efflux (Fig. 11). Addition of 
·either aFGF (A and B) or bFGF (C and D) induced a rapid and 
large efflux of 45ca++ from oocytes injected with RNA encoding 
the chicken FGF receptor (A and C) o,r RNA encoding the human h2 
receptor (Band D). In contrast, oocytes injected.with either 
human h3 RNA (B an~ D) or water alone (A-D) showed no response 
to either aFGF or bFGF. As a positive control, carbachol was 
added following the 100 minute timepoint. Oocytes express 
endogenous receptors for carbachol, and oocytes injected with 
either FGF receptor RNA or water exhibited a positive response 
after carbachol stimulation. We conclude that beth the 3 Ig 
domain form (cFGF-R) and the 2 Ig domain form (h2) of the FGF 
receptor are biologically responsive to both acidic and basic 
FGF. Thus, the ligand binding domains for acidic and basic FGF 
appear to lie in the receptor region encompassing the highly 
acidic domain and the IgII and IgIII domains. 

While the human h2 receptor clearly responds to both 
ligands, no response was seen in oocytes injected with RNA 
encoding the h3 receptor form. It is possible that the three 
amino acid differences between h2 and h3 cause these proteins 
to respond differently. Alternatively, the lack of a respo~se 
in oocytes injected with the h3 RNA may be due to unusually low 
expression levels of the h3 protein. Unfortunately, we have 
not yet been able to determine receptor protein expression 
levels in oocytes. 
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l 
FGF-R forms havin9 either 2 or 3 extracei-.ltt:l:ar -+I-f'!§''----

domains will bind and respond to both acidic and basic 
Some forms of FGF receptor mRNA encode only the 

extracellular domain of the FGF receptor, a protein that is 
likely to be secreted from the cell. 

The fact that a 2 Ig:..f.ike 'domain .. for;-~~f the FGF 

receptor (h2) binds both aFGF and bFGF with high affinity has 
allowed us to localize the binding domains for these ligands to. 

a region encompassing the hiqhly acidic region and the IqII and 
IgIII domains. 

The h4 and hS receptor forms lack transmembrane 
sequences and presumably represent secreted forms of the FGF 
receptor. Preliminary data indicates that cells transfected 

with the h4 cDNA secrete a 70 kd protein which is recognized by 
anti-FGF-R polyclonal antisera. 

The role of secreted forms of the FGF receptor is 
unclear. The secreted forms may act, to regulate levels of 

extracellular FGFs, and thereby regulate availability of FGFs 
to cell surface FGF receptors. Alternatively, the secreted FGF 
receptors may serve to store and sequester FGFs at a particular 
location. Another possibility is that the secreted forms may 
bind to FGFs in an intracellular compartment and subsequently 
serve as a means for secreting the factor. This is an 
important consideration in view of the fact that aFGF and bFGF 

do not contain signal sequences and their mechanism of 

secretion is unknown. 
our results suggest that receptor diversity can be 

generated by alternative splicing. We have isolated a total of 

5 different FGF receptor cDNA species. comparison of amino 
acid sequences strongly indicates that all 5 species are 
derived fro~ the same gene. Another interesting feature of the 

human receptor forms is the presence or absence of the ArgMet 
sequence (amino acids 59.and 60 in h2 and h4) in the 
extracellular domain. 

Affinity labeling experiments using either 125r-aFGF 
or 125I-bFGF identified a single 145 kd receptor protein on 
transfectant cells expressinq the J Ig domain form of the FGF 
receptor, and a single 125 kd receptor protein on transfectant 
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cells expressing the 2 domain-'form of the FGF receptor (see 
Fig. ll). It is possible that the presence of two receptor 
species may reflect coexpression of the 3 Iq domain and 2 Iq 
domain forms of .the receptor. 
a single FGF receptor species 
high affinity and mediate the 

our data clearly es~~~lish that 
can .bind .. J:ioth .. .aFGF-.and,-bFGF with 

biological effects of these 

factors. We have used acidic and basic FGF in these 

experiments because they are the best characterized members of 
the FGF family, and are readily available in recombinant form. 

Example 6 
Competi~ive Binding of FGF-R Peptides or Fragments, 
Development of FGF-R Related Antagonists or Aqonists 

A fragment containinq all or part of the 
extracellular, liqand-bindinq domain of the FGF-R (i.e., 
containinq amino acids 22-374 of Fiqure 3 or 22-2ss of Fiqure 
4) or analogs thereof are expressed in a host (e.g. mammalian 
cells or baculovirus infected insect cells) and purified as 
described in Example l. Alternatively, fragments of the 
liqand-bindinq domain are made usinq a peptide synthesizer 
(Applied Biosystems) and purified by HPLC. Different 
concentrations of the FGF-R fragment or analogs thereof (FGF­
Rexs) are tested for their ability to block the binding of 
125!-FGF to swiss 3T3 cells. Competitive binding is performed 
as described in Figure lA in Example l using FGF-Rexs instead 
of unlabeled ligand and competitive binding is determined. 

FGF-Rexs are also tested for their ability to inhibit 
FGF-induced mitoqenesis as measured by 3H-thymidine 
incorporation into cells and by counting cell numbers. 
FGF-Rexs which block binding of FGF to the cell-surface 
receptor may act as an antagonist and block 3H-thymidine uptake 
and the increase in cell number induced by FGF. FGF-Rexs may 
also act as agonists, i.e. by dimerization with the cell 
surface receptor which may mimic a ligand-mediated receptor­
recaptor interaction. In such an instance, FGF-Rexs may 
stimulate mitoqenesis in the absence of ligand or may enhance 
the FGF mediated mitoqenic responsee 

FGF-Rexs are also tested for their ability to inhibit 
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or activate FGF-induced tyrosine phosphorylation of the 90 
substrate protein in Swiss 3T3 cells or autophosphorylation of 
the cell-associated FGF-R. FGF-Rexs which block FGF-induced 
tyrosine phosphorylation are antaqonists. FGF-ReX6- which 
activate autophosphorylation of~ the "cell~assoc-iated< -FGF-R in 
the absence of FGF are aqonists. 

FGF-Rexs are also tested for their anti-anqioqenic 
activity. FGF-Rexs are tested first for their ability to 
inhibit the FGF-induced growth and the mobilization of 
endothelial cells into vessels in vitro. Anqiogenesis is 
assayed in vitr~ using an aortic ring assay. Aortic rings are 
placed in a_c~llaqen matrix formed in the presence or absence 
of FGF and FGF-Rexs. Endothelial cells sprout and form vessels 
from the aortic ring within a few days in the presence of FGF. 
The addition of FGF-Rexs which are antagonists in the previous 
assays inhibit the FGF-induced qrowth of capillary sprouts. 
FGF-Rexs which are anqiogenic even i~ the absence of FGF are 
agonists. 

FGF analogs, angiogenic factors, anti-angiogenic 
factors as well as antibodies to the extracellular portion of 
the FGF-R are tested for their ability to bind directly or 
compete for binding of native FGF for binding to purified or 
expressed FGF-R. In addition, they are tested for their 
ability to stimulate mitogenesis (agonists) or inhibit FGF­
dependent mitogenesis (antagonists) as well as tyrosine 
phosphorylation in cells expressing the FGF-R. These studies 
are important in determining if the mode of action of each 
angiogenic and anti-angiogenic factor, etc., is receptor­
mediated and in determining if there is receptor specificity 
(i.e. acidic versus basic FGF-R) for angiogenic and anti­
angiogenic factors. 

