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This application is a continuation-in-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 under grant contract No. HL-071%2 and under grants ROl
HL-32898 and POl HL~43821-01, all awarded by the National

Institutes of Health. The government may have certzain rights
in this invention.

F e' £ _the ventio

The present invention relates to receptors for growth
factors, specifically to the fibroblast growth factor receptor
(FGF-R) . More particularly, it provides various purified
fibroblast growth factor rescepter proteins, nucleic acids
encoding the receptor proteins, methods for the production of
purified FGF-R proteins, proteins made by these methods,
antibodies against these prugéins, and diagnostic and
therapeutic uses of these vaéious reagents.

. BACKGROUND OF ‘THE INVENTION

Polypeptide growth factors are mitogens that act on
cells by specifically binding to receptors situated at the
plasma pembrane. These receptors usually have three major
identifiable regions. The first is an extracellular regisn
which contains the domain that binds the polypeptide growth
facter (i.e. the ligand-binding demain). The second region is
a transmembrane region and the third is an_ intracsilular
region. Many of these receptors contain a tyrosiﬁé kinase
demain in the intracellular region.

‘The fibroblast grovth factor recaptcr (FGF~R)
proteins /bind to a family of related growth fadtor ligands, the
fibroblast growth factor (FGF) family. This family of growth
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factors are characterized by aminc acid seguence homology,
heparin-binding avidity, the ability to promote angiogenesis

and mitegenic activity toward cells of epithelial, mesenchymal
and neural crigin.

The FGF family includes the following seven

known FGFs:

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

(3) the int-2 gene product (R.’Mnore et.al., EMRO.
I, 5:919 (1986); '

(4) the hst gene product or Kaposi's sarcoma FGT
(X.J. Anderson et al. Natyre, 332:360 (1988); M. Taira et al.,
Proc. Natl, Acad. Sci. USA, 84:2980 (1987)):

(5) FGF-5 (X. Zhan et al., Mol. Cell. Biol., 8:3487
(1988)): and

(6) keratinocyte growth factor (J.S. Rubin et al.,
Proc. Natl, Acad. Sci. USA, 86:802 (1989)). '

{7) FGF=6 (I. Maxrics, et al., Oncogene 3:335
(1288)). _ :

The actions of acidic and basic FGT are mediated
through binding to high 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," Bjochem. Biophys. Res.
Communications, 155:583 (September 15, 1988) discloses the
purification of nanogram amounts of a basic FGF receptor
(bFGF-R) from rat brain.

While genes enceding a number of growth factor
receptors have been molecularly cloned (e.g., mouse PDGF
receptor, Yarden et al., ﬁggg;g, 323:226 (198€), nc clone has
previocusly been identified as encoding a fibroblast growth
factor receptor (FGF-R). Using antiphosphotyrosine antibodies
to screen Agtll cDNA expression libraries, a 2.5 kilcbase cDNA
encoding a novel tyrosine kinase gene, designated bek
(bacteriaily expressed kinase), was isolated from a mcuse liver
cDNA library. (S. Kornbluth et al., “Novel Tyrosine Kinase
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Identified by Phosphotyrecsine Antibeody Screening of cDNA
Libraries*, Mol. Cell. Biol. No. 8, 5541 (1988)). The bek
sequence did not contain a transmembrane region and therefore
could not be identified as a growth factor receptor. ' Ancther
protein tyrosine kinase gene designated flg (fms-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 Protein Tyrosine Kinase Gehe
Whose Expression is Modulated During Endothelial Cell
Differentiation", Oncogene, 3:9 (1988)). Those authors could
not identify a transmembrane region in their isoclated sequence
and therafore hypothesized that flg encocdes a cytoplasmic
tyrosine kinase.

The purified and cloned chicken bLFGF and huwan bFGF
receptors of this inventién have amino.acid sequence similarity
with the bek and flg clones in the regions which have been
isolated. However, both the begk and flg sequences reported
were incomplete and there was no recognition of their function
as FGF binding receptors. Morecver, the prior reports failed
to recognize many of the structural and functional features
described in the present invention.

Members of the FGF fawily appear to have roles in
tissue development, tissue repair, maintenance of neurons and
in the pathogenesis of disease. Aberrant expression of FGF may
cause cell transformation by an autocrine mechanism. Moreover,
FGFs may enhance tumor 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 understanding of
the mechanisms and interactions involved remain woefully
incoumpletea.

Purified FGF recéptors and fraguments, and isclated
DNA ssquences encoding defined FGF receptors and defined
fragments (e.g., ths ligand-binding demain) will greatly
accelerate the understanding of fibroblast growth factor
functions. Aantibodies against specific and defined regions of
the FGF réceptcr also become available. These reagents will
find’both diagnostic and therapeutic uses in the
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processes. The present invention fulfills these and other
needs.
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Thé present invention provides purified fibroblast
growth factor receptor (FGF-R) proteins, nucleic acids encoding
FCF-R proteins, methods for the production of purified FGF-R
proteins, purified proteins made by these methods, antibodies
against these proteins and fragments, and diagnostic and
therapeutic uses of these rsagents. Notably, the present
invention provides soluble and secreted forms of the receptors
exhibiting an unusual receptor structure.

The present invention 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 bhinding to said fibroblast growth
factor receptor. Typically, the agent -will be a fragment of a
human fibroblast growth factor receptor, e.g., a fragment
produced in a cell transformed with a nucleic acid containing
at least about 15 bases of a saguence selectad from the group
consizting of: '

a) a DNA setuance in Figures 3 or 4;
b) a sequence enceding a polypeptide of Figures 3, 4 or
7; and

c) a seqﬁence substantially homologoué t¢ a seguence of
Figures 3 or 4.
The fragment will often be a fibroblast growth factor receptor
extracellular domain without a tyrosine kinase region.

Alternatively, a method is provided for inhibiting

binding between a fibroblast growth factor and a fibroblast
growth factor receptor in a solution. This method will centain
a step of combining an FGF-R peptide, e.g., a peptide
homologous in sequence to a seguence described in Figures 3 4
or 7 to a sclution 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 ass ‘\ ot ¥ A%B‘
e\ 1 ACE
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Compositions containing a soluble FGF-R peolypeptide
having between about five and two hundred contiguous amino
acids from a human FGF-R extracellular domain are described.

In one embodiment, the polypeptide contains at least about 80

arino acids from residues 1 to 287 of a2 human fibroblast growth

factor receptor of Figure 7 or an IglI or IgiII domain, or

both. In alternative embodiments, the IgII domain will have

about 7 contiguous amino acids from residues 85 to 141 of a

10 human sequence of Figure 7 or may contain a carboxy-terminal
sequence substantially homelogous t¢ the 79 amino acid seguence
from residues 222 to 300 of a soluble human protein of Figure

7. Particularly preferred polypeptides consist essentially of
the h4 or hS sequences (Figure 7).

15 A further aspect of the invention is a fibroblast
growth factor receptor composition containing a substantially
pure polypeptide of less than about 85 KDa comprising a
£ibroblast growth factor~-binding demain. The pelypeptide may
be soluble or may specifically possess a signal segment, an IgI

20

segment, an acidic segment, an IQII segment, an IgIII segment,
an IgIIIT segument, or a transmembrane segment. Prefarred
embediments will be homologous to a sequence described 'in
Figures 3, 4 or 7 or will include at least about 30 amine acids
of each of both IgII and IgIIY domains. The polypeptide can be
25 one polypeptide chain in a multi-chain complex of proteins. A

chicken fibroblast growth factor receptor is cne preferred

embodiment.

The present invention embraces isolated nucleic acids

encoding human fibroblast growth facter receptor proteins which
30 substantially lack an intracellular domain. Such a nucleic
acid will usually exhibit a sequence homelogous to an IgIX
domain described in Figure 7, or may include a substantially
full length IgII domain. The nueleic acid will usually also
have a signal segment, an Igl segment, an acidic segment, an
IglIl 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. 2 particularly
preferred embodiment is a nucleic acid encoding a ¥
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native to a human. The nucleic acids may be operably linked to
. a transcription promeoter sequence and may further be

incorporated into expression vectors suitable for production of
reconbinant FGF~R peptide.

i

3

5 Also included are isolated nucleic acids encoding a
soluble human fibroblast growth factor receptor, preferably one
homologous to h4 or h5. Protein products made by expressing
such an isolated nucleic acid are provided.

A method is provided for making these proteins of
10 newly recognized utility, e.g., fibroblast growth factor
receptor activity, said wmethed comprising expressing an
isolated nucleic acid. Products praduced by this methed are
now alsc available.
Additional methods are provided for making fibroblast
15 growth factor receptor peptides by transforming a cell with a
nucleic acid of at lgast about 21 bases of a seguence saelected
from the group consisting of:
a) a DNA seguencea in Figures 3, 4 or 9:
b) a sequence encoding a polypeptide of Figures 3, 4 or
20 7; and

¢} a sequence substantially hcmologcus to a sequence of
Figures 3, 4 or 9. :
Other methods for producing an antibody against a
fibroblast growth factor receptor fragment are described,

25 including a step of producing an antibody against a polypeptide
epitope homologous ta 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 seguent, an Igl-
segment, an acidic segment, an IgII segment, an IgIII segment,

30 or an IgIIIT segment.

As a dlagnostlc use, these reagents provide a method
for measurlng a fibroblast growth factor or a fibroblast growth
factor receptor in a target sample, said method comprising the
steps of: '

35 combining said target sample with a fibroblast growth

factor receptor segment; and

detefmining the extent of binding between said segment and
said sample.
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This invention alsc provides a transformed cell
capable of expressing a polypeptide hcmologous teo at least a
portion of a human f£ibroblast growth factor receptor. A
preferred embodiment is where the cell expresses a polypeptide
homologous to substanéially the entire membrane bound or
soluble form of a human fibreblast growth factor receptor.
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 compares the binding of various derivatives of
FGF to FGF~R. Fig. 1(A) is a graph showing the percent binding
inhibition of 125I-labeled bFGF. Fig. 1({B) is an
autorazdiograph of bFGF cross-linked Swiss 3T3 cells subjected
to gel electrophoresis.

Fig. 2(2) is an autoradiograph of cross-linked
chicken membrane fractions and WGA sluates 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-Sepharase 4B column chicken embryo eluate
shown in Fig. é(A).

Fig. 3 shows the nucleotide and aming acid sequence
of a chicken bFGF receptor.

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

Fig. S{A) represents an autoradicgraph of a2 nerthern
blot of chicken RNA probed with a full length c¢DNA chicken bFGF
receptor under high stringency cenditions. Pig. S(B)
represents an autoradiograph of a primer extension of chicken

RRNA subjected to electrophoresis on an acrylamide sequencing

gel. \

Fig. 6 is a schematic of a chicken bFGF ;gcepgor
indicating 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 residue in the Ig-
like domain.

Fig. 7 provides an amino acid seguence 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
FCGF receptor sequence are outlined in open boxes. Transmembrane
sequences are underlined. These DNA sequences are in
GenBank/EHéL data bases under the following accession numbers:
n2 is M34185, h3 is M34186, h4 is M34187 and hS is M34133.

onm
J

~4

o]

Recelved Time



) 19 FEb.

0 Wo 91700916

i0

15

o 20

25

30

35

[ ' ' No 6763 P, 16/64

This Sheet Has Been Replaced

L] — -

X Fig. 3 provides a schematic representation 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 kinase 2 domains (stippled boxes),
and the divergent region of h4/hS (zigzag line). Asterisks
indicate the position at which h2 and h4 contain the segquence
ArgMet, the chicken receptor contains a single Asn residue, and
h3 and hS contain ne corresponding residues. Triangies
indicate the position at which h3 contains a Glu residue and
all other receptor forms contain a Lys residue. The numbexs at
the top of the figure indicate the degrees of anino acigd

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

ey
7 Ll

Fig. 9 presents a comparison of various human FGF
receptor genomic saquences 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 seguences. A 1 Xb 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 (1)
and ends with the acidic region (EDDDDEDD: amino acids 125~132
in ¢l FGF~R). The amino acid sequence shown for the human h2
FGF receptor begins with the initiator methionine residue (1)
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/pSV74 expression
construct (lanes 1, 2, 7, and 8), the h2FGFR/pSV7d expression
construct (lanes 3, 4, 9, and 10), or with vectors alone (lanes
5, 6, 11, and 12) were incubated with 0.1 pmoles of 1257 arer
(lanes 1-6) eor 1251-bFGF (lanes, 7-12) in the presence or
absence %f a 200-fold excess of unlabeled aFGF (lanes 2, 4, and
6) or bFGF (laries 8, 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 HEPES pH 7.4, 0.2% gelatin, and twice
vith ice cold PBS. Disucecinimidyl suberate (DSS) was added to
a final concentration of 0.15 nM and crosslinking was allowed
to proceed for 15 minutes at 4°C., Samples were resuspended in

5 sample buffer then subjected to SDS PAGE followed by
autoradiocgraphy.

Fig. 11 illustrates acidic and basic FGF induction of
efflux from Xenopus ococytes injected with RNA encoding
a chicken FGF receptor or the h2 human FGF recepter. The
10 graphs show 45ca*t effiux from oocytes injected with chicken

FGF receptor RNA (A and C, open sguares), human h2 RNA (B and
D, open squares), human h3 RNA (B and D, solid triangles) or
water (A~D, solid squares). Injected cocytes were incubated
with 45:aC12 for 3 hours at 19°C and then washed extensively.
15 Groups of 5 cocytes were placed in individual wells of a 24
well plate and 0.5 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) or bFGF
(panel C and D) were added to a final concentration of 0.5 nM.
20 As a positive control, carPachol was added after 100 minutes.
Each data point represents the average of triplicate wells.
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DETAYLED DESCRIPTION OF THE PREFERRED EMBODIMENT

QUTLINE

I. General Description
s A. FGF-R
1. structural features
a. extracellular domain
i. signal sequence
ii. 1Ig domains
10 iii. acidic amino acid regien
b. transmembrane segument
¢. intracellular domain
i. tyrosine kinase
ii. insext
s 2. function
a. bind FGF
b. bhind to FGF-R peptide
c. tyrosine kinase activity
B. Physioclogical Functigns
20 1. cellular
2. tissue differentiation
3. organismal
II. Polypeptides
A.. Soluble Forms
25 B. Truncated Forms
C. Fusicn Proteins
D. Genetic Variants (site-directed mutagenesis)

. E. Compositions Comprising Proteins
TII. Nucleic acids
30 A. Isolated Nucleic Acids

B. Recocubinant Nucleic acids
C. Compositions Comprising Nucleic Acids
IV. Methods for Making FGF=R
A. Protein Purification
35 1. affinity with derivatized FGF
2. various ligands, same receptor
R B. Expression of Nucleie Acids
V. AaAntibodies
Vi. Methods for Use
40 A. Diagnostic
B. Therapeutic

* * * %* *

45 I.' General Description

A first aspect of the invention provides hemogeneous
"FGF~R peptides. These homagenecus FGF-Rs include a chicken
basic fibroblast growth factor receptor and various human
fibroblast growth factor receptors. Homogeneous polypeptides
50 either having FGF-R ligand-binding activity or ccmprising a
portion of the ligand-binding domain of an FGF-R are described.
Notébly, the present invention provides homogeneous
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seguent (designated the transmembrane segment). The segments
of FGF-R amino-proximal to the transmembrane segment are
designated the extracellular domain, while the segments
carboxy-proximal to the transmembrane saément are designated
5 the intracellular domain. From the amino-terminus, the

extracellular domain has an NH,-terminal hydrophobic putative
signal sequence, an immunoglobulin~like domain (designated
Igl), and acidic segment, a second immunoglobulin-like deomain
(designated IgQII), and a third immunocglobulin-like domain

10 (designated IgIXI). Although various structured features may
be identified in the external demain of the FGF-R, the most
important functional property which defines the domain is the
binding to the receptor ligands, e.g., members of the FGF
family. As discussad below, this functicn is correlated with

15 the combined presence of IgII 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 domain is defined by its tyrosine kinase

20 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.