FGF analogs are radiolabeled and binding is performed 
with labeled ligand, purified or expressed receptor in the 
appropriate physiologic buffer (i.e. culture media or phosphate 
buffered saline (PBS)) for o.s at 37•c or 2-24 hrs at 4•c. The 
complex is precipitated (5-10% polyethylene glycol, 1 mg/ml 
IgG) and separated by filtration through filters (i.e. Whitman 
GFA). and the associated radioactivity determined. 
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While the invention has been described in connection 
with certain specific embodiments. thereof, it should be 
recognized that various modifications as may be apparent to one 
of skill in the art to which the invention pertains also fall 
within the scope of the invention as defined by the appended 
claims. 
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WHAT IS CLAIMED IS: ""----·-----'--"'.-....---:-·-·---··---" 
·' 

l. A method for modifying in vivo a fibroblast growth 

factor receptor modulated activity comprising administering to 

a patient an amount of a fibroblast growth factor receptor 
·~ - ..... '>· ................... ...,.,_..; ........ ..o:.· ...... "~·-·~·:..:,·~·!•';~:.·-

blocking agent effective to inhibit fibroblast growth factor 

binding to said fibroblast growth factor receptor. 

2. A method of claim 1, wherein the agent comprises a 

human fibroblast growth factor receptor or a portion thereof. 

3. A method of claim 2, wherein the human fibroblast 

growth factor receptor or portion thereof is produced in a cell 

transformed with a nucleic acid containing at least about 15 

bases of a sequence selected from the qroup consisting of: 

a} a DNA sequence in Figures 3 or 41 

b) a DNA sequence encoding a polypeptide cf Figures 3, 4 

or 7; and 
c) a DNA sequence substantially;homologous to a seqilence 

of Figures 3 or 4. 

4. A method of claim 2, wherein the blocking agent 

comprises a fibroblast growth factor receptor, extracellular 

domain without a tyrosine kinase region. 

s. A method of inhibiting binding between a fibroblast 

growth factor and a f i.broblast growth factor receptor present 

in a solution, said method comprising a step of adding a 

fibroblast "growth factor receptor peptide to said solution. 

6. A method Of claim S, wherein said fibroblast growth 

factor receptor peptide is homologous to a sequence described 

in Figures 3, 4 or 7. 

7. A composition comprising a soluble polypeptide having 

between about five and two hundred contiguous amino acids from 

a human fibroblast growth factor receptor extracellular domain. 

a. A composition according to claim 7, wherein the 

polypeptide comprises an lgII or an IgIII domain. 

9. A composition according to claim 8, wherein the 

extracellular domain comprises about so amino acids from 

residues 1 to 287 of a hum~n fibroblast growth factor receptor 
. . 

Figure 7. 
10. A composition according to claim 7, wherein the IgII 
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domain comprises about 7 amino_. acids from residues as;l~O-'·'.t?tl___.o_f_., _ __.l. 

a human sequence of Figure 7. 

11. A composition according to claim 6, wherein the 

polypeptide comprises both an IgII and an IgIII domain. 

12. A composition according to claim ll, wherein the 

polypeptide further comprises a carboxy~terminal"sequence 

subst~ntially homologous to the 79 amino acid sequence from 

residues 222 to 300 of a soluble human protein of Fiqure 7. 

13. A composition according to claim 12 consisting 

essentially of h4 or hS. 

14. A composition comprising a substantially pure 

polypeptide of less than about as KDa comprising a fibroblast 

growth factor-binding domain of a fibroblast growth factor 

receptor. 

15. A composition according to claim 14, wherein said 

polypeptide is soluble. 

16. A composition according to ~laim 14, wherein said 

polypeptide further comprises a segment selected from th~ group 

consisting of a signal segment, an IgI segment, an acidic 

segment, an IqII segment, an IgIII segment, an IgIIIT segment, 

and a transmembrane segment. 

17. A composition according to claim 14, wherein said 

polypeptide is homologous to a sequence described in Figures 3, 

4 or 7. 
' . 

18. A· composition according to claim 17, wherein the 

polypeptide is present in a multi-chain complex of proteins. 

19. A composition according to claim 14, wherein the 

fibroblast growth factor-binding domain includes at least about 

30 amino acids of each of both IqII and IqIII domains. 

20. A composition according to claim 14, wherein the 

f ibrqblast growth factor receptor is a chicken fibroblast 

growth factor receptor. 

21. An isolated nucleic acid encoding a human fibroblast 

growth factor receptor which substantially lacks an 

intracellular domain. 

22. An isolated nucleic acid of claim 21, wherein said 

receptor comprises a sequence homologous to an IgII domain 

described in Figure 7. 
--------·-------
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length IqII domain of a fibroblast growth factor receptor. 
24. An isolated nucleic acid of claim 23, further 
encoding at least one additional peptide segment selected from 
the group consisting of a signal .. seqment4._ ... an __ J;_g:t;..,.$~~ent, an 
acidic segment, an IqIII segment, an IgIIIT segment, a 

transmembrane segment, and a tyrosine kinase segment. 
25. An isolated nucleic acid of claim 24, wherein said 
additional sequence is homologous to a corresponding sequence 
described in Figures 3, 4 or 9. 
26. An isolated nucleic acid of claim 23, wherein said 
IqII peptide sequence is native to a hwnan. 
27. An isolated nucleic acid of claim 23, further 
comprising a transcription promoter sequence. 
2S. An isolated nucleic acid encoding a soluble human 
fibroblast qrowth factor receptor. 
29. An isolated nucleic acid of ,claim 28, wherein said 
soluble human growth factor receptor is homologous to h4 or h5. 
30. A protein made by expressing an isolated nucleic acid 
of claim 29. 
31. A composition comprising a fibroblast growth factor 
receptor segment made by expressing an isolated nucleic acid of 
claim 21, 23, or 28. 
32. ~ method for making a protein comprising a fibroblast 

growth factor receptor segment, said methdd comprising 
expressing an isolated nucleic acid of claim 21, 23, or 28. 
33. A composition comprising a nucleic acid according to 
claim 21, 23, or 28, attached to a reporter molecule. 
34. A method for making a fibroblast growth factor 
receptor peptide, wherein the peptide is produced in a cell 
transformed with a nucleic acid containing at least about 20 
bases of a sequence selected from the group consisting of: 

a) a DNA sequence 'in Figures 3, 4 or 9: 
b) a sequence encoding a polypeptide of Figures J, 4 or 

7; and 

c) a sequence substantially homologous to a sequence of 

Figures 3, 4 or 9. 
35. A method for producing an antibody against a 
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fibroblast growt.h factor receptor 
comprising a step of producing an 
polypeptide epitope homologous to 
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fraqment, said\ m~~h~~ ___ _ ____________ .. J 
antibody against a ..... · 

a sequence of at least six 

contiguous amino acids described in Figures 3, 4 or 7. 

3 6. A method of claim 3 5, whe~ej.~--~~!.4 .. ~p~j:9p~ _ _is 
selected from the group of protein segments consisting of a 
signal segment, an IgI segment, an acidic segment, an IgII 
segment, an IgIII segment, and an IgIIIT segment. 
37. A method of measuring a fibroblast growth factor or a 
fibroblast growth factor receptor in a target sample, said 
method comprising the steps of: 

combining_ said target sample with a fibroblast growth 
factor receptor segment: and 
determining the extent of binding between said segment and 
said sample. 

38. A transformed cell capable of expressing a 
polypeptide homologous to at least a -portion of a fibroblast 
growth factor receptor. 
39. A transformed cell as in claim 38, wherein the 
polypeptide is homologous to substantially the entire membrane 
bound form of a human fibroblast growth factor receptor. 
40. A transformed cell as in claim 38, wherein the 
polypeptide is homologous to substantially the entire soluble 

form of a human fibroblast growth factor receptor. 
41. A transformed cell as in claim 40, wherein the cell 
is capable of secreting the human fibroblast growth factor 
receptor. 
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ABSTRACT 

RECEPTORS FOR FIBROBLAST GROWTH FACTOR 

A fibroblast growth factor "(FGti•t·-recepWY ''including a 

basic fibroblast growth factor receptor has been purified. 