" Bezides the chicken recepter, four unique human cDNA

25 clones have been identified. These encode previously unknown

' FGF receptor variants which contain only two Ig-like domains.

TWwo of the human clones encoede membrane spanning receptors and
two enéode putative secreted forms. Both the forms exhibiting
the 3 Ig=like or 2 Ig-like domain structures mediate biological
30 responsiveness to acidic and basic FGF. Thus, the first Ig
domain of the 3 Ig domain form may have a functi;n cther than
binding of acidic and basic FGF. The multiple human receptor
forms, :are identical in scme regions but are highly divergent
in other selectéd regions of the extracellular domain. Two of
35 the human variant receptors, h4 and h5, are likely to encode a
secreted form of the FGF receptor.
' A typical FGF-R nucleic acid sequence encodes a
transitory NH,-terminal hydrophobic seguence, which is usu
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cleaved during the translocation process. The classical
function of a signal sequence is to direct the nascent
polypeptide chain to membrane bound ribosomes, thereby leading
to membrane translocation. However, since the signal sequence

NO. DIBS I LL/0=

is typically removed in the translocation process, the signal
sequence is absent in a mature polypeptide.
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
10 consensus tryptophan residue 11 to 12 amino acids on the COOH-
terminal side of the first cysteine residue in each Ig-like
domain: and (iii) the presence of the consensus sequence,
DXGXYXC, on the NH,-terminal side of the second cysteine
residue. The last feature is medified in the cases of the

15 soluble receptor proteins, and substituted with an equivalently
sized sedquence.

Additional features characteristic of the Ig domains
are apparent beth in comparing the domains with one another,
and comparing homologous deomains of different receptor

20 nmolecules. The amino-proximal Ig domain found in the chicken
clone was designated IgI. As the chicken clone has three Ig
demains, the domaing have been numbered from the amino
terminus. As indicated in Figure 6, the Igl domain includes
the 45 aming acids flanked by a pair of cysteine residues. The
chickan IgI domain has a high homology in sequence with the IgI
demain found in the genomic sequence of the human FGF=-R.

However, the human forms appear to lack a domain corraesponding
to IgI.

25

The next Ig demain is designated IgII, and in the

30 chicken receptor includes 51 amino acids between the two
cysteine residues (see Figs. 3 and 6). Asg described below,
this domain, in combination with the IgIII domain is involved
with ligand binding. The pelypeptide seqﬁence‘homology of this
domain between the chicken and human receptors is quite high,

35 as shown by the sequence alignments in Pig. 7. It will be
noted that the human receptors lack an Ig I domain but have
IgIl and IgIII 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, 139, 141, and 139 on the
carboxy proximal side for the chicken, h2, h3, h4 and bS5
receptors, respectively.

The third Ig demain is designated IgIII and in the
chicken receptor includes 63 amino acids between the two
cysteine residues. See Figs. 2 and 6. Again, although the
human receptors have only tvo domains, the domains correspond
to IgII and IgIII. 1In 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 h5 receptors,
respectively, used to delineate this domain are residues 274,
187, 185, 187, and 185 on the amino proximal side and residues
338, 252, 250, 253, and 251 on the carboxy proximal side.

The h4 and hS soluble receptors have a substituted
terninal segment designated IGIIIT. This segment is a
substituted terminal segment replacing part of the membrane
bound to IgIXI, and is 79 amino acids long. This sequence
corresponds to amino acids 224 and zzZ¢o£_h4 and hs,
respactively, while preserving many of the features found in
the IgIII domain except of the DSGSYSC. It should be noted,
hovever, the IgIIIT sequences are conserved between the soluble
forms of the buman FGF-R.

Between the first and second immuneglobulin-like
domains, the FGF receptors (shown for the basic FG¥-R, but the
same FGF=R binds both the acidic and basic PGFs} have a feature
not found in other members of the immunoglobulin superfamily.
There is a sexries 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 3 and 7). Although uninterrupted
stretches of 7 to 33 acidic residues have been described for
several intracellular proteins, in particular nuclear proteins.,
such acidic regions are unusual in the extracellular region of
transmembrane receptor proteins.

The 5 receptor spécies (e.g. the chicken, h2, h3, h4
and hS forms) also exhibit variability at a specific location
between the conserved acidic region and the conserved second
Ig=like domain (IgXI). The h2 and h4 recepror forms contain
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tvo amino aclds (ArgMet) at positions 59 and 60, while the
chicken receptor containg a single amino acid (Asn) at this
position and the h3 and h5 recepter forms contain ne

corresponding aminc acids at this position (see asterisks, Fig.
5 8).

2nother unusual feature is the length of the
juxtamsmbrane region, the region between the membrane spanning
segument and the kinase domain. This region is normally
conserved among receptor tyrosine kinases. For example, the

16 juxtamembrane region is consistently 49 to S1 residues in
length in the receptors for PDGF, CSF-1, epidermal growth

- factor (EGF), human epidermal growth factor-2 (HER2) and
insulin. The FGF receptors with an intercellular demain have
an unusually long juxtamembrane region of about 87 residues.

15 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,

20 the Xkinase region of the bBbFGF receptors shares the most
sequence identity (about S1 to 53%) with the PDGF and CSF-1
receptors. The LFGF receptors contain the GXGXXG motif and the
conserved lysine residue (about residue 512) that form part of
the adenosine S'-~triphosphate (ATP) binding site of tyrosine

25 Kkinases. The bFGF receptors also contain the two
characteristic tyrosine kinase motifs, HRDLAARNVL and DFGIAR,
and a tyrosine (about residues 651, 564 and 562) at the
position analogous to the major phosphorylation site of pp60’
SIC (about Tyr 416).

30 The kinase coding sequence of the bFGF receptors,
defined by homology to other tyrosine kinases, are 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 awmino 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 biclogical
functions. The first is the binding of ligands, usually the
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FGF proteins or their analogues. These ligands or analogues
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 ordinarily be FGF-modulated.

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
biclogical activity which may be mediated by blecking agents.
this may serve as an additional means to modulate FGF-mediation
of particular activities.

B. Physiolegical lmplications

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 jin
Xivo effects of FGF include, in particular organisms,
modulation of various activities, e.g., limb regeneration, lens
regeneration, angiogenic effects on both normal and tumor
cells, wound healing, adipocyte differentiation, and growth of
various neural and myoblast cells. FGFs also exhibit potent
angiogenic 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. 1In
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 inveclved
in tumor formation. Thaée diverse cellular and bhysiclogical

effects foreshadow the central importance of thaese receptor~
ligand interactions.

18

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 necessary for effecting a
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to assess the ability of a selected receptor to bind different
ligands (FGFs and analogues) thereby providing a powerful tool
for evaluating the potential of drugs for promoting or

5 inhibiting specific FGF-induced cellular responses.

Cells transfected, injected, infected or
electroporated with DNA or mRNA containing a full length
natural FGF-R sequence will often express the native or wild
type receptor and respond accordingly. " Specific concentrations

10 of a purified receptor or a recepter polypeptide fragment can
be used to block the binding of the ligand (FGF) to native FGF
zeceptors. Alternatively, antibedies to the receptor or
fragment can have the sawne effect.

Homegeneous and defined polypeptides and DNA

15 sequences will find use in raising antibedies. In particular,
antibedies against specific regions of the receptor, e.g., the
ligand-binding domain, will find use in diagnostic testing.

The reagents FGF-R, FGF-R polypeptideé and antibedies to
specific regions of the receptor can be used to study

20 regulation of FGF mediated activities. For example, FGF
agonists should stimulate blood vessel development, an effect
particularly benaficial in weound healing and in the growth of
cellateral blood vessels in ischemic areas of the heart. FGF
antagonists should find use in preventing aberrant angiogenesis

25 as seen in diabetic retinopathy and rheumateid arthritis or in
controlling tumors by blocking proliferation of vascularization
o a tumor.
II. Polypeptides
30

This invention includes fibroblast qrawth factor
receptor polypeptides and proteins having FGF-R ligand~binding
activity. The receptors of the present inventicn include FGF
receptor amino acid sequences such as the amino acid sequences
for a chicken bFGF-R and human FGF~R forums as shown in Figures
35 3, 4, and 7. Also included are homologous sequences, allelic
variatigns, 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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material. Closely related FGF-receptors retrieved by antisera
to FGF receptors are also included.

The symbols for the amino acid residueg are shown
$ in Table I.

Table I
Abbreviations for the Amino Acid Residues
10 A, Ala; G, Gly: M, Met: S, Ser;
C, Cys; H, His; N, Asn: T, Thr:
D, Asp: ‘I, 1le: P, Pro: v, Val;
E, Glu; X, Lys; Q, Gln; W, Trp;
F, Phe: L, lLeq; R, arg; Y, Tyr:

15
X, any amino acid and Z, termination.

Various new human FGF receptors have been cloned and
characterized, as described further below. Of particular note,

20 various shorter forms (h2 and h3) and scluble versicns (h4 and
h5) of FGF receptors have been discovered. The soluble
proteins (e.g., forms lacking a transmembrane segment) which
posseés FGF binding capacity indiéateg'that shorter forms will
find therapeutic and/or diagnoestic uses.

25 _ Typically, the fibroblast growth factor receptor
peptides of the present invention will exhibit at least about
85% homology with the naturzlly-occurring receptors in the IglI
and -IgIIX regions, usually at least about 90% homolegy, and
prefefably at least about 95% homology.

30 In particular, the ligand 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 of the naturally soluble variants.

35 Alternatively, the soluble forms may interferes 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 transmenbrane

40 segment are unusual in having only the IgiI and IgIII of the

three Ig domains. The avbsence of the IgI domain indicates that
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certain functions may be absent in the human receptor, or, more
liXely, that the Igl domain is unnecessary in the human
receptor. Data presented below shows that the IgIl domain is
not essential for ligand binding.

As used herein, the terms substantially pure and
homogenous describe a protein which has been separated from
couponents which naturally accompany it. Typically, a
monomeric protein is substantially puxe when at least about 60
to 75% of a sample exhibits a single polypeptide backbone.
Minor variants or chemical modifications typically share the
same polypeptide sequence. A substantially pure protein will
typically comprise over about 83 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
polyacrylamide gel, with homogeneity determined by staining.
For certain purpcses high resolution will be used and HPLC or a
similar means for purification utilized. FPor most purposes, a
simple chromatcgraphy column or polyacrylamide gel will be used
to determine purity.

A protein is substantially free of naturally-
associated components when it is separated from the native
contaninants which accompany it in its natural state. Thus, 2
protain which is chemically synthesized or synthesized in a
cellular system different from the cell from which it naturally
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
mammalian cells or plant cells, E. goli and other prokaryotes.

A polypeptide is substantially an entire membrane
bound form of an FGF=R when it is substantially a full length
peptide correspondlng te, or highly homslogous to a naturally
occurring membrane bound form of an FGF-R.

Whether socluble or membrane bound, the present
invention provides for sﬁbstantially pure preparations.

Varicus methods for their isolation from biolegical 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 using technigues of classical protein
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

S ceconjugated to bioctin tﬁrough 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, sypra. This method, however, while Egggltzng in a

10 purified_ proteln, may not provide a workable amount ofqﬁﬁiifled
protein (i.e. more than nanogram amounts).

Depending on the availability of specific antibodies,
as provided herein, specific FGF receptors may also be purified
using immuncaffinity chromatography. Antibodies prepared, as

15 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

purification procedure may be used which takes advantage of the

20 fact that labeled biotin-bFGF binds with high affinity to
receptors in cells containing high amounts of those receptors.
1251.1abeled biotin-bFGF will bind to bFGF receptors in Swviss
373 cells and can be cross-linked to the receptor protein.

Various cell or tissue sources may be selected as

25 starting materials usually selected due to an abundance of the
desired receptor. Chicken embryos (day €, stage 28-~30) are
preferred because they contain relatively large amounts of the
receptor protein as determined by high-affinity binding of
hugan and bovine bFGF. Embryc extracts can first be

30 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 adsoerbed to an
avidin-agarose due to the high affinity interaction between the
biotin and avidin moieties. The avidin~agarose columns may be

35 eluted with compounds which dissociate the FGF from its
recepter, such as suramin or SDS. The chicken protein which
bound to'avidin~agarose in an FGF-dependent manmner migrated at
the expected size (130 kDa) of the bFGF receptor. See Fig. 2B.
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To determine the aminoe acid sequence or to ohtain
polypeptide fragments of the receptor, the receptor may be
digested with trypsin. Peptide fragments may be ssparated by
reversed~phase high performance liguid chromatography (HPLC)

S 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 dcmain of the
10 chicken LFGF-R shown in Pigure 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 amine acid 22
to about amino acid 285. The ligand-binding domain varies with
different FGF receptors and may be anywhere from 5% to 100% of
15 the extracellular regiocn. The minimal amount of protein
sequence hecessary for ligand bonding may be determined by
excising variocus segments of the extracellular domain and
assaying ligand binding to the remaining sequence. Studies of
ligand-receptor interaction indicate that at least the
ligand-binding region is located in the extracellular region of
the receptor is required. As used in this application, FGF
receptor or FGF-R ligand-binding activity means having the
ability to bind a fibroblast growth facter or other specific
ligand. Usually these ligands will be members of the FGF
25 family. Therefore the external region has utility in
establishing FGF agonists or antagonists.

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

30 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 acid 396 through the COOH-terminus for
the chicken bFGF-R and about aminoc acid 307 through the

38 COOH-terminus for the human FGF-R shown in Figures 3 and 4,
respectively) may also he 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

29
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DFGF-R. The flg nhas 99% homoleogy with various sequences of the
human PGF receptor described in Figure 4.

A signal or leader segquence directs a protein through

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. amino acids about 1
through 21 of the R-terminal sequence comprise the leader or
signal sequence of the chicken bFGF-R shown in Figure 3 and the
human FGF-R shown in Figure 4).

10 The present invention also provides for analogues of
the fibroblast growth factor receptor polypeptides. Such
analogues inclqde both medificaticons to a polypeptide backbone
and variants and mutants of the polypeptides. Modifications
incilude chemical derivatizations of polypeptides, such as

15 acetylations, carboxylations and the like. They also include
glycosylation modifications and processing variants of a
typical polypeptide. These processing steps specifically
include enzymatic mecdifications, such-'as ubiquinization. See,
e.g., Hershko and Ciechanover (1982), “"Mechanisms of '

20 Intracellular Protein Breakdown," Ann. Rev. Bioch., 51:335-
384. '

Other analogues include genetic variants, both
natural and induced. Induced mutants may: be derived from
various techniques including both random mutagsnesis of the

25 encoding nucleic acids using irradiation or exposure to EMS, or

may take the form of engineered changes by site-specific

mutagenesis or other techniques of modern melecular biclogy.

See, Sambrock, Fritsch and Maniatis (1989), Mglecular Clonine:

A laboratory Manual (2d ed.), CSH Press.

Besides substantially full-length polypeptides, the
present invention provides for biologically active fragmeﬁts of
the polypeptides. Significant bioclogical activities include
ligand-binding, immunclogical activity and other biological
activities characteristic of fibroblast growth factor receptor
35 ©polypeptides. Immunélogical activities include both

30

immunogenic function in a target immune system, as well as
sharing of immunological epitopes for binding, serving as
either 2 competitor or substitute antigen for a fibroblast
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growth factor receptor epitape. As used herein, the term
segment, as applied to a polypeptide, will ordinarily be at
least about 5 contiquous 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 least about 13 contiguous amine
acids, more preferably at least about 16 contiguous amine
acids, and mest preferably at least aheut 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 example, ligand-binding or other damains wmay be
“swapped! between different new fusicn pelypeptides or
fragments. Thus, new chimeric polypeptides exhibiting 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 frem other related polypeptides.

For immunoleogical purposes, immuincgens may be
produced which tandemly repeat polypeptide segments, thereby
preducing highly antigenic proteins. Alternmatively, such
polypeptides will serve as highly efficient competitors for
specific binding. Productiocn of antibodies to fibroblast
growth factor receptor polypeptides is deseribed below.

The present invention alsoc provides for other
polypeptides comprising fragments af fibroblast growth factor
receptors. Thus, fusion polypeptides between the receptors and
cther homologous or hatéroiogaus proteins are provided.
Homelogous peolypeptides 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,
neterélogous fusions may be constructed which would exhibit a
combination of properties or activities of the derivative
proteins. Typical examples are fusions of a reporter
polypeéiide,'e.g., luciferase, with a demain of a receptor,
e.g., a ligand-binding domain, so that the presence or location
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of a desired ligand may be easily determined. See, e.g., Dull
et al., U.S. No. 4,859,602, which is hereby incorporated herein
by reference. Other gene fusion partners include bactefial g-
galactosidase, trpE Protein A, S—-lactamase, alpha amylase,
alcchol dehydrogenase and yeast alpha mating factor. See, e.g.,
Godowski et al. (1988), Science 241:812-816; and Experimental
section below.

Fusion proteins will typically be made by either
recombinant nucleic acid methods or by synthetic polypeptide
metheds. Techniques for nucleic acid manipulation are
described genarally, for example, in Sambrook et al. (1889),

1 . Y anual {28 ed.), Vols. 1-3,
CGId Sprlng Harbor Lahcratcry, which are incorporated herein by
reference. Technigques for synthesis of polypeptides are
described, for example, in Merrifield, er. m. 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 sequences. Many natural gene
sequences are obtainable from various cDNA or from genomic
libraries using appropriate probes. See, GenBank™, National
Institutes of Health., . Typical probes for fibroblast growth
factor receptors may be selected from the sequences of Figures
3, 4, or 9 in accordance with standard procedures. Suitable
synthetic DNA fragments may bs prepared by the phosphoramidite
method described by Beaucags and Carruthers, Tetra, letts.
22:1859-1862 (198l). A double stranded fragment may then be
ocbtained either by synthesizing the complementary strand and
annealing the strand together under appropriate conditions or
by adding the complementary strand using DNA polymerase with an
appropriate primer segquence.

I1I. ©Nucleic Acids
The prasant invention provides nucleic acid sequences
enceding 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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N32~preximal sequences from amine acids 35-33 (ala-—-2rg), 56-
67 (leu-~-arg), and 139-158 {glu---lys). The transmembrans
sequence is indicated by a dark bar, a unique acidic amine acid
region is outlined, cysteine residues are circled, potential N-

5 linked glycosylation sites are indicated by a dot and the
dashed underlining indicates the putative hydrophobic 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 aminoc acid 22.

10 In Figure 4 showing the human FGF-R, the methionine
of codon ATG starting at about nucleotide 529% is the first
amine acid of the FGF-R gene. For example, amino acid 22 of
the receptor déscribed in Figure 4 is an arginine residue (R)
located two amino acids in from the left, twe lines up from the

15 Dbottom between “589" and "630% on page 1 of Figure 4.
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Rucleic 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 paiﬁicn thereof.
20 Substantial homology in the nucleic acid context
' means either that the segments, or their camplementary1strands,

when optimally aligned and compared, are identical with
appropriate nucleotide insertions or deletions, in at least
about 80% of the residues, usually at least about 90%, more

25 usually at least about 95%, preferably at least about 97%, and
more preferably at least about 98 to 99.5% of the nucleotides.
Alternatively, substantial homology exists when the segments
will hybridize 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 occurs which is mere selective than total
lack of specificity. Typically, selective nybridization will
occur when there is at least about 55% homology over a stretch
of at least about 14/25 nuclectides, preferably at least about

35 65%, more preferably at least about 75%, and most preferabl& at
least ahout 90%. See, Kanehisa, M. (1984), Nuclejc Acids Res.
12:203-213, which is incorporated herein by reference.
Stringent hybridization conditions will typically inciude salt
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concentrarvions of less than about 1 M, more usually less than
about 500 mM and preferably less than about 200 mM.
Temperature conditions will typically be greater than 20°C,
more usually greater than about 30°C and preferably in excess

5 of about 37°C. As other factors may significantly affect the
stringency of hybridization, including, among others, base
composition and size of the complementary strands, presence of
organic solvents and extent of base mismatching, the

combpination of parameters is more important than the absolute
10 measure of any one.
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An isolated nucleic acid is cne which has been
substantially purified away from other sequences which normally
accompany it, e.g., other cellular nucleic acid seguences.
Usually, the term refers to a fragment of a genome which has

15 ©been selectively cloned, isolated and purified to substantial
homogeneity.

Probes may be prepared based on the seguence of the
FGF receptor cDNAs provided in Figures 3, 4, and 9. The probes
will include an isclated nucleic acid attached to a label or

20 Treporter molecule and may be used tc isolate other FGF receptor
nucleic acid sequences by standard methads. See, ¢.9.-J.
Sambrook et al., Melecular Cloning: 2 Taborateorv Mapual, vols.
1-3, CSH Press, N.¥Y. (1989), which is hereby incerporated
herein by reference. Other similar nucleic acids may be

25 selected for by using homoleogous nucleic acids. Altermatively,
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 thereby

30 producing various restriction sites, or to optimize expressién

~ 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.

35 The DNA compositions of this invention may be derived
from genomic DNA or cDRA, prepared by syhthesis or may be a
hybrid o% 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 sequence includes
any sequence that has been obtained by primer or hybridization

reactions or subjected to treatment with restriction enzymes or
the like.

PCT/US90/03830
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5 Synthetic oligonucleotides can be formulated by the
triester nethod according to Matteucci, et al., J. am. Chem,
Soc., 103:3185 (1981) or by other methods such as commercial
automated oligonucleotide synthesizexrs. Oligonucleotides can
be labeled by excess polynucleotide kinase (e.g., about 10

10 units to 0.1 nmole substrate is used in connection with 50 mM
Tris, pH 7.6, 5 mM dithiothreitel, 10 mM MgCl,, 1-2 mM ATP, 1.7
pmoles *?P-ATP (2.9 mCi/mmele) 0.1 m¥ spermidine, 0.1 mM EDTA).
Probes may also be prepared by nick translation, Klenow fill-
in reaction, or other methods known in the art.

15 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
20

genomic or cDNA library would be preferrsd to isolate and clone

a keratinocyte growth factor receptor. Embryonic or placental

libraries can be used for int-2, FGF-5 and hgi receptors and an

endothelial cell library is preferred for acidic FGF receptors.

Clones of a library are spread onte plates, transferred to a

25 substrate for screening, denatured and probed for<thes presence
of desired secquences:. '

For example, with a plague hybridization procedure,
each plate containing bacteriophage plaques is replicated onto
duplicate nitrocellulese filter papers (Millipore-HATF). The

30 phage DNA is denatured with a buffer such as 500 mM NaOH, 1.5 M
NacCl for about 1 minute, and neutralized with, e.g., 0.5 M
Tris-HCl, pH 7.5, 1.5 M NaCl (3 times for 10 minutes each).

The .filters are then washed. after drying, the filtars are
typically baked, e.g., for 2 hours at 80°C in a vacuum oven.

35 The duplicate filters are prehybridized at 42°C for 4-~24 hours

with 10 ml per filter of DN hybridization buffer (20-50%

formamiée. 5X SSC, pH 7.0, 5% Denhardt’'s sclution

(polyvinylpyrrolidone, plus Ficoll and bovine serum albumin:
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1X = 0.02% of each), 50 mM sodium phosphate buffer at pH 7.0,
0.2% SDS, and 50 ug/ml denatured salmon sperxm DNA).
Hybridization with an appropriate probe may be performad at
42°C for 16 hrs with 10 ml/filter of 1 X 10% cpm/ml of DNA -
nybridization buffer containing labeled probe. The final
concentration of formamide is varied according to the length of
the probe and the degree of stringency desired. See, e.g.,
J.G. Wetmur ad Davidson, J. Mol. Biel. 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 seguence homology.

An oligonuclectide probe based on the amino acid
sequence of the twe tryptic peptides of the purified chicken
DFGF-R was used to screen a chicken embryo (day 6) cDNA library
under low stringency éonditions. Sequences corresponding to
TVALGSNVEFVCK and VYSDPQPEIQWLK, 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.

ad
il
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o
o

The probes described above which were used to isoclate
the chicken bFGF-R were also used to isclate a human bFGF
receptor cDNA clone,

In accordance with this invention any isolated DNA
sequence which encodes an FGF-R complete structural seéuence
can be used as a probe. Alternatively, any DNA sequence that
encodes an FGF-R hydrophobic signal sequence and its
translational start site may be used. Any isolated partial DRA
sequence which encedes 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 segquences used in this invention will usually
comprise at least about 5 codons ({15 nucleotides), more usually
at least about 7 codons, typically at least about 10 codons,
preferaygy at least about 15 codeons, 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 about the minimal length required for a
successful probe that would hybridize specifically with an FGF
receptor. For example, epitopes characteristic of an FGF-R may
be encoded in short peptides. Usually the wild-type segquence
will be employed, in some instances one or more mutations wmay
be introduced, such as deletions, substitutions, insertions or
inversions resulting in changes in the amino acid sequence to
provide silent wmutations, te modify a restriction site, or to
previde 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 & kd, usually fewer than about 1.0 kb, from a DNA
seguence 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 ‘fragments coding for a
desired fibroblast. growth factor receptor fragwent will be
incorporated intc DNA constructs capable of introduction to and
expression in an in vitrs cell culture. Usually the DHA
constructs will be suitable for replication in a unicellular
host, such as yeast or bacteria, but may alsc 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 typiecally include a replication system recognized
by the host, the intended DNA fragment enceding the desired
receptor polypeptide, transcription and translational
initiation regqulatory sequences operably linked to the
polypeptide encoding segment and transcriptional and
translational termination requlatory sequences operably linked
to the polypeptide encoding segment. The transcripticnal
regulatory sedquences will typically include a heterologous
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 ¢rp, lac and phage promoters, tRNA
promoters and glycolytic enzyme promoters are known. §g§,
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Sambrock et al. (19389). Conveniently available expression
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
combinations of cell lines and expression vectors are described
in Sanmbrook et al. (1989); see algo, Metzger et al. (1988},
Nature 334:31-36.

Expression vectors for these cells can include
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,
pclyadenylatioﬁ sites, and transcriptional terminator
sequences. Preferably, the enhancers or promoters will be
theose naturally associated with genes encoding the fibroblast
growth factor receptors, although it will be understood that in
many cases others will be egually or more appropriate. Other
preferred expression contrel 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 immuncglobulin-producing cells (gee, U.S. Patent
No. 4,663,281, which is incorporated herein by reference), but
SV40, polyoma virus, cytomegalovirus (human or muxine) and the
LTR from various retroviruses {such as murine leukemia virus,
murine or Rous sarcoma virus and BIV) may be utilized, as well
sa promoters endogenous to FGF-R genss. See, Ephancers and
Eukaryotic Gene Expression, Cold Spring Harbor Press, N.Y.,
1983, which is incorporated herein by reference.

The vectors containing the DNA segments of interest
(e.g., a fibroblast growth facter yeceptor gene or ¢DNA
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, calecium chloride transfection is
commonly utilized for procaryotic cells, whereas calcium
phosphate treatment may be used for other cellular hosts. See

generallf, Sambrook et al. (1989), Molecular Cloping:
A laboratory Manual (24 ed.), CSH Press (1989), which is
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incorporated herein by reference. The term “transformed cell™
is meant to alsc include the progeny of a transformed cell.
As with the purified polypeptides, the nucleic acid

segments associated with the ligand-binding segment, the

S extracellular domain and the intracellular domain are
particularly useful. These gene segments Will be used as
probes for screening for new genes exhibiting similar
biological activities, though the controlling elements of these
genes may also be of importance.

<A

7

[ow bl
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IV. Methods for Making FGF Receptors

DNA saequences may also be used to express
polypeptides which exhibit or inhibit FGF receptor activity.
For example, a DNA sequence of from about 21 nucleoctides (about

15 7 aminoc acids) to about 2.1 kb {about 700 amino acids) may be
used to express a polypeptide having an FGF receptor specific
activity, typically ligand-binding.