Various forms have been identified including soluble forms 

lacking any transmembrane segment. DNA sequences encoding 

full-length fibroblast growth factor receptors and 

polypeptides comprising a portion of an· FGR-R ligand­

binding domain have been isolated and sequenced. These DNAs 

include DNAs encoding for basic FGF-R and a human FGF-R and 

are operably linked to control sequences and expressed in 

a culture of a compatible host transformed, transfected or 

electroporated by a cloning vehicle containing the DNA 

sequence. The invention also comprises antibodies to the 

receptor, methods of synthesizing the growth factor 

receptor proteins, methods for providing analogs of the 

fibroblast growth factor receptors. Methods for evaluating 

compositions which promote or inhibit fibroblast growth 

factors and compositions which are agonistic or 

antagonistic to fibroblast growth factor receptors are also 

provided. Diagnostic and therapeutic uses are described. 

(No appropriate drawings) 

---·-·-----------
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I GGGGACCGGGCGGTGCGGGCAGCGCTGAGCGGCG6CCGTCGGGGCGGACCGCGCCTCCC 
120 GCGGCGGCGGCGGGGCTGCGCTCTCGCCCCGGCCGGGGCTCCCCTCCATTGTTCCCGGG 

I 
Met 

239 GCCCCATGGAGGGGCGGTTGAGCGCAGTCGCT-GAGGAGTAG·G&G·GAGGAGTGGG ATG 

20 30 
Thr Leu Ser Alo Alo Arg Pro Ala Pro Thr Leu Pro Asp Gin Ala 

341 ACG CTG TCT GCT GCC AGA CCG GCC CCC ACG CTG CCC GAC CAA GCT ----- --- --· 
50 60 

GI y Asp_ Leu Leu GI n Leu Arg(fyl\Arg Leu Arg As~ Asp Vo I Gin 
431 GGC GAT CTC. ere CAG CTG CGC~CGG CTG CGC CAT GAC GTG CAG 

80 90 
Arg Thr Arg lie Thr Gly Glu Glu Val Glu Val Arg Asp Ara Vol 

521 CGG AGG CGG ATC ACC GGC GAG GAG GTA GAG GTG CGG GAG CGG GTG 

HO 120 
Gly Ser Glu Thr Thr Tyr Phe Ser Vo I Asn Val Ser Asp Ala Leu 

611 GGG AGC GAG ACC ACC TAC TTC TCC Grc· AAC GTC TCA GAC GCA CTC 
140 150 

Glu Lys Glu Ala Asp Aan Thr Ly.s Pro Asn Gin Alo ·Vol Ala Pro 
TOI GAG AAG GAG GCG GAT AAC ACC AAG CCG AAC CAG GCT GTA GCT CCT 

IM I~ 
Pro Ala Alo Lys Thr Val Lys Phe Lys(tYS\Prti Ser GII Gly Thr 

791 CCC GCT GCC AAA ACA GTG AAA TTC AAG~CCC TCA GGT GGG ACG 
mo 2m 

Pro As~ His Arg lie Gly Gly Tyr Lys Val Arg Tyr Alo Thr Trp 
881 CCT GAG CAC CGC ATC GGG GGG TAC AAG GTC CGC TAT GCC ACC TGG 

230 240 
Thr(fy$\th Vol Glu Asn Lys Tyr Gly Ser lie Asn His Thr Jyr 

911 ACG\$)ATC GTG GAG AAC AAA TAC GGG AGC ATC AAC CAC ACC TAC 
260 270 

Ala Gly Leu Pro Ala Asn Lys Thr Val Alo Leu GIY Ser Asn Val 
I06l GCA GGG CTC CCC GCC AAC AAA ACG GTG GCC CTG GGC AGC AAC GTG 

290 300 
Trp Leu Lys His lie Glu Vol Asn Gly Ser ~ys Ile Gly Pro As~ 

1151 TGG CTG AAA CAC ATC GAG GTG AAC GGG AGC AAG ATC GGC CCC GAG 

320 330 
Thr Asp Lys Glu Me Glu Val Leu His Leu Arg Asn Val Ser Phe 

1241 ACA GAC AAA GAG ATG GAA GTC CTT CAC TTA AGG AAT GTC TCA TTT 
350 360 

lie Ser His His Ser Ala Tr' Leu Thr Val Leu Glu Ala Thr Glu 
1331 ATC TCC CAT CAC TCT GCA TGG TTG ACA GTT CTC GAA GCT ACT GAG 

380 390 
i le Tyr Cys Thr G\ y Ala Phe Leu II e Ser(Cyi\Met Vol Vo I Thr 

1421 ATT TAC JGC ACC GGC GCC TTC CTC ATC lCC\.ill}ATG GTG G!_~ __ ACA 
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GGGAGCGCCTCCCGCCGCCACCTCGGGGCCGGGGTCCGCCATGGGGCGGCCGCAGTGAGC 
AGCGGCGGGCACCGCGCCTCCGCCGCGCCCCGCGGGACTCCGCTCACAGCG~CGACGGG 

10 
Phe Thr Trp Aro(fy'S\Leu I le Leu Trp Ala Val Leu Vol Thr Alo 
TTT ACC TGG AGG \l]QJCTC ATC CTT TGG GCT GTG CTG GTC ACA GCC 

------- - - - - - - --- - ----- -- ----. -. ,,, 40------- <•--·-----·< ·-·· -.•.... _,,,,._ .. , 

Leu Pro Lys Ala Asn Ile Glu Vol Gtu Ser Hi' Ser Ala His Pro 
CTG CCC AAA GCG AAC ATC GAG GTG GAG TCC CAC TCG GCG CAC CCC 

70 
Ser I le Asn Trp Vol Arg Asp_ GJ y Va I G In Leu Pro G lu Asn Asn 
AGC ATC AAC lGG GTG CGT GAT GGA STG CAG CTG CCC GAG MC AAC 

Pro Gtu As~ ·ser Gly Leu Tyr Ala ~ys Met Thr Asn Ser Pro Ser . dID 
CCC GAG GAli TCG GGG CTC TAT GCC lbC ATG ACC AAC AGC CCC TCG 

130 
Pro Ser Ala Glu Asp Asp As_p Asp Glu Asl! Asp_ Ser Ser Ser Glu 
CCT TCT GCA GAG GAT GAT GAT GAT GAA GAT GAT TCC TCC TCG GAG 

160 ' 
Tyr Trp Thr Tyr Pro Gtu Lys Net Glu Lys Lys Leu His Alo Val 
TAC TGG ACC TAT CCC GAG AAG ATG GAG AAG AAG CTG CAT GCC GTC 

190 
Pro Asn Pro Thr Leu Arg Trp Leu Lys Asn GI y Lys GI u Phe Lys 
CCC AAC CCC ACG CTG CGC TGG CTG AAG AAC GGC MG GAG TIC AAG 

220 
Ser lie lie Met Asp Ser Val Val Pro Ser Ast!. Lys Gty Asn Tyr 
AGC ATC ATC ATG GAC TCG GTG GTG CCA TCA GAT AAG GGC AAC TAC 

250 • 
Gin Leu As~ Vol Vol Glu Arg Ser Pro His Arg Pro lie Leu Gin 
CAG CTG GAT GTC GTG GAG CGC TCC CCG CAT CGG CCC ATC CTG CAG 

280 
Glu Phe Va1®i1s Val Tyr Ser Asp Pro Gin Pro His lie Gin 
GAG TTT GTC® AAG GTC TAC AGC GAG CCG CAG CCC CAC ATC CAG 

310 
Asn Leu Pro Tyr Val Gin I le Leu Lys Thr Alo Gly Vo I Asn Thr 
AAC TTG CCC TAC GTG CAG ATC CTG AAG ACG GCT GGC GTT MC ACG 

. 340 
Glu As)! Alo Gly Glu Tyr Thr/fy'S\Leu Ala Gly_ Asn Ser Ile Gly 
GAG GAT GCT GGG GAG TAT ACA \fil)ffi GCG GGT AAT TCT ATl GGG 

370 
Gin Ser Pro Alo Met Met Thr Ser Pro Leu Tyr Leu Glu Ile lie 
CAG TCA CCA GCC ATG ATG ACG TCC CCC CTC TAC CTG GAG ATC ATC 

400 
Val Ile lie Tyr Lys Met Lys Ser Thr Thr Lys Lys Thr Asp Phe 
GTC ATC ATC TAC AAG ATC AAG AGC ACC ACC AAG MG ACA GAC TTC 
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410 5 / 11 ; 42cr··- · ····-· ·~·- -···· ·· r 
Asn Ser Gin Leu Al a Val His lys Leu Ala Lys Ser 11l~-beu--·-·-·---·--·--- 1 

1511 MC AGC CAG CTG GCC GTG CAC AAG CTG GCC AAG. AGC ATC CCA CTG 

Ser Gly Vol ~!~ Leu Vol Arg Pro Ser Arg Leu Ser Ser i~~ Gly 
f60l TCG GGT GTG ATG TTG GTG CGG CCC TCA CGG CTC TCC TCC .AGC GGA 

470 - ........... ··- -. - ~----·- .... ····'-"" .. 480 
Pro Arg Tr@ Glu Leu Pro Arg Ase Arg Leu lie Leu Gly ~ys Pro 

1691 CCC CGC TGG GAG CT G CCA CGG GAC AGG CTG ATC CTG GGC MG CCG 

Gly Leu As~ C~ Asp ~ys Pro Asn Arg Val Thr Ly~ Vol XI~ Vol 
1781 GGC CTG GAC AAG GAC AAG CCA AAC CGC GTC ACC AAA GTG GCT GTA 

530 540 
II e Ser G1 u Met GI u Met Met ~ys Met Ile Gly Lys His ~n Asn 

1871 ATC TCC GAG ATG GAG ATG ATG AAG ATG ATC GGC AAG CAC AAS MC 
560 510 

Vol lie Vol Glu Tyr Alo Ser Lys Gly A.sn Leu Arg Glu Tyr Leu 
1961 GTC ATC GTG GAG TAC GCC AGC MA GGC AAC CTG CGT GAG TAC CTG 

590 600 
Arg lie Pro G'lu Glu Gin Leu Ser Phe Lys Asl! Leu Val Ser~ 

2051 CGC ATC CCC GAG GAG CAG CTC TCC TTC AAG GAG crn GTG TCC\&) 

~He His fr~ Asp Leu Alo Ala Arg Asn Val Leu Val fl~ Glu 
2141 \J]gJ ATC CAC AGG GAG CTG GCG GCC AGG AAC GTG CTG GTG ACC GAG 

650 660 
His His lie Asn Tyr Tyr Lys lys Thr Thr Asn Gly Arg Leu Pro 

22.31 CAC CAC ATC GAT TAC TAC AAG AAG ACG ACA AAC GGC CGG TIG Cr.G 
680 690 

His GI n Ser As~ Vol Tr~ Ser Phe G l.Y Va I Leu Leu Trp Glu 11 e 
2321 CAT CAG AGT GAT GTT TGG TCC nc GGT GTG CTG CTG TGG GAG ATC 

. 710 . 720 
Leu Phe Lys Leu Leu Lys Glu GI y His Arg Met Asp Lys Pro Ser 

2411 CTC TTC AAG CTG CTG AAG GAA GGC CAC AGG ATG GAG AAG CCC AGC 
740 750 

Alo Val Pro Ser Gin Arg Pro Thr Phe Lys Gin Leu Val Glu Aap 
2501 GCC GTG CCC T&C CAG CGC CCC ACC TTC MG CAG CTG GTG GAG GAG 