Large quantitiesz of the recepter proteins way be
prepared by expressing the whole receptor or parts of the

20 receptor contained in the expression vehicles in compatible
hosts such as E._ coli, yeast, mammalian cells, insect cells or
frog cocytes. The expression vehicles may be introduced into
the cells using methods well known in the art such as calcium
phosphate precipitation (discussed below), lipofection,

25 electroporation or DEAE dextran.

Usually the mammalian cell hosts will be immortalized
cell lines. To study the characteristics of an FGF-R and its
corresponding growth facter, it will be useful to transfect,
etc. mammalian cells which lack or have low levels of an FGF

30 receptor where the signal sequence directs the peptide inteo 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 functicnally equivalent to a

35 wild-type receptor and confers a FGF-sensitive mitogenic
response on the cell. Such cells will enable one to analyze
the bindﬁng properties of various native FGFs. Transfected
cells may also be used to evaluate a composition or drug’s
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effectiveness as an FGF antagonist or agonist. The level of

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 vexsus the controls. Although the
most common prokaryote cells used as hosts are strains of E.
coli, other prokaryotes such as Bacillus subtilis or
Pseudomonas may also be used. The DNA sequence of the
invention, imcluding fragments or portions of the sequence
enceding for an entire receptor, a portion of the receptor or a
polypeptide having an FGF-R activity can be used to prepare an
expression vehicle or construct for an FGF=-R or polypeptide
having an FGF=-R activity. Usually the control sequence will be
a eukaryotic promeoter for expression in a mammalian cell. In
some vehicles, the receptor's own control sequences may alsoc be
used. A commen procaryotic plasmid vector for transforming E.
celi is pBR322 or its derivatives (e.g. the plasmid pkt27S
(Clontech)) (Belavar et al., Gene, 2:95 (1977)). The
procaryotic vecﬁors may also contain procaryotic prcmoters for
transcription initiation, opticnally with an operator.
Exanmples of most commonly used prdcaryotic promoters include
the beta-lactamase (penicillinase) and lactose (lac) prometer
(Cheng et al., Nature, 198:1056 (1977), the tryptophan promoter
(trp) (Goeddell et al., Nucleic Acid Res., B: 457 (1980)) the
P; promoter and the N-gene riboseme binding site (thmatake at
al., Nature, 292:128 (1981)..

Promoters used in conjunction with yeast can be
promoters derived frﬁm the enolase gene (Holland et al., J.
Biol. Chem., 256:1385 (1981)) or the promoter for the synthesis
of glycolytic enzymes such as 3J-phosphoglycerate kinase
(Hitzeman et al., J. Biol. Chem., 255 (1880)).

Appropriate non-native mammalian promoters might
include the early and late promoters from $V40 (Fiers et al.,
Nature, 273:113 (1978) or promoters derived from murine molony
leukemia virus, mouse mammary tumer virus, avian sarcoma
viruses, adenovirus II, bovine papilloma virus or polyoma. In
addition’ the construct way ba joined to an amplifiable gene
(e.g. DHFR) so that multiple copies c¢f the FGF receptor gene
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may be made.
Prokaryotes may be transformed by various methoc
including using CaC12 (Cohen, S.N., Proc. Na cad. Sci.

6512110 (1972)) or the RbCl method (Maniatis et al., Molec:
Cloning: 2 laboratory Manual, Cold Spring Harbor Press 198B:

Yeast may be transformed using a method described by Van

Solingen et al., J. Bacter., 130:946 (1977) and C.L. Hsiao
al., Proc. Ratl. Acad. Sci, USA, 76:3829 (1979). With resp¢
to eukaryoctes, mammalian cells may be transfected using a
calcium phosphate precipitation method described by (Graham &

van der Eb, Virclogy, 52:546 (1978)), or by lipofectin (BRL)

retroviral infection (E. Gilboa, i ta i ti
Gene Expression, Chap. 9, Academic Press P. 175 (1983)). The

actual expression vectors containing appropriate sequences may
be preparad according to standard technigques invelving ligatio:
and restriction enzymes (See e.g., Maniatis supra.)
Commercially available restriction enzymes for clesaving
specific sites of DMA may be obtained from New England Biolabs,
Waltham, Massachusetts,

Clones are selected by using markers depending on the
mode of the vector censtruction. The marker may be on the same
or a different DNA 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 isclated from the
cell supernatant if the peptide is secreted. The FCF-R peptide
is then further purified as discussed above using HPLC{
electrophoresis, affinity chromatography (preferably immuno-
affinity or ligand affinity).

Another methed which can be used to isolate cDNA
cliones of FGF-R related species involves the use of the
polymerase chain reaction (PCR). (Saiki, R.X., et_al. Sciepce
230: 1350 (1985). 1In this approach two oligcnucleotides
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(27mers) corresponding to distinct regians of the FGF-R
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 stringancy as
described below in Example 2. The resulting amplified
fragments are subcloned, and the resulting recombinant colonies
are probed with >2p-labeled full-length FGF-R cDNA 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 wﬁich arise as a result of altermative splicing,

see Frohman, M.A., et al., Proc. Natl. Acad. Sci. USA, 85: 8938
(1988).

V. antibedies

Polyclonal and/or monoclonal antibedies to the

PCT/US90/03830
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" various FGF receptrors and peptide fragmeyts may alseo be

20

25

30

35

prepared. The term antibody is used bheth tao refer to a
homogeneous melecular entity, or a mixture such as a serum
product mwade 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. keybhole
limpet hemocyanin) and injected into rabbits over several
months. The rabbit sera is tested for immunoreactivity to the
FGY¥ receptor protein or fragment. Monoclonal antibodies may be
made by injecting mice with FGF-R protein, FGF-R polypeptides
or mouse cells expressing high 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.

Rarlow 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 guantity of the desired fibroblast
growth factor receptcr polypeptide has been obtained, the
protein may be used for various purposes. A typical use is the
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production of antibodies specific for binding To these
receptors. These antibedies may be either polyclonal or
monoclonal and may be produced by in vitro or in vive
techniques.

For production of polyclenal antibedies, an
appropriate target immune system is selected, typically a mouse
or rabbit. The substantially purified antigen is presented to
the immune system in a fashion determined by methods
appropriate for the animal and other parameters well known to

 immunologists. Typical sites for injection are in the
footpads, intramuscularly, intraperitoneally, or intradermally.

Of course, another species may be substituted for a mouse or
rabbit.

PCT/US90/03830

An immunclogical response is usually assayed with an
immunoassay. Normally such immuncassays invelve some
purification of a source of antigen, for example, produced by
the same cells and in the same fashion as the antigen was
produced. The immuncassay may be a radiocimmuncassay, an
enzyme-linked assay (ELISA), a fluorescent assay, or any of
many other choices, most of which are functiocnally equivalent
but may exhibit advantages under specific conditions.

Monoclonal antibodies with affinities of 108 72
preferably 10° to 1019, or stronger will typically be made by
standard procedures as described, e.¢g., in Harlow and lane,
Antibodies: A laboratory Manual, CSH Laboratory- (1988); or
Goding, Mgonoclonal Antibodies: Principles and Practice (24 ed)
Academic Press, New York (1986), which are hereby incorﬁorated
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 undey appropriate selection
conditions. Thereafter the cells are clonally separated and
the supernatants of each clone axe tested for their production
of an appropriate antibody specific for the desired region of
the antfgen.

Other suitable technigques involve 1; vitro exposure
of lymphocytes to the antigenic polypeptides or, i
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to selection of libraries of antibodies in phage or similar
vectors. See, Huse et al., “Generation of a Large
Combinatorial Library of the Immunogleobulin 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 without modificatien.
Frequently, the polypeptides and antibedies 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 technigues are known and are reported extensively
in both the scientific and patent literature. Suitable labels
include radicnuclides, enzymes, substrates, cofactors,
inhibiters, flﬁorescant 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, see 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. Alsc provided are
the homogeneous receptors produced by these methads, the
nucleic acid sequences encoding the receptors or portions of
the receptors, as well as the expression vebhicles 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 raceptor
may interfere with the dimerization and may be effective in
blecking 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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This observation provides a method for modifying jin
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 significant role in regulating many important physiological
processes. The soluble FGF-R polypeptides may be effective in
nodifying the extent of FGF modulation of these processes. For
this reason, the soluble forms of the receptors may find use as
competitive bipding 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
terns of economics and in terms of medical side~effacts upon
administration.

The reagents provided herein will alsc £ind use in
diagnosis of either FGF production or FGF-R preduction.

Various medical conditions are indicated by an abnormal level
of production of either of these proteins, including, e.g.,
Kaposi sarcoma, which produces Kaposi FGF, and diabetic
retinopathy. Thus, diagnostic tests dependent upon these
reagents now beccme available.

With the different FGF types, there is a likelihocod
that different types of receptors exist having variations in
affinities for the various ligands. With the genes and
proteins of the present invention, distincticns between various
receptor types will be found. Thus, tissue markers should
beccne available.

Since tumor growth is so dependent upon
microvasculaxrization, 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
an important addition to the arsenal of agents for fighting
tumor growth.

Vviral infections may alsec be dependent upen binding
to particular receptors for the invasion process. There is
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suggestive evidence that HSV (Herpes simplex virus) infects by
binding to FGF-R proteins. Thus, administration of
therapeutically effective amounts of FGF~R scluble 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, the mechanism of protection
may depend upon competitive binding, disruption of dimerx
structure, 3 combination, or another.

The quantities of reagents necessary for effective
therapy will depend upon many different facters, including
means of administration, target site, physiclogical state of
the patient, apd other medicants administered. Thus, one
should titrate the dosage for treatment ¢f 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 of human dosage. Various considerations
are described in Gilman et al., Goedman and an'ss:

is of Thera ics, 7th Ed., MacMillan, New
York (1985), which is hereby incorporated herein by reference.
Because of the high affinity binding between FGF and its
receptors, low dosages of these reagents would be initially
expected to be effective. Thus, dosage ranges would ordinarily
be expected to be in amounts lower than mM concentrations,
typically less than about 10 gM 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 £M, with an appropriate carrier.

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

am 1
; Characterization of a bFGT receptor,

1251 1 aneled bFGF was first competitiv ﬂ@“% “,,,ﬂ—**'
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Swiss 3T3 cells. As shown in Figure 1(a), 251-labeled bFGF (2
Ci/umol) was added to the confluent 273 cells (6 fmol of 1251«
labeled bFGF per 10° cells) in the presence of indicated
concentrations of: unmodified LFGF (=X-}: biotin-bFGF (solid
square); the unbound fraction after biotin-hFGF was incubated
with avidin~agarose, (open square): the unbound fraction after
bFGF was incubated with avidin-agarose, (open triangle).
Binding was performed for 30 min at 37°C in culture mediz (DME
H21) containing 0.2% gelatin, and heparin (15 U/ml). The cells
were washed three times with a buffer containing 20 mM HEPES
(p¥ 7.4), 0.2% gelatin, and 150 mM NaCl. The radiocactivity
present was determined in a Beckman gamma counter. Maximal
binding (0% inﬁibitian) 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. Chem., 263: 16471 (1988)) was iodinated using IODOBEADS
(Pierce). The LFGF was icdinated using 0.5- 1mCi; of 125¢ per
1 pug FGF, 0.2M NaPi, pH 7.4, 2 IODOBEADS and incubated for 15
min. at room temperature, guenched 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, 0.2M NaCl, 0.2% gelatin. The bFGF
was hioctinylated using icdoacetyl-LC-bietin (Plerce) at a 4:1
molar excess of cysteine residues in 10 mM Tris-HCl (pH B.0)
for 5 hours at 4°C, according to the method of Yamamoto, et
al., FEBS Lett. 176:75 (1984). Unreacted biotin was remecved
by gel filtration with PD 10 coclumns as described above
(Pharmacia). During the purification procedure, modified LFGF
was indistinguishable from unmodified bFGF in its ability to
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 ba a substrate
of bFGF-induced tyrosine kinase activity. See Fig. 1(2a). The
biotinylation reaction modified 90 to 95% of the bFGF molecules
as measured by binding to avidin-conjugated agarose.

' As shown in Fig. 1(B), cellular in_sitn bFGF
receptors were cross-linked to labeled LFGF. 125
biotin-bFGF or 125I-labeled bBFGF (0.1 pmol) was

PCT/US9%0/03830
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373 cells (S X 10° cells) in the presence or absence of
unlabeled bFGF as indicated. The cells were washed and cross-
linked with 0.15 nM disuccinimidyl suberate (DSS) (Pierce).

The cells were then solubilized, subjected to SDS
polyacrylamide gel electrophoresis (PAGE) and 1251 1abeled
proteins were detected by auteradiography. 1251—labeled
bioctin~-bFGF bound to bFGF receptors in Swiss 3T3 cells with
high affinity (dissociation constant equals 1 nM) and was
cross-linked to a 130 XD protein which comigrated with the bFGF
receptor cross-linked to 1251 _1abeled bFGF.

Purified chicken bFGF receptor was prepared by
homogenizing fresh day 6 chicken embryocs (stage 29-30) with a
Brinkmann pelytron; (1500 embryos/batch): (1:1 v/v) in a f£inal
concentration of 0.25 M sucrose, 50 mM HEPES (pR 7.5), 2 mM
EDTA, 50 mM NaF, 150 uM sodium orthovanadate, 30 nM scdium
pyrophosphate, 1 mM phenylmethylsulfonyl flueride (PMSF),
aprotinin (20 to 30 kallikrein international units (XIU)/ml,
leupeptin (10 ug/ml), and pepstatin (1 pg/ml). The homocgenate
was centrifuged at 17,700g for 45 minutes at 4°C. The pellet
vas resuspended in homogenization buffer (300 ml) and the
resulting suspension was referred to as the membrane fraction
(Mb). The membrane fraction was then incubated fer 30 nmin at
4°C with an equal volume of 2X lysis buffer (1X lysis buffer
consists of 10 mM Tris~HCl (pH 7.5)), 50 mM NaCl, 5 mM EDTA, 1%
Triten X-100, 50 mM NaF, 150 uM scodium orthovanadate, 30 mM
sodium pyrophosphate, 1 mM PMSF, aprotinin (20 to 30 KIU/ml),
leupeptin (10 ug/ml) and pepstatin (1 pg/ml)), and then
centrifuged at 31,0009 for 30 min. The supernatant was applied
batchwise to a 150 ml WGA-Sepharose 4B column, washed with 300
nl of lysis buffer followed by 500 ml 6f column buffer which
contained 20 mM HEPES (pH 7.5), 2 mM EDTA, 10% glycerol, 0.1%
Triton X~100, 50 mM NaF, 150 uM sodium orthovanadate, 30 mM
sodiun pyrophosphate, 1 mM PMSF, aprotinin (20 to 30 KIU/ml),
leupeptin (10 pg/ml) and pepstatin (1 pg/ml). The column was
eluted with column buffer containing 0.5 M N-acetylglucosamine.