110 TSO 
Leu Ser Val Pro Leu Asp Gin Tyr Ser Pro Gly Phe Pro Alo Thr 

2591 CTG TCG GTG CCG TTG GAT GAG TAC TCG CCC GGC TTC CCG GCC AtG 
~~~----------------~! . 800 . 810 
As~ Pro Leu Pro As~ GI 11 Pro IC'Yi\Le_u Pro ArgfCYS\Pr o Pro His 

2681 GAG CCG CTG CCC GAG GAG CCC~CTG CCG CGC\!!9)CCC CCG CAC 

2111 GCGGGGACtflCCACCGCAGGCAACTGCCCAAAGCTTICGGCTGCTGTTGGGCTGTIGGT 
289 7 CGACGTG GCGGTGCCGCCGTG TCCCTA TGG GGCCGATG CGCGCTGTGAGCATC GCATCC 
3017 CGCTAGGACAGAAGTCCCGTGTACATAGCTAAAATATGTATAAATATGAATATATATTT 
3131 GCTGGTAGATATCAGTTGCTATATATAAAAAAAAA FIG 3C -

TRANSLATED MOL. WEIGHT • 91616.48 - • 
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FIG.-JD. 430 

Arg Arg G1n Vol Thr Vol Ser Alo J\so Ser Ser Ser Ser Met Asn 
CGG AGA CAG GTA ACA GTG TCA GCA GAT TCC AGC TCC rec ATG AAC 

400 
Thr Pro Met Leu Ala Gly Vol Ser Glu Tyr Gtu Leu Pro Glu Asp 

. ACC CCC ATG CTG GCC GGC GTC TCC-GAG·--TAl·--GAG·--CTG-CCC'·"GAG GAC 
490 

Leu Gly Glu Gly(fy'i\Phe Gly Gin Val Val Leu Ala Glu Ala lie 
CTG GGA GAA GGC\.lWTTT GGG CAG GTG GTG CTC GCG GAG GCC ATC 

520 
Lys Met Leu Lys Ser Asp_ Alo Th r GI u ~ys Asp Leu Ser Asp Leu 
AAG ATG CTC AAG TCC GAT GCC ACA GAG AAG GAG CTG TCC GAC CTC 

550 
lie lie Asn Leu Leu Cly_ Alo{GYS\Thr Gin Asp Gly Pro Leu Tyr 
ATC ATC AAC-CTG CTG GGT GCC~ACG CAG GAC GGG CCC CTC TAT 

580 
Gin Alo Arg Arg Pro Pro Gly Met Glu Tyr (Cyi'\Tvr Asn Pro Thr 
CAG GCA CGG CGG CCA CCG GGC ATG GAG TAC'l]VfAC AAC CCC ACA 

610 
Ala Tyr Gin Vo1 Ala Arg Gly Met Glti Tyr Leu Alo Ser ~ys Lys 
GCG TAC CAG GTG GCA CGC GGC ATG GAG TAC CTG GCC TCC AAA AAG 

640 
Asp Asn Vol Met lys tie A Io Asp_ Phe GI y Leu Alo Ar~ As~ I le 
GAC AAC GTG ATG AAG ATC GCT GAU TTC GGG CTG GCC CGG GAC· ATC 

670 
Val lys Trp Met Alo Pro GI u Alo Leu Phe Asp Arg 11 e Tyr Thr 
GTG AAG TGG ATG GCC CCG GAG GCT CTG TTC GAG CGA ATA TAC ACC 

- 700 
Phe Thr Leu Gly Gly Ser Pro Tyr Pro Gly Val Pro Val Glu Glu 
TTC ACG CTG GGG GGT TCG CCC TAC CCC GGC GTG CCC GTG GAG GAG 

730 
Asn~Thr Asn Glu Leu br Met Met Met Arg As~l'CYi\Trl! His 
AAC\(SJACC AAC GAG CTG TAC ATG ATG ATG CGC GAC~TGG CAC 

160 
Leu Asp Arg I le Val Ala Met Thr Ser Asn Gin G lu Tyr Leu Asp 
CTG GAC AGG ATC GTG GCC ATG ACC TCC AAT CAG GAG TAC CTG GAC 

790 
Arg Ser Ser Th r (fy'i\Ser Ser Gt y Gt u Asp Ser Vo I Phe Ser His 
CGC AGG TCC ACC \.lWTCC TCG GGG GAG GAC TCG GTG TTC TCC CAC 

819 
Ser His Gly Alo Leu lys Arg His OP 
AGC CAC GGA GCG CTG AAG CGG CAC TGA GGCTCCGCACGCAGCTGTGCCCCC 

CGGCTCTTTTTTTTTTATCACCCATTTAAACCCTTCCCACGAGGTCTGTGCTTGGACATCC 
CAGCGCTGCCCCAACCCACACGTGTGGGGTGTGCAGCACACGGGGCCGCCCCGGGGATCAG 
ACATGTCTTTTTAAAAGGGTGGTTACCAGAGCTGTGCCAGGCTGGTAGGCA~r.tr.r.Trr.T~ 
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t GCGGAACCCAAG GACTTTTCTCCGGTC CGAG Cf"CGG-GG,CGCC- ,.,,,_,.>-· 42 

43 CCGCACCGG GACGGTA CCCGTG CTGCAGTCGGGCACG CCGCG 84 

85 GGCCCGCCGGGGGCCTCCGCAGGGCGATGGAGCCGGTCTGCA 126 

12T AGGAAAGTGAG GCGCCG CCGCTGCGTT CTGGAGGAGGGGGGC 168 

169 ACAAGGTCTGGAGACCCCGGGTGGCGGACGGGAG CCCTCC CC 210 

211 CCGCCCCGCCTCCG GGGCACCAGCTCCGGCTCCATTG TT CCC 252 

253 GCCCGGGCTG GAGGCGCCGAGCACCGAG CGCCGCCGGGAGTC · 294 

295 GAGCGCCGGCCGCGGAGGACTCTTGCGACCCCGCCAGGACCC 336 

337 GAACAGAGCCCGGGGGCGGCGGGCCGGAGCCGGGGAGCCGGC 318 

319 ACACGCCCGCTCGCACAAGCCACGGCGGACTCTCCCGAGGCG 420 

421 GAACCTCCACGCCGAGCGAGGGTCAGTTTGAAAAGGAGG ATC 462 

463 GAGCTCACTGTGGAGTATCCATGGAGATGTGGAGCCTTGTCA 504 

I 
505 CCAACCTCTAACTGCAGAACTGGG ATGTGGAGCTGG AAGTG C 546 

M W S W K C 

547 CTCCTCTTcr!cc CTG TGCTGGTCACAGC CA CACTCTGcl8c 588 
LL f WAV LV TAT LC T 

30 
589 GCTAGGCCGTCCCCGACCTTGCCTGAACAAGATGCTCTCCCC 630 

A R P S P T 1·p E Q D A L P 
40· 

631 TCCTCGGAGGATGATGATGATGATGATGACTCCTCTTCAGAG 672 
SSE DD 0 0 DD D SSS E 

FIG._4.1 
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.~· 

50 60 
673 GAGAAAGAAA CAG·ATAACA CCAAACCAAACCCCG TAG CTCCA 

EKE TON T KPN P VA P 
70 

715 T ATTG G AC A TCC CCA GA AAA G ATG-GAA·AA GA·k A 1TGCA·TG~A·•C · 
Y W T j P E K M E K K L H ~ 

151 GTGCCGGCTGCCAAGACAGTGAAGTTCAAATG CCCTTCCAGT 
VP AA KT V K F KC PSS 

. 100 
799 GGGACCCCAAAC CCCACACTGCGCTGGTTGGAAAATG GCAAA 

G T P N P lb L R W l E N G K 

841 GAATTCAAACCTGACCACAGAATTGGAGGCTA CAAGGTCCGT 
E &a· K P· D H R l G G Y & V R 

883 TATGCCACCTGGAGCATCATAATGGACTCTGTGGTGCCCTCT 
Y A T W S I I ~n D S V V P S 

925 GACAAGGGCAACTACACCTGcl'TrcTGGAGAATGAGTACGGC 
D K G N Y T C I V E N E Y G 

967 AGCATCAAcJrcACATACCAGCTGGATGTC·GTGGAGCGGf~ 
SIN HT Y Q L D ~VER S · 

1009 CCTCACCGGCCCATCCTGCAAGCAGGGTTGCCCGCCAACAAA 
PH RP ltdb 0 AG l PAN K 

1051 ACAGTGGCCCTGGGTAGCAACGTGGAGTTCATGTGTAAGGTG 
T I~ A L G S N V E F M t&, K V 

1093 TACAGTGACCCGCAGCCGCACATCCAGTGGCTAAAG CA CA TC 
Y . S D P Q P H ~O Q W L K H I 

1135 GAGGTGAATGGGAGCAAGATTGGCCCAGACAACCTGCCTTAT 
E V N G S K I G P D N L P do 

1117 GTCCAGATCff8AA GACTG CTGGAGTTAATACCACCGACAAA 
V Q I L K T A G V N T T D K 

1219 GAGAT GGAGGTGCTTCACTTAAGAAATG
2
nrcOTTTGAGGAC 

E M E V l H L R N V S F E D 
250 

1261 GCAGGGGACT ATACGTG CTTG GCGGGTAACTCTATCGGACTC 
A G E Y T C L A G N S I G i 
~ m. 

1303 TCCCATCACTCTGCATGGTTGACCGTTCTGG AAG cccrs GAA 
S H H S A W l T V L E A l E 

. 280 . 
1345 GAGAGGCCGGCAGTGATGACCTC GCC CCTGTACCTGGAGATC 

ERP AVM TSP LYLE I 

1381 ATCATCTAT~~CACAGGGGCCTTCCTCA TCTCC TGCATGGf~ 

FIG.-4.2 
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~o 300 
I I Y C TG AF L l SC M V 

310 
1429 GGGTCGGTCATCGTCTACAAGATGAAG'AG'TGt1TAC~AAbAAG ;; 

6 S VIV ~OK MKS GT K K 
IUI AGTGACTTCCACAGCCAGATGGCTGTGCACAAGCTGGCCAAG 

S OF HS QM AV HK l AK 
330 340 

1513 AGCATCCCTCTGCGCAGACAGGIAAyAG~GTC TGCTG ACT CC 
SIP LR R 035

0 
SAD S 

1555 AGTGCATCCATGAACTCTGGGGTTCTTCTGGTTCGGCCATCA 
SA SM NSG V L LV RPS 

1597 CGGCTCTCCT,AGTGGGACJCCCATGCfAGCAGGGGTCfb~ 
R LS SS GT PM 

380
A G VS 

B39 GAGTATGAGCTTCCCGAAGACCCTCGCTGGGAGCTGCCTCGG 
E Y E LP &,DP RWE L P R 

1681 GACAGACTGG TCTTAGGCAAACCCCTGGGAGAGGG CTGCTTT 
D Jbo L V L G K P L G E. ¥io C F 

1723 GGGCAGGTGGTGTTGGCAGAGGCTATCGGGCTGGACAAGGAC 
G 0 V V L A E A I G l D K D 

' 420 
rrss AAACCCAACCGTGTGACCAAAGTGGCTGTGAAGATGTTGAAG 

K P N ~O V T K V A V K M L f4o 
1807 TCGGACGCAACAGAGAAAGACTTGTCAGACCTGATCTCAG~A 

S D A T E ·K D L S ~O L I S 

1849 ATGGAGATGATGAAGATGATCGGGAAGCATAAGAATATCAlC 
M E M M K Jtn G K H K N 

1891 AACCTGCTGGGGGCCTGcACGCAGGATGGTCCCTTGTATGTC 
N L L G. A C T Q D G P L Y V 