Peak protein containing fractions were combined and stored at
=70°C.
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To establish the presence of FGF-R in the embryo
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membranes and wWGa eluate, chicken bFGF receDptor Was Cross-
linked by incubating 10 pl of the chicken embryo membrane
fraction (Mb) or 100 ul of the eluate from the WGA-Sepharose 4B
column with 1251-lapeled bFGF (0.2 pmol) in the presence (+) or
absence (~) of a 200-fold excess of unlabeled bFGF for 30 min
at 37°C (See Fig. 2(A)). DSS was added to a concentration of
0.15 mM, and the reaction mixture was incubated for 10 min on
ice. Samples were subjected to SDS PAGE followed by
autoradiography. Specific binding and cross~linking of _
1257-.prGF to crude chicken embryc meambrane fraction revealed
only a single protein band of 150 kDa (Fig. 2(a)). Aafter 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), twe large-scale llgand
affinity purifications were performed (each using the waterial
from 20,000 embryos). The eluate from the WGA~-Sepharcose 4B
column was incubated with biotin-bFGF prepared as described
above (10:1 molar excess of ligand to receptor) and heparin at
a concentration of 15 U/ml (to reduce low affinity binding) feor
30 min at 4°‘C. The mixture was then cycled twice through a
10 ml avidin-agarose column (bFGF-agarcse). To determine the
nonspecific binding of protein to avidin~agarose (contral), the
eluate from the WGA~Sepharose 4B column was cycled through
avidin-agarose in the absence of biotin-bFGF (control). The
columns were washed with 200 ml of column buffer used with the
Sepharose column described ahove 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
vere collected (frac. 1-4) and samples of each fraction were
subjected to SDS PAGE and stained with silver nitrate. 2s
shevn in Fig. 2(B), only 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 secparated by acrylamide gel
electrophoresis and stained with Coomassie Blue. The band
carraspénding to the DFCF 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 procedures —
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resulted in the purification of 2 to 5 ng of pure FGF receptor
per chicken embryo with an overall recovery of S5%.

To further characterize the receptor, protein was
digested with trypsin. Peptide fragments were isolated by
reversed-phase high performance liquid chromatography (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 (LILGKPLGEGCFGQVVLIA,
IADFGLAR, MAPEALFDR and IYTHQSDVWSFGV, See Table I and Fig. 3)
vere homolagoué to consensus seguences for tyrosine kKinase
domains (Fig. €6). This was consistent with the finding that
tyrosine kinase activity is associated with the bLFCGF receptor
as described in Huang and Huang, J. Biol, Chem. 261:9568
(198€). Thus, the purified protein was determined to be a
purified bFGF receptof in that it bound to bFGF, was the
expectad 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 fla (Ims-like
gene). See M. Ruta et al., Oncogene, 3: 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 preotein.

Example 2
Isolati ~Le Chicken bFGF Receptor cDNA Clone
A chicken embryo (day 6) cDNA library was constructed

from size-selected poly A' mRNA. 200 ug of poly AT mRNA was
size-fractionated on a 10%-30% sucrose gradient and fractions
containing mRNA greater than or equal tc 3.5 Kb were pooled. 5
pg of the sized nRNA was used to generate the ¢DNA according to
the methbd 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 . ;N
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°r squal to 2.0 kb, and the sized cDNAs were then cloned inte
the Eco RI site of the bacteriophage vector ZaplIl (Stratagene,

cat.$236211). The resultant cDNA library contained 2.0 X 10°
independent recombinants.

45

The library was screened with a 32p.1abeled
oligonucleotide probe that encoded the two contiguous peptides
shown in Fig. 3 (TVALGSNVEFVCK and VYSDPQPHIQWLX). The
oligonuclaectides were prepared using a commercial automated
oligonucleotide synthesizer. Two 43-45 base oligonuclectides
containing a 12 base overlapping complementary sequence vere
annealed and labelad by Klenow f£ill~in with ANTP's (-4CTP), .
32?-dCTP, and DNA polymerase Klenow fragment yielding a 70 bp
labeled probe. TFilters were hybridized under low stringency
conditions (20% formamide, $X standard saline citrate (SSC) and
5X Denhardt's solution at 42°C) and washed with 0.2X S5C at
42°C. Twenty-five positive clones were isolated following 3
rounds of plague purification. Of the 25 pesitive cilones, 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 waera essentially identical except for
variation in length at the 5' end of the clones. The amine
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. Mel. Bieol., 157:105 (1982).

A single hybridizing band of approximately 3.5 Kb was
identified by probing chicken embryo poly (A}’ RNA (5 pg) with
full-length chicken bEéF receptor cDNA under high stringency
conditions (S0% formamide), 5X Denhardt's solution and 5X SSC
at 42°C. Filters were then washed with 0.2X SSC at 65°. The
3.5 kb single hybridizing band identified by the RMA blot
analysis is shown in Fig. 5(a). Primer extension experinments
with an.?ligonucleotide complementary to a sequence near the 5!
end of the clone were performed. Chicken embryo poly(a)*
(5 ug) was denatured with 10 mM methylmercury, ann
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labeled primer (5' CTGCACGTCATCGCGCA-3') and extended with
murine Moloney leukemia virus reverse transcriptase. (See
Figure 5(B): lane (S) represents 3ZP-labeled DN2A 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 longest open reading
frame (2.4 Xb) included an in-frame stop codon (aminc acid
residue ~12) followed by an initiator methionine (residue 1)
and the entire receptor coding sequence (Fig. 3). The cDNa
encoded a protein with a deduced molecular mass of 91.7 kD that
had features fbund in several known growth factor receptors.

32p.

It contained a single-membrane spanning region, an NHz-terminal
hydrophobic signal sequence, three extracellular
immunoglobulin-like domains and an intracellular tyrosine
Xinase domain (Fig. 6). Eleven potential N-linked
glycosylation sites were also found. N~ and O=linked
glycosylation of the chicken bFGF receptor may account for the
disparity between the observed size of the~bFGF‘recep;or and
the size predicted from the cDNA sequence.

Three immuneglobulin-like deomains 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 COOH-terminal
side of the first cysteine residue in each immunoglobulin-like
demain; and (iii) the presence of the consensus sequence,
DXGXYXC, on the NH,-terminal side of the second cysteine
residue in each immunoglobulin-like domain. The interleukin-l
(IL~1l) receptor also has three immuncglebulin-like domains, and
DFGF has 25-30% sequance identity to IL~i. Five
immunoglobulin-like domains are present in the receptors for
Platelet-derived growth factor (PDCF) and colony~-stimulating
factor-1 (CSF-1).

Between the first and second immunoglobulin-like
domains, the bFGF recepter has a feature not found in other
menbers of the immunoglobulin superfamily. There is
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of eight consecutive acidic residues (EDDDDEDD) followed by
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
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
segment and the Kinase domain. This region is normally
conserved among receptor tyrosine kinases. For example, the
juxtamembrane region is consistently 49 te 51 residues in
length in the receptors for PDGF, CSF-1, epidermal growth
factor (EGF), human epidermal growth factor-2 (HER2) and
-insulin. The bLFGF receptor has an unusually long juxtamembrane
region of about 87 residues.

The cytoplasmic region of the amino acid sequence is
about 424 residues long and contains a tyrosine kinase seguence
(about residues 482 tc 759). Overall, the kinase region of the
bFGF receptor shares the most sequence identity (about S1 to
53%) with the PDGF and CSF-1 receptors. The bFGF receptor
contains the GXGXXC motif and the conserved lysine residue
{about residue 512) that form part of the adencsine 5%~
triphosphate (ATP) binding site of tyrosine kinases. The bFGF
receptor also contains the two characteristic tyrosine kinase
wotifs, HRDLAARNVL and DFGIAR, and a tyrosine (about residue
651) at the position analogous to the major phosphorylation
site of pp60Y S*C (about Tyr 416).

The kinase coding sequence of the bFGF receptor,
definad by homoclogy 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, respeactively) and
is similar to the length of the inserted sequence in the
receptors for insulin and insulin-like growth factor-I.
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A human FGF receptor cDNA clone was isolated from a
human endothelial cell cDNA library obtzined from
E. sadler (R.D. Ye T-C Wun & J.E. Sadler, J. Biol. Chem., 262:
3718-3725 (1987)) using the same oligohucleotide probe
described in Example 2.

The endothelial library was hybridized at high
stringency with labeled probe 1 x 106 cpo/nl (50% formamide, SX
SS8C, SX Denhardts, 10mM NaP04, PH 6.5, 100 ug/ml salmon sperm
DNA at 42°C, (16-24 hrs) and washed at 65°C with 0.2X S§SC, 0.1%
SDS.

From the initial screening of the human endothelial
cell cDNA library, four clones were identified and purified
through 3 rounds of rlaque purification. The cDNA inserts from
three of these clones generated identical sequences and
contained sequences highly homologous to the segquences of
tryptic fragments from the purified chicken bFGF-R. The amino
acid and nucleic acid sequence of the largest clone
(approximately 3.6 kb) is set forth in Figure 4. Amino acids
about 1-21 represent the hydrophebic signal sequence, about 22-
285 the extracellular region containing the ligand~binding
domain, abeut 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 aPGF-R cDNA Clone PRreparation
Human endothelial cell or placental libraries are
screened with full-length FGF-R probes or prdbes 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 stringsncy
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 LFGF receptors previously described in Examples
2 and 3. Clones which are positive at relaxed stringency but
are no longer positive at high stringency éonditions are more

REPLACED
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distantly related. Aall related but nor identical (to Figure 4)
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.
Alternatively, two probes are designed, one prcbe
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
3) with the intracellular FGF=-R probe. Two filters are
hybridized with the extracellular probe, cone 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. Clenes which are pesitive at high stringency to the
intracellular probe and pesitive 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 varicus FGFs, e.g., acidic FGr.

Example S
aracterizati Q uma GCF=R_cDi c es

Plasmid Constructions. :

For transfection experiments, full-length chicken FG¥
recepior CDNA containing 46 nucleotides of 5' nontranslated
sequence and the entire 3' nontranslated sequence, and full-
length human h2 cDNA containing 13 nucleotides of S!
nontranslated sequence and the entire 3' nontranslated seguence
were individually subcloned into tne'BamHI/SalI sites of the
mammalian expression vector psvV’d (P. Luciw, Chiren
Corporation). This placed the receptor cDNA fragments in the
proper orientation directly 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 was subcloned intc the BamHI/Sall sites of
Bluescript sk (Stratagene) and full-length human FGF receptor
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cDHAs (h2 and h3) were subcloned into the Pstl/Sall sites of
Bluescript KS. This placed the receptor sequences directly
downstream from the T7 RNA polymerase promoter element. 7To
enhance the possibility of efficient translation, ATG sequences
i 5 upstream of the initiator methionine residue were removed prior
o to subcloning, leaving 46 and 13 nucleoctides of intact §!
nontranslated sequence for the chicken and human constructs,
respectively.
Cell Lines and Transfections.
i0 Rat L& skeletal muscle myoblasts {(ATCC CRI 1458) were
grown in DME H2l containing 10% fetal calf serum and
transferred into Opti-MEM (GIBCO) just pricr to transfectien.
Within 24 hours aftey plating, 1 X 10% cells were cotransfected
with 20 pg of the appropriate expression construct (either
15 CcFGFR/pSV7d or h2FGFR/pSV7d) and 1 ug of a vector containing
the neomycin resistance gene (pSV2neo). Cells were transfected
‘ using 50 pg of Lipofectin (Bethesda Research lLaboratories)
) following the proteocel provided bf the manunfacturer. Sixteen
hours later, an equal velume of DHE H21 media containing 20%
Lo 20 fetal calf serum was added. After 48 hours, cells were
harvested and passaged (1:16) into selection media (DME K21,
10% fetal calf serum, 500 pg/ml geneticin (GIBCO).
Transfectant colonies were assayed for expression of the FGF
receptor by immunoblotting with anti-receptor peptide
25 polyclonal antisera.
Affinity Labeling.
Recombinant human aFGF and human bLFGF were generously
donated by Chiron Corporation and indicated. For affinity
labeling experiments, 5 x 105 cells were incubated for 30
30 nminutes at 37°C with 0.1 pmoles of 1251~aFGF or 1251~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 DME H21 containing 20 nM HEPES pH 7.4, 0.2%
gelatin, and twice with ice cold PBS. Disuccinimidyl suberate
35 was added to a final concentration of 0.15 mM and incubations
werg allowed to proceed for 15 minutes at 4°C. The
crosslinking agent was then removed and the cells vere
resuspended in sample buffer containing 100 m¥ dlth
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boiled for S minutes, and subjected to SDS PAGE followed by
autoradiography.
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In vitro Transcription of RNA.

Prior to transcription, plasmid constructs were
linearized with Xhol. RNAs were transcribed from the
linearized templates using T7 RNA polymerase in the presence of
500 4M xNTPs (200 uM TGTP) and S00 uM S'Gppps3', {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 Occytes.

2Animals were anesthetized in a solution of 0.06
percent ethyl'p-amindhenzoate. Oocytes were surgically removed
and manually dissectad into clusters containing 10=20 oacytes.
Clusters were incubated in medified Barth Saline (See Maniatis,
et al., Molecnlar Cloning: A Laberatory Manual, CSH Press
(1982), which is incorporated hersin by reference.) MBSH
containing 21 mg/ml Type II collagenase (Sigma) for 2 hours at
roon temperature and then washed extensively with MBSH
containing 2 mg/ml bovine serum albumin (BSA). Individual
cocytes were maintained at 19°C in MBSH (1 mg/ml BS3).

Oocytes were injected inte the vegetal pole with 50
nl of water or RNA solution (1 pg/pl in water). Fellowing
injection, cocytes were incubated at 19°C for 48 hours before
performing %3ca*t egflux assays.

45ca** Effiux Assays.