410 480· 
1933 ATCGTGGAGTATGCCTCCAAGGGCAACCTGCGGGAGTACCTG 

IVE YA SK G NL REY L 

1975 CAGGCCCGGAGGCCCCCAGGGc1TcAATACTGCTACAACCCC 
0 A R ~OD P P G l E Y C Y N lio 

2017 AGCCACAACCCAGAGGAGCAGCTCTCCTCCAAGGACCTGGTG 
SH NP EEO LS SK D l V 

520 
2059 TCCTGCG CCTACCAGGTGGCCCGAGGCATGGAGTA TCTGGCC 

S C A Y 0 V A R G M E Y l A 
2101 TCCAAGAAGTGCATAc

5
l8cGAGACCTGGCAGCCAGGAATGTC 

S K K C I H R D L A A R N V 

1470 

1512 

1554 

1596 

1638 

1680 

R22 

1164 

1806 

1848 

1890 

1932 

1974 

2016 

2058 

2100 

2142 
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5~ 550 
2143 CTGGTGACAGAGGACAATGTGATGAAGATAGCAGACTTTGGC 2184 

LV TE 0 NV MK I AD F G 
560 

2185 CTCGCACGGGACATTCACCACATCGACTACTATAAAAAGACA 2226 
L A R D I H H I D . Y Y K K T --· 

570 .. ., .. --------~ . 580-;o,,., 
2221 ACCAACGGCCGACTGCCTGTGAAGTGGATGGCACCCGAGGCA 2268 

T N G R L P V K W M A P E A 
590 

2269 TTATTTGACCGGATCTACACCCACCAGAGTGATGTGTGGTCT 2310 
L F D R I sbo T H a s D v w s 

2311 TTCGGGGTGCTCCTGTGGGAGATCTTCACTCTGGGCGGCTCC 2352 
F G V L L W E I F T L G G S 

610 620 
2353 CCATACCCCGGTGTGCCTGTGG AGGAACTTTTCAAGCTG CTG 2394 

P Y P G V P V ~O E L F K l l 

2395 AtGG~GGiT~CRCAk GGftCAtG c ~CAi TA ACTS CAY CA~ 2436 

2437 GAGCTGTACATGATGATGCt;GGACTGCTGGCATGCAGTGCCC 2478 
EL y MM MR D c LH Av p 

2479 TCACAGAGA CCCAC CTTCAAGCAG CTGG TC GAAGACC TGGAC 2520 
S Q R P T F K 0 L V E D L D 

2521 CGCATCGTGGccrn;,HR1ccAACC.AGGAGTA CCTGGACCTG 2562 
R I V A L T S N 0 E Y L D L 

680. . 690 
2563 TCCATG CCCCTGGACCA GT ACT CC CCC AGCITTc·ccG ACACC 2604 

SM PL D Q Y SP SF PDT 

2605 CGGAGCTCTACGTGCTCCTCAGIGAGGATTCCGTCTTCTCT 2646 
RS ST CS S GED SV F S 

. 710 . . 726 
2647 CATGAGCCGCTGCCCGAGGAGCCCTGCCTGCCCCGACACCCA 2688 

H E P L P E E P C ho P R H P 

2689 GCCCAGCTTGCCAATGGCGGACTCAAACGCCGCTGACTGCCA 2730 
AO LAN GG L KR R·Z 

2731 CCCACACGCCCTCCCCAGACTCCACCGTCAGCTG TAACCCTC 2112 

2713 ACCCACAGCCCCTG CTGGGCCCACCACCTGTCCGTCCCTGTC 2814 

2815 CCCTTTCCTGCTGGCAGGAGCCGG CTGCCTACCAGGGGCCTI 2856 

· .FIL4.4 

3613 GCTGGTGAGC AGGTCGCAlAGGA 3635 

FIG-4.5 
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CHICKEN FrlR 
h2 
h3 
h4 
h5 

MF TIRCL I LIAVl VTA TL SAAR PA PT LP DOA LPKAN I EV ES HSAHPG D LLQ l R CR LRD DYQS I NIV R DG VO LPEN 

UI
L~IA V L VT AT L~T A Rn PT LP~O- - -- ---- ---------- --- - _:_ _ ---- -------- -- ---- -­

M CLLFIAVLVTATLCTARPSPTLPEO--------~------------------------------------

MI W CLLFWAVLVTATLCTARPSPTLPEQ------~----~--------------------------------­
ISWK L LF WAVLVTATL CT AR SPTLP EO---------------------------------------------

HRTRITGEEVEVRD·RVPEDSGLYA'~TNSPSGSETTYFSVNVSDALPS EDDDD DDSSSEEKE DNTKPN - v 
-------------------------=-----·------------DA LP·S Eoo·o DDSSS EEi£ DNTKPN; . v 

75 
30 
30 
30 
30 

149 
62 

9 

r., 

-w 

' 
-------------------------------------------DA LPSS E·DDD 0 DOSS SE£ IE TON TK PN--P V 
--- ... -------------------------------------DA LP S ED.DD ·o D'DSSSEEIE T DNTK·P·N RMP V 

60 ,-
62 -...J 

-------------------- -- ---------------------DA LPS S ED DD DOS SS EEKE DNTI PN ·- V 60 

APYWT PEIMEll LHAV PAA K TV KFWSGG T PNPT LRJlKNG KE F KP DH RIGG y K VRYATWS 11 NOS v v pso'.KG 224 

APYIT S EIMEll LHAVPAA KTV lFilPSIGT PR PT LRltl. HGIEFKPDH RIG 611 YR I ATIS 11 MOS V VPS D!IG Ill 
APJIT SPEKNEKKLHAVPAAITVIFICPS. GTP~•et-lRI GIEFIPDHRI GGYIVRYATISI IMDSVVPSo:1G 135 
APTIT S :EINE II LHA VPAA I TV If ICPS $BT P'R PT LRIL 16 IEF IPD·HR IGGY IVR l A TIS I IN OS VVP SD(I~ 131 
APYIT SPEIME I I LHAVPAA I TV IF ICPS S G TPN PT LRIL IN GIEFIPD HR I G 61 I YR YATIS I IM D SVV PS D~l.G) 135 

N Y:r1c~ v EN K y Gs I NH Ty Q L D v v ER s pH ftp I L QA G LPA N K TV AL Gs N v E f v·c v y s D p Q pH I o,n K H I E v N 6 s K ,11 G 299 

Ny re I VEN~YGS r NHTY 0 L DVV ERS PHR p I LQ AG LPAN I TVA LGS R.V EF CK VYS D PO PH IQ ILK HI EVNG SK,(I G\ 212 
NYTCIVEN YGSINHTYQLDVVERSPHRPI LOAGLPANKTVALGSNVE M IVYSDPOPHIOILIHIEVNGSK f6l 210 

NY TC l VEN E YG S 111 HT Y Q L D V VE RS p·u R P I L 0 AG L PAR ITV A LG SI VE F N CI VY SD P 0 PH I Q IL I H I EV N GS 11 6 212 
NYTCI VEN E YGS 1 MHTYO LDVVER SPHRP I LOAG LPA ll~VA LGSI VE I Cl VY SDPQ PHI Olll HI EVllGS KI G 210 
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SGTPRLAGVSEYELPEDPRWELPRDRLILGKPLGEGCFGQVVLAEAIGLDKDKPNRVTKVAVKMLKSDATEKDLS 
S G T PM LA G VS EYE l PED PR IE l PR 0 R L(ill G K P LG E G Cf G 0 V V l A EA I G l DI D K P N R V T KV A Y KM LI S DAT E K D LS 
SGTPMLAGVSEYELPEDPRWELPRDRLIY)LGKPLGEGCFGQVVLAEAIGLDKDKPNRVTIVAVKMLKSDATEKDLS 

DLISEMEMMKMIGKHKNI INLLGAGTQOGPLYVIVEYASKGBLREYLQARRPPGMEYCYNPTRIPEEOLSFKDLV 
OLIS EMEMMIM I GU U 11 R L LGA CTQ DC PL lV I VET AS m LR ET LOA RR PP G[iETCTRPIS:mPEEO LSISJl'D LV 
0 LI S EM E MM KN I G K H KN I IN L LG A CT Q DG P LY V I VEY AS l G N LR E Y L QA RR PP GllJE Y CY NP S P EE Q LS(sJK\0 L V ·· 

SCAYQVARGNEYLASKKGIHRDLAARNVLVTEDNVMllADFGLARDIHHIDYYKKTTNGRLPVKWMAPEALRDRI 
SCAYOVAlllNE TlAS Kl CI H·RDLAARNV LV T EDH VMK I A OF G LA RD I H HI DYY 11 TTHG RLPVKIMAP EA LF!DR I 
SCATQVARGMEY LAS KKG I HR OLA ARN V LV TE ON VMll A DFGLA ROI HH I DY Y K KTTNGR LPVKWMAP EA LF:OR I 

' . i 
YTH OSDVWS FG V L UV EI FT LG G·s PYPG VP VEE L F KLLKEGHRMDK PSNCTN EL YMMMRDCWHAV PSQ RPT f ~Q LV 
Y TH QSDVISFGV LLIE I FT l GGSPYPG VP VEE LF K LL KEGHRMDK PSH CTN El Y MMMRDCIHA VPSO R PTF KjQ L V 
YTHOSOVWSFGVLLIEIFTLGGSPYPGVPVEELFKLLKEGHRNDKPSNCTNELYMMMRDCIHAVPSORPTF~OLV . " 

EDLDRI V~TSNQEY LDLiPLOQYSPGFPATRSSTCSSGEDSVFSHD Plif PCL PR~PPHSHGA LKRH•: 
EDLDRIV TSNQETLDL MPLOQYSPSFP TRSSTOSS6EDSVFSH Pl EPCLPRHP L G I • 
£DLDR I VA TSRQEY LD LSN PLDOYSPmFP~TRSSTCSSGEDSVFSRin.LPEEPCLPRH P 0 LAIGG llRR • 
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cl FGFR cDNA 
HUMAN FGFR GENOMIC SEQUENCE (AMINO ACID> 
HUMAN FGFR GENOMIC SEQUENCE INUCLEOTIDE> 
h2 FGFR cDNA 

M F T W ft C L I. L W A V L V T A T L S A A R P A P 

M W S W K C L L f W A v· L V T A T l C T A R P S P 

T L P D Q A L P K A N I E V E S H S A H P G D L L 

T l P E Q - - - - - - - - - - - - - -

OLRCRLRDDVOS INWVRDGVOLPEN 
V 0 L A E 5 

GTGCAGCTGGCGGAAAGC 
- - ... ..,.._ - - - - - - - - - -

I 

N R T R I f G E E v E v R D R v p E D s 6 L y A C1 

N R T R G E E V E V Q D S V P A D S 6 L Y A C1 

AACCGCACCCGCATCACAGGGGAGGAGGTGGAGGTGCAGGACTCCGTGCCCGCAGACTCCGGCCTCTATGCTTGC 