Groups of 50 injected vocytes were added to single
wells of a 24 well plate and washed four times with 0.5 ml of a
catt-free MBSH solution containing no BSA. Occytes were then
incubated in 0.5 ml of the wash sclution containing 45Cac12
(100 uCi/mi) for 3 hours at 19°C. Following incubation,
oocytes were washed six times with 0.5 ml of MBSH (1 mg/ml
BSA), then transferred to another 24 well plate (5 ococytes per
well). All subsequent washes and incubations were performed
using 0.5 nl of MBSH containing i1 mg/ml BSA. At 10 minute time
intervals, conditioned supernatants were removed from each well
and replaced with fresh media. The conditioned media samples

were counted individually in a Beckman scintillaticn intar
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When background efflux stabilized, ligands were added to the
specified concentrations and media collections were continued.
In 2 out of 16 experiments, oocytes injected with
vater and stimulated with either aFGF or bFGF exhibited 4°ca*™
efflux levels similar to those cbtained from oocytes injected
with FGF receptor RNA. We have not determined the reason for
these unexpected responses, but it is pessible that they were
due to expression of endogenous FGF receptcrs on centaminating
follicular cells, or on the surface of the cocytes themselves.
In all other experiments the water injected cocytes had.no
significant efflux response whereas the receptor RNA response
to FGF was ten to forty fold over the basal measurement.
Receptar levels in injected cocytes have not been
measured because our anti-receptor polyclonal antisera
nonspecifically recognizes an abundant cocyte pretein of
approximately the same molecular weight as the FGF receptor on
wvestern blots. Furthermore, the levels of exogenous receptors
expressed in ococytes appears te be quite lov.
Isoclation 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 (Washington University School of Medicine,
St. Louis). The libraries were screened with 32p~labeled

52

cligomers identical to those previously used to identify
chicken FGF receptor cONA clones. Filters were hybridized and
washed under high stringency conditiocns using standard methods.
A total of 7 positive clones were isclated 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 Sedquenase system (United
States Biochemical Corporation). Clones h2, h3, and h4 vere
obtained from the endothelial cell library and clene h5 was
cbtained from the placenta library. Nucleotide sequence
analyses revealed that all four clones contained identical 5°
nentranslated seguences and had poly-A tracts at their 3! ends.
Howevet, only the poly=-A tract at the 3' end of h2 was preceded
upstream by a consensus poly adenylation signal segquence
(AATA2A; 37), indicating that intermal priming was responsible
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FGF receptor cDNAs, oligonucleotide probe based on the hflg
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 plagues from
each library, four positive clones were isolated from the
endothelial cell library and three from the placenta library.
The ¢DNA clones could be divided inte two classes
based on different patterns of restriction maps at their 3°
ends. One of these classes derived from cDNA clones which were
nuch shorter in length. Representatives of each class were
present in the clones isolated from either library. Two clones
(b2 and h3) representing the class of larger cDNA clones, and
two clones (h4 and h5) representing the class of shorter cDNA
clones were segquenced 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 different receptor forms is
shown in Figure 8.

54

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 seguence and the
unusual acidic domain (8 consecutive acidic residues with
accompanying residues) that was initially noted in the
published sequence of the chicken FGF receptor cDRA. 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 FPig. 8). The transmembrane
region and cytoplasmic domains are highly homolegous to the
corresponding domains of the chicken FGF receptor.

The coding sequences of the short cDNA clones, h4 and
h5, differ only by two amino acids (positions 59 and 60 in ha4:
the nucleotide sequences of h4 and hS differ only at the
positions encoding these two residues). The signal sequence,
acidlc reglon and ene of the Ig-like domalns (IgII) are
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The distinctive fesature of hé4 and h5 is the Ig-like domain
(IgIII) nearest the transmembrane domain. Approximately half
of this domain is identicél to the corresponding sequence of h2
and h3. However, the carboxyl terminal half of this Ig-like
domain is unrelated to h2 and h3 sequences. Unlike h2, h3, and
the chicken FGF receptor cDNA, h4 and hS do not encode a
hydrephobic membrane spanning region or a cytoplasnic domain.

The sequences of all of the human cDNAs which have
been isolated contain only 2 Ig-like domains. To detexmine
whether the huwman FGF receptor gene contains sequences encoding
the first Ig-like domain (Igl), polymerase chain reactions were
performed on genomic DNA isclated from human foreskin
fibroblasts (HFFs). Tor these experiments, we utilized cne
amplifying primer based on the'sequenca of the Igl domain of
the chicken receptor (corresponding to amino acids 58-63), and
a2 second primer based on sequence from thé 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 fragment contained coding sequences homologous
(approximately 83 percent aminc acid identity) to the IgT
domain of the chicken FGF receptor. In addition, an intron
sequence of approximately 1.0 kb separates these coding
sequences from sequences encoding the highly acidic region of
the receptor. Thus, the human FGF receptor gene clearly
contains seguences encoding the IgI demain not found in the
human cDNA clones. FPurthermore, the presence of an intron
bstween the IgI domain sequence and the acidic region sequence
suggests that expression of 2 or 3 Ig domain forms may be
regulated by alterxnative splicing.

' To determine whether a 3 Ig domain form of the
raceptor is expressed in HFF cells, wve performed PCR on cDNA
generated from HFF mRNA. Using the primers described above, a
single 0.24 kb fragment was amplified from KFF cDNA. This
fragment contained segquences encoding the IgY domain and the
acidic region, but no intron sequences. Thus, we conclude that
HFF cells/transcribe a 3 Ig domain form of the receptor. To
determine whether HFF cells also express a 2 Ig domain form of
the receptor, we utilized the acidic region primer
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the human FGF receptor. In these reactions a 0.23 kb fragment
was amplified which, in the same manner as our cDNA clones, was
missing sequences correspcnding to the Igl domain. Thus,

5 1Ig domain form of the receptor is alsc transcribed in HFF
cells.

a2

Receptors Containing 3 Ig-like and 2 Ig-like Domains
Bind Acidic FGF and Basic FGF.
Since the 3 lg domain receptor (initially isolated
10 from a chicken cDRA library) was purified on the basis of its
affinity for basic FGF, it was of interest to determine whether
this receptor alsc binds acidic FGF. To address this question,
the 3 Ig domain chicken receptor was expressed in rat L6
myoblasts, a cell line which mormally does not express FGF
15 receptors. In addition, the 2 Ig domain human h2 receptor was
also expressed in L6 cells. Figure 10 shows an affinity
labeling experiment performed with transfected cells. Cells
were incubated with either 1231-aFGF or 1231_pFeF and bound
ligand was crosslinked in the presence of disuccinimidyl

- 20 suberate (0.15 nM). Using either ligand, single crosslinked

bands were seen in cells transfected with receptor cDNAs (lanes
1, 3, 7, and 9), but not in cells transfected with vector alone
(lanes 5, 6, 11, and 12). Subtraction of the molecular weight
of FGF (17 kd) from the size of the crosslinked complexes

25 yields estimated molecular weights of 145 kd for the 3 Ig
domain form of the receptoxr and 125 k& 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

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 1257_aPEF 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 23I-bFGF to either the

35 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 Recé@tor Mediate Biological Responses ta Both Acidic and
Basic FGF.
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To determine whether any of the membrane spannin:
forms of the FGF receptor are activated by either aFGF or i
we expressed these receptors in Xenopus cocytes and measurs
receptor activation using a sensitive ca™ efflux assay. T
assay has been used to examine expression of receptors for
other ca** mebilizing ligands including cholecystokinin,
bombesin, vasopressin, and angiotensin II. Ligand-induced
efflux reflects a mobilization of ca't from intracellular
stores, leading to increased levels of intracellular ca™ anc
accelerated éfflux. For our experiments full-length cDNA wer
transcribed in vitre and the capped mRNAs were injected into
Xenopus cocytes. After 48 hours, the injected occytes were
loaded with 4SCac:Lz and ligand-dependent calcium mobilization
was assayed by measuring 4°ca™ effiux (Fig. 11). Addition of
either aFGF (A and B) or bFGF (C and D) induced a rapid and
large efflux of 45ca™ frem ococytes injected with RNA enceding
the chickan FGF receptor (A and C) or RNA encoding the human h2
receptor (B and D). In contrast, cocytes injected with either
human h3 RNA (B and D) or water alone (A~-D) showed no response
to either aFGF or bFGF. As a poéitive control, carbachel was
added following the 100 minute timepoint. Oocytes express
endogenous receptors for carbachol, and cocytes injected with
either FGF receptor RNA or water exhibited a positive response
after carbachol stimulation. We conclude that both 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 beth
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 response
in cocytes 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 expressi
levels in oocytes.
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FGF-R forms having either 2 or 3 extracellular Ig-
like domains will bind and respond to beth acidic and basic
I'GF. Some forms of FGF receptor mRNA encode only the
extracellular domain of the FGF receptor, a protein that is

PCT/US90/03830

likely to be secreted from the cell.

The fact that a 2 Ig~like domain form of the FGF
recepter (h2) binds both aFGF and bFGF with high affinity has
alloved us to localize the binding domains for these ligands te.
a region encompassing the highly acidic region and the IgII and
IgIII domains. '

The h4 and hS receptor forms lack transmenmbrane

saquences 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 iz 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 stere and segquester FGFs at a particular
lecation. Ancther pessihiliﬁy is that the secreted forms may
bind to FGFs in an intracellular compartment and subsequently
gerve as a means for secreting the factor. This is an
impertant conzideration in view of the fact that aFGF and bFGF
do not contain signal sequences and their mechanism of
gecretion i= unknown.

Our results suggest that receptor diversgity can be
generated by alternative splicing. We have isclated a total of
5 different FGF receptor cDNA species. Comparison of amino
acid sequences strongly indicates that all 5 species are
derived from the same gene. Ancther interesting feature of the
himan receptor forms is the presence or absence of the ArgMet
sequence (amino acids 59 and 60 in h2 and h@) in the
extracellular domain.

Affinity labeling experiments using either 1257.aFcF
or 2251.bFGF identified a single 145 k4 receptor protein on
transfectant cells expressing the 3 Ig domain form of the FGF
receptor, and a single 125 kd receptor protein on
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raTOTYEE QTAAT BYNIRN



10

15

20

25

30

38

. . ne TAIRS9Y
A . . g2 J E 311!‘, T P eht
024 iz _?’,.'ahj_z,_;_'-l.l_lg-__“._._..__w,--.(lr;l_ ivE Z w

This Sheet Has Been Replaced

worems NI

cells expressing the 2 domain form of the FGF receptor (see
Fig. 11). 1It is pozsible that the presence of two receptoer
species may reflect coexpression of the 3 Ig domain and 2 Ig
demain forms of the receptor. Our data clearly establish that
a single FCF receptor species can bind both aFGF and bFCF with
high affinity and mediate the bioclogical effects of these
factors. We have used acidic and basic FGF in these
experiments because they are the kest characterized members of
the FGF family, and are readily available in recombinant fernm.

Exampie 6
[ itive i o - @ des o r ent.
Development of ¥GF~R Related Antagonishs or Agoniste

A fragment containing all or part e¢f the
axtracellular, ligand-binding demain &f the FGF-R (i.e.,
containing amine acids 22-374 of Figure 3 or 22-285 of Figure
4) or analegs thereof are expressed in a host (e.g. mammalian
cells or baculevirus infected insect cells) and purified as
Qescribed in Example 1. Altermatively, fragments of the
ligand-binding domain are made using a peptide synthemizer
(Applied Biosystems) and purified by HPIC. Different
concentrations of the FGF-R fragment or analegs thereof (FGF=
Rexs) are tested for thaeir ahility te bleck the binding of
1231-rGF to swiss 373 cells. Competitive binding is performed
as described in Figure 1A in Exampls 1 using FGF-Rexs instead
of unlabeled ligand and competitive binding is determined.

FGF~Rexs are also tested for their ability to inhikit
FGF-induced mitogenesis as measured by 3H-thymidine
incorporation inte cells and by counting cell numbers.

TGF=Rexs which block binding ¢f FGF to the cell-surface
receptor may act as an antagonist and bleck 3H-thymidine uptake
and the increase in cell nuwber induced by FGF. FGF~-Rexs may
also act as agonists, i.e. by dimerization with the cell
gurface receptor which may nimic a ligand-mediated receptor-
recaptor. interactien. 1In such an instance, FGF~Rexs may
stinulate mitogenesis in the absence of ligand or may enhance
the FGF mediated mitogenic.respense. = SHEET

FGF-Rexs are also tested for their ability to iRE
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or activate FGF-induced tyrosine phosphorylation ¢f the 90
substrate protein in sSwiss 3T3 cells= or autaphosphorylatien of
the cell-aszociated FGF-R. FGF-Rexs which block FGF-induced
tyrosine phosphorylation are antagonists. FGF-Rexs which
activate autophosphorylation of the cell-associated FGF-R in

the abzence of FGF are agonists.

FGF~Rexs are also tested for their anti-angiogenic
activity. FGF~Rexs are tested first for their ability teo
inhibit the FGF-induced growth and the mebilizatien of
endothelial cells into vesgels in vitro. Angicgenesis is

éssayed in vitre using an aortic ring assay.

agonists.

Aortic rings are
placed in a collagen 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 growth of capillary sprouts.
FGF-Rexs which are angicgenic even in: the absence of FGF are

FGF analeogs, angicgenic 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 FCF for binding to purified or
expressed FGF-R. In addition, they are tested for their
ability to stimulate mitegenesis (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 mede of action of each
angiocgenic and anti-angiogenic factor, ete., is receptor-
mediated and in determining if there is receptor specificity
(i.e. acidiec versus basic FEF-R) for angiogenic and anti-

angicgenic factors.

FGF analogs -are radiolabeled and binding is performed
with labeled ligand, purified or expressed receptor in the
appropriate physiclogic buffer (i.e. culture mediz or phesphate
buffered saline (PBS)) for 0.5 at 37°C or 2-24 hrsz at 4°C. The
complex is precipitated (5-10% polyethylene glycel, 1 mg/ml

IgG) and separated by filtration through filters (i.
GFA) and the associated radiocactivity determined.
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While the invention has been described in connection
with certain specific embodiments therecf, it should be
recognized that various nodifications as may be apparent to cne
of &kill in the art to which the invention pertains alse fall

clainms,

R 7001 'aN

within the scope of the invention as defined by the appended
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1. A method for modifying ipg vive a fibroblast growth
factor receptor modulated activity comprising administering te
a patient an amount of a fibroblast growth factor receptor
blocking agent effective to inhibit fibroblast growth factor
binding te said fibreblast groewth factor receptor.

T IS C IS:

2. A methed of claim 1, wherein the agant 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 seguence selected from the group consisting of:

a) a DNA sequence in Figures 3 or 4;

b) a DNA sequence enceding & peolypeptide of Figures 3, ¢
or 7; and

¢) a DNA sequence substantially hemologous to a sequence
of P:gures 3 or 4.
4. A method of claim 2, wherein the blocking agent
comprises a fibreblast growth facter receptor, extracellular
domain without a tyrosine kinase regicn.,
5. A method of inhibiting binding between a fibroblast
growth factor and a fibreblast growth factor receptor present
in a selution, said method couwprising a step of adding a
fibroblast growth factor receptor peptide to said solution.
6. A methed of claim 5, wherein said fibroblast growth
factor receptor peptide is homologtus to a sequence described
in Figures 3, 4 or 7. :
7. A composition comprising a seluble polypeptide having
between about five and twe hundred contiguous amino acids from
a human fibreblast growth factor recepter extracellular domain.

8. A composition according te claim 7, wherein tha
polypeptide comprizes an IgII or an IgIII domain.
9. A composition according to claim 8, wherein the

extracellular domain comprises about §0 amino acids from

residues’' 1 to 287 of & human fibroblast growth factor receptor
Fiqure 7.

10. 2 composition according to claim 7, whed&yHEHREIGAS BEEN
REPLACED
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domain comprises about 7 amino acids from residues 85 to 141 of
a human sequence of Figqure 7.
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il. A composition according to claim 6, wherein the
polypeptide comprises both an IgII and an IGIII domain.
12. A composition accerding to claim 11, wherein the

pelypeptide further comprisez 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.

i3. & composition according to claim 12 consisting
essentially of h4 or hs.
4. A composition compriszing = substantially pure

polypeptide of less than about 85 KDa comprising a fibroblast

growth factor-binding domain of a fibreblagt growth facter
racaeptor.

15. A composition according to claim 14, vwherein said
polypeptide is soluble.
1€, A composition according te claim 14, wherein said

polypeptide further comprises a segment selected from the group
consisting of a signal segment, an IgY segment, an acidic
segment, an IgIl segment, an 1gIII segment, an IgIIIT segment,
and a transmembrane segment.

17. A corposition accerding to c¢laim 14, wherein said

polypeptide is homologous to a sequence described in Figures 3,
4 or 7,

i8. A composition according te claim 17,”wheréin the
polypeptide is present in a multi-chain complex of proteins.
19. A compozition according to claim 14, vherein the

fibroblast growth factor-binding domain includes at least about
30 amino acids of each of both IgII and IgIIT domains.

20. " a compositien according to claim 14, wherein the
fibroblast growth factor receptor is a chicken fibroblast

growth factor raceptor.

21. An isolated nucleic acid encoding a human fibroblast
growth factor receptor which substantially lacks an
intracellular domain.

22, " an izolated nucleic acid of claim 21, wherein said

receptor comprises a sequence homologous to an Igll domain
described in Figure 7.

aniotyg ~° T TUASHIW groid
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23. an isolated nucleic acid enceding a substantially
full length IgII domain of a fibroblast growth factor recept:
24. An isolated nucleic acid of claim 23, further

encoding at leagt one additional peptide segment selected fre
the group consigting of a signal segment, an Igl segment, an
acidic segment, an IglII segment, an IgIIIT segment, a
transmembrane segment, and & tyrosine kinase segment.

28. An isolated nucleic acid of claim 24, wherein said
additional segquence is homelogouz to a corresponding seguence
described in Figures 3, 4 or 9.

26. An isolated nucleic acid of claim 23, wherein said
IgIl peptide sequence is native te a human.

27. 2n isolated nucleiec acid of claim 23, further
comprising & transcription promoter seguence.

28. An isolated nucleic acid enceding a2 soluble human
fibroblast growth factor recepteor.

2s. An isolated nucleic acid of .claim 28, wherein said
scluble human growth factor receptor is homologous to h4 or hs.
30. A protein made by expressing an isolated nucleic acid
of claim 29.

31. A coupositien comprising a fibroblast growth factor

Teceptor zegment made by expressing an isolated nucleic acid of
claim 21, 23, oxr 28.

32.

~

A method for making a protein comprising a fibroblast
growth factor receptor zegment, said methdd comprising
expressing an isclated nucleic acid of claim 21, 23, or 28.

33. 2 compesitien comprising a nucleic acid according to
claim 21, 23, or 28, attached to a reperter molecule.
a4, A method for making a fibroblasgt grewth fector

receptor peptide, wherein the peptide is produced in a cell

transformed with a nucleic acid containing at least about 20

basez of a sequence sslected from the group consisting of:
a) a DNA sequence in Figures 3, 4 or 9;

b) a sequence encoding a polypeptide of Figures 3, 4 or
7; and

c) a sequence substantially homologous to a sequence of

Figures 3, 4 or 9. THIS SHEET HAS BEEN
35, A method for producing an antidedy adqainstREPLACED
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fibroblast growth facter receptor fragment, said method
comprising a step of producing an antibody against a
polypeptide epitope homologous ta a seguence of at least six
contiguous amino acids described in Figures 3, 4 or 7.
36. A method of claim 35, wherein said epitope is
selected from the group of protein segments consisting of a
signal segment, an IgI segment, an acidic segment, an IgII
segment, an IgIIl segment, and an IgIIIT =zegment.
37. A method of measuring a f£ibroblast growth factor or a
fibreblast growth facter receptor in a target sample, said
nethod comprising the steps of:
combining said target sample with a fibroblast growth
factor receptor ssgment; and
deternining the extent of binding between said ssgment and
said sample.
38. A transformed cell capable of expressing a
poelypeptide homologous to at least a pertion of a fibroblast
growth factor receptor.
ag. A transformed cell as in c¢laim 28, wherein the
polypeptide is homologous to substantially the entire membrane
bound form of a human fibreblast growth factor receptor.
40. A transformed cell as in claim 38, wherein the
polypeptide .is homologous to subgtantially the entire soluble
form of a human fibroblast growth facteor 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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| G8G6ACCEB6C66TE0660AB0ECTCABOEECGECCETCO0CECEAC000E0ETO00
120 GCGGGGSCGGGGGGGGTGGGCTGTCBCGOGGBOGGGGGGTGGCCTGCATTGTTCGGGG?
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Het
233 GCCCCATOGAGGEEOCETTOAGCECAGTOGCTGAGCAGTABCCSCAGCAGTREE  ATS

30
la Arg Pro Ale Pro Tr Let Pro Gin Al
¢C AGA GGG GCC GCC ACG COT6 GOC GA CAA GOT

60
Leu Gin Leu Ar Leu Ar Asp Val Gln
1 G5 OOF BIE G OlR 1 ccg.cs i g sm CiG

Arg Thr Arg (le Thr 6ly Glu 6lu Vel Glu Arg A Ar Vol
521 ChE ACK 068 ATE AE cel GAR Gl B84 &1 Dal drg hap dea ol

(¥
g
S5
ades
<
~fen
o1

1o
Gly Ser Glu T‘\r Thr Tyr Phe Ser Vai.Asn Val Ser Asp ;ﬁg Lew
611 666 AGC GAG Acc AGC TAC TTC TCC G6TC AAC GTC TCA GAC (igs GT0
q 6lu Lys Glu e Asp Asn Thr Lys Pro Asn Gln Ala Val Ala Pre
101 GAG AAG G GAT AAG AGG AAG CCG AAG CAG GCT GTA 66T GCT

80
Gly The
G/CCC TCA 66 GGE ACG

210

E ] K 8 Xr Alag Thr Tr

881 GCT GAC CAG GGG ATG GGG GGG TAG AAG GTC GGG TAT GCC ACC TG
230 240

The OE {le Val Clu Asn LxsT t €ly Ser lle Asn His Thr Tyr

G, GAG AAC A

Pro Ala Ala L s Thr Val Lys Phe Lys Pro Ser Gi
781 GGG GOT GCC A A AGA TG AAA TTC A G

Pra Asp His Ar [le 6ly 6 r Lys Vel Ar

971 AGG\JGC/ATC G T

260
Ale Gly Leu Pro Ale
1081 GCA GGG CTC GCC GOC

290
Trp Lev Lys His [le Gluo Val Asn €ly Ser Lys FroAs
USl Tb Ofe ARA cAc R R DS TR R O
-ﬂ-na—-ﬁ

A TAG GGG AGC ATG AAC CAC ACC 8
210
Asn Lys Thr Val Ala Ser Asn
AAC AAA ACG GTG 6CC AGG AAC TG
o

—-m

30
Thr As 3 Glu Me Clu ¥ His Leu Are Asn Vgl ger Phe
1241 ACA GAE AXA GAG ATG GAA € CAC TTA AGE AAT GTC }‘gg 11T

lle Ser His HIS Ser Ala Ir e The Val Ley Glo Ala Th Glu
{331 ATC TCC CAT CAC TGT GGA TG ACA GTT CTC GAA GCT A .
mmrm HAS REE

Om msm Phe Let Ile Ser/Gve\Met _ WC”
AGC 660 6CC TTC anrerss <111e wunsaauTe £777- /1 "
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CECAGGELOTCCOE00RECACOTL 6660066 66T006CCATORE60CECCECACTC AG
AGGGECEGECAGCEEE CCTGCGGCGC GCGGCGGGG GAGTOGGGTCAGAGGG CCGGACGES

Phe Thr Trp Aro/Cys\leuy 1le Ley T Ala Val Leu Val Thr Ala
TIT AGC TGE AGG\ CTC ATG CTT T(EE QG% G816 CT6 &TC ACA 6CC

- ag - w WB EEh G e e —--n-——-—.——-s.-——--—--——-—.u

Leu Pro Lgs Alg Asn lle Glu Val Giu Ser His Ser Alg His Pro
CTG CCC AAA GGG AAG ATC GAG 6TG GAG TOC CAC TCG GGG CAC CCC

!“I PCT/US90/03830
/

L7117

Ser lle Asn Trg Val Arg Asp Gly Vlu? Gin Leuw Pro Glu Asn Asa
ASG ATC AAC TGG 676 6 GAT GGA GT6 CAG CTE CCC GAG AAC AAC

100

Pra Gly Ser SI Leu T r Ala/Gy\Met Thr Asa Ser Pro Ser
oot ot ofb 768 h acc ATS ACC AAC AGC CCC TCS

Pro Ser Alg{Glu As !?3 As As Ser Ser Ser Glu
GOT TCT GCA|GAG GA GA GAA GA TCC TOC TCG GAG

Tyr Trg Thr Tyr Pra Glu Lys Mel Glu Lys Lxs Leu His Al Vel
TAC TO5 ACC TAT CGC GAG A G ATE GAG AAG AAG CTG CAT 6CC 6TC

190
Pro Asn Pro Thr Lew Ara Trg Lev Lys Asn Gly Lys Glu Phe Lys
CCC AAG CCC ACG CTS CGL TGG CTG AAG AAC 6 6 GAG TTC AAG

220
Ser ile Ile Mot Asp Ser Val Vel Pro Ser As% Zs Ely Asn Txr
ATC AT ‘_ TGG GTS GTG A TGA GA A ¢

_‘ GEC AAC T

Val Val Glu Ser gr
%

is Ar a Pro {le Les Gln
GTC 676 GAE G T6C (ztg AT CGG CGC ATC CTG CAG

Hi
OG
uFe s Vai Tyr Ser Asp Pro Gln Pro His Ile Gln
GAG TTT GG%GTCAGG GAB GCG CAG CCC CAC ATG CAG
W}m,

SN S AN

6
C

Asn Leu Pro Tyr V e Leu kxs Thr Ala G!é Val Asn Thr

ARG TTG CCC TAC G AT CTG AAG ACG GCT GGU GTT AAC ACG
-—s————_ﬂ-—_w
340

Glu Asp Ale 61y &ty Tyr Thr/Cys\iev Ala 6iy Asa Ser [le 6l
GAG sa? 66T csE 6AG rir ACA TTG 608 667 AAT TOT ATT 66

370
Gla Ser Pro Alg Met Met Thr Ser Pro Ley Tyr Leu Glu {le lle
GAG TCA CCA GOC ATC ATG ACG TGO ggg CTC TAG OTG GAG A ,,ﬁ;{ A BEEN
Val lle lle Tyr Lys Met Lys Ser Thr Thr Lys Lys (Thr Aep—f - |
BI5 ATe ATC TAG AKG ATG AXG Anficiie <117 \yrw B KOAch: 11 1’3?'3’. 984877
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Asn Ser Gln Ley A ¢ tey Ale Lys Ser lle Pro Leu
511 AAC_ASC CAG GG @ R R
ﬂ‘? Bro Ser A
o1 68 Sy bl As 9 oe Re far Acg 'é? §E{2 o
an
Pro A
81 ccg céa GI Lev Pro Arg Asp Ar v fle 6! s Pre

sA GT6 COA C66 GAD AGE CTE ATo GT6 GGt Ake oot
h——l_—

510
Leu As As 8 Pro Asn Arg Val Thr Lys V
78! GG 76 GAS GAB XG CCA AAC C6 G'ch AGC A i G%é é('}% gﬂ

1le Ser Gly Hei Glu Met Met Lys Met tle 6! fi
871 ATC o6 oAt ATG GE ATC ATe ALS AR ATE oif A3 A8 ki? i

Val lle Vel Giu Tyr Ala Ser Lys Gly Asn Leu Arg Glu T r Lev
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g e Pro G!u Glu Gln Lev Ser Phe Lxs Asp leu Val ggro
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300 810
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280 210
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This application is a continuation-~in=patt"
application of commonly assigned patent application U.S.S.N.
07/377,003 filed on July 6, 1988, which is hereby incorporated
herein by reference.

This invention was made in part with government
support under grant contract No. HL-07152 and under grants RO1
HL~32898 and POl HL-43821-01, all awarded by the Naticnal

Institutes of "Health. The government may have certain rights
in this invention.

Figlg of the Invention

_ The present invention relates to receptors for growth
factors, specifically to the fibroblast growth factor receptor
(FGF-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 usuall? have three major
identifiable regions. The first is an extracellular region
which contains the domain 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
region. Many of these rebeptcrs contain a tyrosine kinase
domain in the intracellular region.

The fibroblast growth factor receptor (FGF-R)
préteins bind to a family of related growth factor ligands, the
fibroblast growth facter (FGF) family. This family of growth
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factors are characterized by amino acid segquence hégg%ggxhﬁMmm
heparin~-binding avidity, the-ability to promote angicgenesis
and mitogenic activity toward cells of epithelial, mesenchymal
and neural origin.

The FGF family includes the following 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., EMBO.
J., 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.,
Proc. Natl., Acad. Sci. USA, 84:2980 (1987)); ‘

(5) FGF~5 (X. Zhan et al., Mol. Cell. Biol., 8:3487
(1588)); and

(6) keratinocyte growth factor (J.S. Rubin et al.,

c. Matl, Acad. Sci. USA, 86:802 (1989)).

(7) FGF=-6 (I. Marics, et al., Oncogene 3:335
(1989)).

The actions of acidic and basic FGF are mediated
through binding to high 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. Biophys. Res.
Communications, 155:583 (September 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 fibroblast growth

factor receptor (FGF-R). -  Using antiphosphotyrosine antibodies
to screen Agtll cDNA expression libraries, a 2.5 kilobase 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

U,
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Identified by Phosphotvrosine Antibodyv Screening of--ePN3- - - =T
Libraries", Mol., Cell. Biol. No. 8, 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 flg (fmg-iike-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 Protein Tyrosine Xinase Gene
Whese Expression is Modulated During Endothelial Cell
Differentiation®, Oncogene, 3:9 (1988)). Those authors could
not identify a transmembrane region in their isolated sequence

and therefore hypothesized that flg encodes a cytoplasmic
tyrosine kinase.