- - - - - - -· 

i 

M T N S P S G S E T T Y f S V N V S - - - - - - 01 

V T S S P S G S D T T Y F S V N V S I I KB INTRON I D .' 
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'CLAIMS 

1. A purified soluble polypeptide comprising IgII 

and IgIII domains of any one of the amino acid sequences shown 

in Figure 7:or an amino acid sequence which comprises two 

domains at least 85% homologous to the IgII and IgIII domains 

respectively·of any one of said sequences; which polypeptide 

lacks a transmembrane domain and is capable of inhibiting the 

binding between a fibroblast growth factor and a fibroblast 

growth factor receptor. 

2. A polypeptide according to claim 1 which 

comprises the IgII and IgIII domains of fibroblast growth 

factor receptor h3 as shown in Figure 7 or a polypeptide 85% 

homologous thereto in said domains. 

3. A polypeptide according to claim 1 or 2, which 

comprises a first Ig domain which has (i) two cysteine 

residues, (ii) a tryptophan residue 11 or 12 amino acids on the 

carboxyl-terminal side of the one of the above-mentioned 

cysteine residues which is closest to the N-tel'.'.tninal end, and 

(iii) a sequence DXGXYXC on the amino terminal side of the 

other of said cysteine residues; a second Ig domain c- te.rminal 

to the first domain also comprising features {i), (ii) and 

(iii) as defined for the first Ig domain, except that the 

-~; second said Ig domain may have a carboxyl-terminal sequ~nce 

which is .at.l~_~s~_85% homologous to.the 79-amino_~~~4.~~quence 

from residues 224 to 302 or 222 to 300 of human protein h4 or h5 

respectively of Figure 7 in place of the said other cysteine 

residue and the sequence (iii) . 

4. A polypeptide according to claim 3 wherein the 

first lg domain comprises residues 85 to 141 of a human 

sequence as shown in Figure 7. 

5. A polypeptide according to any one of claims 1 

to 4 which further comprises a carboxyl-terminal sequence which 

9. {, "~ 1. '.:\--~ ·-· :.:{-

l Sh ... J~ . .,, 
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is the 79-amino acid sequence from residues 224 

300 of the ·sequence of a human sequence h4 or hS respectively as 

illustrated in Figure 7. 

6. A purified polypeptide comprising the human 

sequence designated as h4 or hS in Figure 7. 

7. A purified polypeptide which is less than 85kD 

and comprises a fibroblast growth factor-binding domain of a 

fibroblast growth factor receptor; said receptor comprising an 

amino acid sequence as shown in Figure 7 or an a-llelic variant 

or mutant thereof, or a homologous sequence which is encoded by 

a nucleic acid which hybridizes to DNA which encodes said 

sequence variant or mutant under stringent conditions including 

a temperature over 37°C and a salt concentration of less than l 

M. 

8. A polypeptide according to claim 7, which is 

soluble. 

9. A polypeptide according to claim 7 which further 

comprises or includes a segment of at least 5 contiguous amino 

acids selected from the group consisting of 

(a) a signal segment; 

(b} an acidic segment having a series of eight 

consecutive acidic residues; 
(c) up to three Ig segments from Ig domains each of 

which is characterized by having (i) two cysteine residues, 

~ii) a .tryptophan residue. 11 or 12 amino acids on the carboxyl­

terminal side of the one of the above-mentioned cysteine 

residues which is closest to the N-terminal end, and {iii) a 

sequence DXGXYXC extending on the amino terminal side of the 

other of said cysteine residues: except that one of said Ig 

domains may have a carboxyl-terminal sequence whi.ch is_ f3.t. l~ast 

85% homologous to the 79-amino acid sequence from residues 224 

to 302 or 222 to 300 of the human protein h4 or hS respectively 

of Figure 7 in place of the said other cysteine residue and the 

sequence (iii) ; or 
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(d) a transmembrane segment. 

10. A polypeptide according to any one of claims 7-

9, wherein the fibroblast growth factor-binding domain includes 

at least 30 amino acids of each of the two Ig domains as 

defined i~ claim 9 which are closest to the carboxyl terminal 

as illustrated in Figure 7. 

11. A polypeptide according to claim 7, wherein the 

fibroblast growth factor receptor is a chicken fibroblast 

growth factor receptor. 

12. A polypeptide according to any one of the 

preceding claims which is present in a multichain complex of 

proteins. 

13. A monoclonal antibody that binds to a 

polypeptide according to any one of the preceding claims. 

14. A monoclonal antibody according to claim 13 

which binds to f ihroblast growth factor receptor .h3 shown in 

Figure 7. 

15. A composition comprising polypeptide in 

\~ accordance with any one of claims 1-12 with a carrier. 

16. A polypeptide according to any one of claims 1 

to 12 or monoclonal antibody according to claim 13 or claim 14 

or a composition according to claim 15 for use in treatment of 

diseases associated with fibroblast growth factor receptors. 

17. An isolated nucleic acid which encodes a 

polypeptide according to any one of claims 1-12. 

18. An isolated nucleic acid which comprises or 

selectively hybridizes with all or part of a sequence in the 
---

IgII and IgIII domains shown in any one of Figures 3, 4 or 9 
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under stringent conditions including a temperature over 37°C 

and a salt concentration of less than 1 M, and which encodes a 

polypeptide of any one of claims 1 to 12. 

19. The nucleic acid according to claim 18 which 

hybridizes with the sequence shown in Fig. 4. 

20. An isolated nucleic acid according to claim 18 

which is at least 80% homologous to a sequence shown in Figures 

3, 4 or 9 or the part thereof. 

21. An isolated nucleic acid according to claim 18 

or 20 which encodes a fibroblast growth factor receptor which 

substantially lacks an intracellular domain. 

22. An isolated nucleic acid according to any one of 

claims 18 to 21 which comprises a sequence which comprises or 

hybridizes under stringent conditions including a temperature 

over 37°C and a salt concentration of less than 1 M with a 

nucleic acid sequence which encodes an Ig domain bounded by two 

cysteine residues present in the region of the sequence bounded 

by amino acids 87-141 of the human sequences illustrated in 

figure 7, or bounded by amino acids 176-228 in the chicken 

sequence illustrated in Figure 7. 

23 . An isolated nucleic acid of claim 21 encoding a· 

substantially full-length IgII domain of a fibroblast growth 

factor receptor, wherein the IgII domain is characterized by 

having (i) two cysteine residues, (ii) a tryptophan residue 11 

or 12 amino acids on the carboxyl-terminal side of the one of 

the above-mentioned cysteine residues which is closest to the 

N-terminal end, and {iii) a sequence DXGXYXC extending ?n the 

amino terminal side of the other of said cysteine residues. 

24. An isolated nucleic acid according to claim 23, 
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wherein the sequence encoding said IgII domain is native to a 

human. 

25. An isolated nucleic acid of any one of claims 

18-23, further comprising a transcription promoter sequence. 

26. An isolated nucleic acid according to any one of 

claims 18-25 which encodes a soluble human fibroblast growth 

factor receptor lacking a transmembrane region. 

27. An isolated nucleic acid according to claim 26, 

wherein said soluble human growth factor receptor comprises two 

domains which are at least 85%' homologous to IgII and IgIII 

domains respectively of h4 and hS as illustrated in Figure 7. 

2-S. A method of making a polypeptide which comprises 

expression of a nucleic acid of any one of claims 18-27. 

29. A nucleic acid according to any one of claims 

18-27 which further comprises a nucleic acid encoding a 

reporter molecule. 

30. A method for making a fibroblast growth factor 

receptor peptide as defined in any one of claims 1 to 12, 

wherein the peptide is produced in a cell transformed with a 

nucleic acid comprising a sequence encoding said peptide 

operably linked to transcriptional and translational initiation 

regions, said method comprising expressing said nucleic acid 

and recovering the FGF-R peptide. 

31. A method for producing an antibody against a 

fibroblast growth factor receptor fragment, said method 

comprising a step of producing an antibody against a 

polypeptide epitope comprising at least six contiguous amino 

acids of a polypeptide according to any one of claims 1-12. 

32. A method according to claim 31, wherein said 
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consisting of a signal sequence, an Ig segment from an Ig 

domain which is characterized by having {i) two cysteine 

residues, (ii} a tryptophan residue 11 or 12 amino acids on the 

carboxyl-terminal side of the one of the above-mentioned 
cysteine residues which is closest to the N-terminal end, and 
(iii} a sequence DXGXYXC extending on the amino terminal side 
of the other of said cysteine residues; an acidic segment 
having a series of eight consecutiv~ acidic residues, or a 
segment from a modified Ig domain which has a carboxyl-terminal 

sequence which is_ At _l~ast ~St homologous to the 79-amino acid 

sequence from residues 224 to 302 or 222 to 300 of the h4 or hS 

proteins respectively of Figure 7 in place of the sequence 

DXGXYXC. 
33. A method or measuring a fibroblast growth factor 

or a fibroblast growth factor receptor in a target sample, said 
method comprising the steps of: 

combining said target sample with a polypeptide 

according to any one of claims 1-12; and 
determining the extent of binding between said segment 

and said sample. 

34. A transformed cell capable of expressing a 

polypeptide according to any one of claims 1-12. 

35. A transformed cell according to claim 34 which 
includes a nucleic acid which comprises or hybridizes under 

stringent conditions including a temperature over 37°C and a 

salt concentration of less than l M with a nucleic acid which 

encodes the entire membrane-bound form of a human fibroblast 
growth factor receptor as shown in Figure 7. 

36. A transformed cell according to claim 35 which 
includes a nucleic acid which comprises or hybridizes with a 
nucleic acid which encodes the entire extracellular domain of a 
human fibroblast growth factor receptor as shown in figure 7. 
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37. A transformed cell according to any one of 

claims 34-36, wherein the cell is capable of secreting the 

human fibroblast growth factor receptor peptide. 

38. A method for measuring a fibroblast growth 

factor or a fibroblast growth factor receptor, comprising: 

. combining a target sample containing a fibroblast 

growth factor with a soluble polypeptide according to any one 

of claims 1 to 12; and 

determining the extent of binding between_the segment 

and the fibroblast growth factor in the sample. 

39. The method of claim 38, further comprising 

evaluating a potential agonist or antagonist for ability to 

promote or inhibit binding interaction of the segment and the 

growth factor. 
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ABSTRACT OF THE DISCLOSURE 

A fibroblast growth factor (FGF) receptor including a 

basic fibroblast growth factor receptor has been purified. 

Various forms have been identified including soluble forms 

lacking any transmembrane segment. DNA sequences encoding 

full-length fibroblast growth factor receptors and polypeptides 

comprising a portion of an FGF-R ligand-binding domain have 

been isolated and sequenced. These DNAs include DNAs encoding 

for a basic FGF-R and a human FGF-R and are operably linked to 

control sequences and expressed in a culture of a compatible 

host transformed, t~ansfected or electroporated by a cloning 

vehicle containing the DNA sequence. The invention also 

comprises antibodies to the receptor, methods of synthesizing 

the growth factor receptor proteins, methods for providing 

analogs of the fibroblast growth factor receptors. Methods for 

evaluating compositions which promote or inhibit fibroblastic 

growth factors and compositions which are agonistic or 

antagonistic to fibroblast growth factor receptors are also 

provided. Diagnostic and therapeutic uses are described. 