The purified and cloned chicken bFGF and human bFGF
receptors of this invention have amino.acid sequence similarity
with the bek and flg clones in the regions which have been
isolated. However, both the bek and fldg sequences reported
were inceomplete and there was no recognition of their function
as FGF binding receptors. Moreover, the prior reports failed
to recognize 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 pathogenesis of disease. Qberrant expression pf FGF may
cause cell transformation by an autocrine mechanism. Moreover,
FGFs may enhance tumor growth and invasiveness by stimulating
blocd vessel growth in the tumor or by inducing production of
proteins such as plasminogen activator. However,
‘identification of the components involved and understanding of
the mechanisms and interactions involved remain woefully
incomplete. '

Purified FGF receptors and fragments, and isoclated
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 alsc become available. These reagents will
find both diagnostic and therapeutic uses in the aforementioned
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processes. The present invention fulfills these ané other

e e e
needs. N

SUMMARY OF THE INVENTION

Thé present invention provides purified fibroblast
growth factor receptor (FGF-R) proteins, nucleic acids encoding
FGF-R proteins, methods for the production of purified FGF-R
proteins, purified proteins made by these methods, antibodies
against these proteins and fragments, and diagnostic and
therapeutic uses of these reagents. Notably, the present
invention provides soluble and secreted forms of the receptors
exhibiting an unusual receptor structure.

The present invention 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 said fibroblast growth
factor receptor. Typically, the agent will be a fragment of a
human fibroblast growth factor receptor, e.g., a fragment
produced in a cell transformed with a nucleic acid containing
at least about 15 bases of a sequence selected from the group
consisting of:

a) a DNA sequence in Figures 3 or 4;
b) a sequence encoding a polypeptide of Figures 3, 4 or
7:; and v

c) a sequence substantially homologous to a sequence of
Figures 3 or 4.
The fragment will often be a fibroblast growth factor receptor
extracellular domain without a tyrosine kinase region.

Alternatively, a methed is provided for inhibiting

binding between a fibroblast growth 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 -a sequence described in Figures 3, 4
or 7 to a solution or medium containing fibreblast 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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Compositions contaifing a soluble FGF-£*§31§peptide'
having between about five and two hundred contigucus amino
acids from a human FGF~R extracellular domain are described.
In one embodiment, the polypeptide contains at least about 80
amino acids from residues 1 to 287 .of.a hupan..fibroblast growth
factor receptor of Figure 7 or an IgII or IgIII 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 centaining a substantially
pure polypeptide of less than about 85 KDa comprising a
fibroblast growth factor-binding domain. The polypeptide may
be scluble or may specifically possess a. signal segment, an IgIl
segnment, an acidic segment, an IgII segment, an IgIiIl segment,
an IgIIIT 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 IgIIT domains. The polypeptide can be
one polypeptide chain in a multi-chain complex of proteins. A
chicken fibroblast growth factor receptor is one preferred
embodiment.

The present invention embraces isolated nucleic acids
encoding human fibroblast growth factor receptor proteins which
substantially lack an intracellular demain. 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
have a signal segment, an IgIl segment, an acidic segment, an
IgIlI 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
preferred'embodiment is a nucleic acid enceding a receptor



incorporated into expression vectors suitable for production of
recombinant FGF-R peptide.

Also included are isolated nucleic acids encoding a
soluble human fibroblast growth fac;P; receptorj_preferably one
homologous to h4 or hS. Protein ﬁéoducts made by expressing
such an isolated nucleic acid are provided.

A method is provided for making these proteins of
newly recognized utility, e.g., fibroblast growth factor
receptor activity, said methed comprising expressing an
isolated nucleic acid. Products produced by this method are
now alsc 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 DNA sequence in Figures 3, 4 or 9;

b) a sequence encoding a polypeptide of Figures 3, 4 or
7: and |

c) a segquence substantially homologous to a sequence of
Figures 3, 4 or 9.

Other metheds for producing an antibody against a
fibroblast growth factor receptor fragment are desbribed,
including a step of producing an antibody against a polypeptide
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 segment, 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 measufing 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 sanple.



This invention also provides a transforméd.gell . -
capable of expressing a polyp;ptide homologous to at least a
portion of a human fibroblast growth factor receptor. A
preferred embodiment is where the cell expresses a polypeptide
homologous to substan{:ially the entire membrane bound or
soluble form of a human fibroblast ‘growth-factor receptor.
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 compares the binding of various derivatives of
FGF to FGF-R. Fig. 1(A) is a graph showing the percent binding
inhibition of 1251-1abeled bFGF. Fig. 1(B) is an
autoradiograph of BFGF cross-linked Swiss 3T3 cells subjected
to gel electrophoresis.

Fig. 2{a) is an autoradiograph of cross-linked
chicken meambrane 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 embryc eluate
shown in Fig. 2(a).

Fig. 3 shows the nucleotide and aming acid seguence
of a chicken bFGF receptor.

Fié. 4 shows the nuclectide and amino acid sequence
of a human FGF receptor. .

Fig. S5(A) represents an autcradiograph of a northern
blot of chicken RNA probed with a full length cDNA chicken bFGF
receptor under high stringency conditions. - Fig. 5(B)
represents an autcradiocgraph of a primer extension of chicken
mRNA subjected to electrophoresis on an acrylamide sequencing
gel. .

Fig. 6 is a schematic of a chicken bFGF receptor -
indicating the (solid block) acidic domain; (cross-hatched
block) transmembrane region: (flecked block) tyrosine kinase
domain; (8), 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 residue in the Ig-
like domain.

Fig. 7 provides an amino acid sequence comparison of
variocus different FGF receptor forms. The amino acid sequences
of 4 human receptor forms are shown in comparison to a chicken
FGF receptor sequence. Seéuences 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 M34188.
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Fig. 3 provides a schematlc representatlon "6¥ 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 kinase 2 domains (stippled boxes),
and the divergent region of h4)h5“(zi@zﬁﬁwlinéTT““KEtérisks
indicate the position at which h2 and h4 contain the sequence
ArgMet, the chicken receptor contains a single Asn residue, and
h3 and h5 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 FG?
receptor genomic sequences with deduced amino acid sequences of
FGF receptor cDNA clenes. The sequence of a human genomic
fragment cbtained by PCR is shown in c¢omparison to human and
chicken cDNA secuences. A 1 kb intron separates génomic
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 (1)
and ends with the acidic region (EDDDDEDD: amino acids 125}132
in c1 FGF-R). The amino acid sequence shown for the human h2
FGF receptor begins with the initiator methiocnine residue (1)
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 8), the h2FGFR/pSV7d expression
construct (lanes 3, 4, 9, and 10), or with vectors alone (lanes
5, 6, 11, and 12) were 1ncubated with 0.1 pmoles of 1251 arer
(lanes 1-6) or 12SI-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 8, 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 HEPES pH 7.4, 0.2% gelatln;_‘ d twice
with ice cold PBS. Dlsucclnlmlﬁyl suberate (DSS) was added to
a final concentration of 0.15 mM and crosslinking was allowed
to proceed for 15 minutes at 4°C. Samples were resuspended in
sample buffer then subjected to SDS PAGE followed by
autoradicgraphy. ) T

Fig. 11 illustrates acidic and basic FGF induction of
a %Sca** effiux from Xenopus ococytes injected with RNA encoding
a chicken FGF receptor or the h2 human FGF receptor. The
graphs show 45catt effiux from oocytes injected with chicken
FGF receptor RNA (A and C, open sguares), human h2 RNA (B and
‘D, open squares), human h3 RNA (B and D, solid triangles) or
water (A-D, saiid squares). Injected occytes were incubated
with 4SCaClz for 3 hours at 19°C and then washed extensively.
Groups of 5 cocytes were placed in individual wells of a 24
well plate and 0.5 ml of media was added. At 10 minute
intervals, the media was removed for éounting and fresh media
was added. After 40 minutes, aFGF (panel A and B) or bLFGF
(panel C and D) were added to a final concentration of 0.5 nM.
As a positive control, carbachecl was added .after 100 minutes.
Each data point represents the average of triplicate wells.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

OUTLINE

I. General Description
A. PGF-R -
1. structural features -« oo
a. extracellular domain
i. signal sequence
ii. Ig domains
iii. acidic amino acid region
b. transmembrane segment
c. intracellular domain
i. tyrocsine kinase
- ii. insert
2. function
a. bind FGF
b. bind to FGF-R peptide
c. tyrosine kinase activity
B. Physiological Functicns
1. cellular
2. tissue differentiation
3. organismal
II. Polypeptides
A. Soluble Forms
B. Truncated Forms
C. PFusion Proteins
D. Genetic Variants (site-directed mutagenesis)
E. Compositions Comprising Proteins
ITI. Nucleic Acids
A. Isoclated Nucleic Acids
B. Recombinant Nucleic Acids
C. Compositions Comprising Nucleic Acids
IV. Methods for Making FGF-R
A. Protein Purification
. 1. affinity with derivatized FGF
) 2. various ligands, same receptor
B. Expression of Nucleic Acids
V. Antibecdies
VI. Metheds 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 comprising a
portion of the ligand-binding domain of an FGF-R are described.
Notably, the present invention provides homogeneous
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poelypeptides corresponding to naturally occurring §§g:g§Eg%§qu L
proteins having unexpected structural features. One claséummmmwwv“
provides soluble proteins lacking a transmembrane segment,
another class provides proteins possessing both a transmembrane
segment and a tyrosine kinase domain. Both of these classes
have an unexpected extracellular domain stFuctife Shorter than
the corresponding chicken FGF-R. Experimental data indicating

that a single receptor binds various FGF types is also
described.

12

e e ok g b e

A second aspect of the invention provides isolated
DNA sequences. These segquences encode polypeptides having
FGF-R ligand-binding activity, including polypeptides which
correspoend to ﬁaturally occurring full-length fibroblast growth
factor receptors. DNA secquences encoding a chicken bFGF-R or
encoding various human FGF-Rs (hFGF-R) have been isolated.
Also provided are cloning and expression vehicles containing
the FGF~R encoding secquences. A DNA sequence encoding the
full-iength FGF receptor or an FGF-R polypeptide fragment 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 te ligand and receptor interactions,
particularly those which promote or inhibit binding
interactions.

Diagnostic and therapeutic uses for the reagents
provided herein are also described.

A. FGF Receptérs

The fibroblast growth factor receptors (FGF-R) are
receptors for the family of fibroblast growth factors (FGFs),
as described above. See also P.lL. Lee et al., Science 245:57-
60, (198%9), which is hereby incorporated herein by reference.
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The FGF family consists of polypeptide5Exauthw£actc:s“__j
characterized by amino acid éequence homology, heparin-binding
avidity, the ability to promote angiogenesis, and mitogenic
activity toward cells of epithelial, mesenchymal, and neural
origin. The FGF family includes acidic FGF, basic-FGF, the
int-2 gene product, the hst gerie pProduct (Rapesi &ircoma-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 expression of FGFs may cause cell
transformation by an autocrine mechanism. Moreover, FGFs may
enhance tumor growth and invasiveness by stimulating'hlood
vessel growth into the tumor or by inducing production of
proteases such as plasminogen activator.

The term "ligand® refers to the molecules, usually
members of thé fibreblast growth factor family, that bind the
domains involved in the growth factor binding. Also, a ligand
is a molecule which serves either as the natural ligand 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 applicable to other FGF-Rs. General
descriptions of protein structure and its relationship to
nucleic acid sequences are discussed in J.D. Watson et al.,
Molecniar Biology of the Gene, 4th Ed., vols. 1 and 2,
Benjamin/Cummings, Menlo Park, California, (1987); and B.
Alberts et al., Molecular Biology of the Cell, 24 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 precteins. 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 haturally 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). Thé@seqmentsw“”*““““
of FGF-R amino-proximal to th; transmenbrane segment are
designated the extracellular domain, while the segments
carboxy-proximal to the transmembrane seément are designated
the intracellular domain. From the amino-terminus,- the
extracellular domain has an ﬁnz‘termiﬁaimﬁvdrﬁﬁﬁaﬁfé“putative
signal seguence, an immunoglobulin-like domain (designated
Igl), and acidic segment, a second immunoglcbulin-like demain
{designated IgII), and a third immuncglobulin-like domain
(designated IgIII). Although varicus structured features may
be identified in the external domain of the FGF-R, the most
important functional property which defines the domain is the
binding 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 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 domain is defined by its tyrosiné kinase
activity, typically mcdulated 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 unigue human CDNA
clones have been idehtified. These encode previously unknown
FGF receptor variants 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 biclogical
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.cf the extracellular domain. Two of
the human variant receptors, h4 and h5, are likely to encode a
secreted form of the FGF receptor.

A typical FGF-R nucleic acid segquence encodes a
transitory NH,~terminal hydrophobic sequence, which is usually
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cleaved during the translocation process. The claésical ;
function of a signal sequence is to direct the nascent =TT
polypeptide chain to membrane bound ribosomes, thereby leading
to membrane translocation. However, since the signal sequence
is typically removed in the translocation process, the signal
sequence is absent in a mature polypeptide.- - -
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
coensensus tryptophan residue 11 teo 12 amino acids on the COOH-
terminal side of the first cysteine residue in each Ig-like
domain; and (iii) the presence of the consensus sequence,
DXGXYXC, on the Nﬁz-terminal side of the second cysteine
residue. The last feature is medified 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 domains with one another,
and comparing homolcogous domains of different receptor
molecules. The amino-proximal Ig domain found in the chicken
clone was designated IgI. As the chicken clone has three Ig
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 IgI.

The next Ig domain is designated IgII, and in the
chicken receptor includes 51 amino acids between the two
cysteine residues (see Figs. 3 and 6). As described below,
this domain, in combination with the IgIII domain is involved
with ligand binding. The polypeptide sequence homology of this
domain between the chickén 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
IgIl and IgIII 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, 139, 141:a§ﬁ6“13§“6ﬁ“€ﬁ3'“”*
carboxy proximal side for the chicken, h2, h3, h4 and hS
receptors, respectively.

The third Ig domain is designated IgIII and in the
chicken receptor includes 63 amino acids between the two
cysteine residues. See Figs. 3 and &. “Again, although 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 h5 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 hS soluble receptors have a substituted
terminal segment designated IgIIIT. This segment is a
substituted terminal segment replacing part of the membrane
bound to IgIII, and is 79 amino acids long. This sequence
corresponds to amino acids 224 and 222 of h4 and hs,
respectively, while preserving many of the features found in
the IgIII domain exdgpt of the DSGSYSC. It should be noted,
however, the IgIIIT sequences are conserved between the soluble
forms of the human FGF-R.

Between the first and second immuncglobulin-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 3 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
transmembrane receptor préteins.

The 5 receptor species (e.g. the chicken, -h2, h3, h4
and hS forms) also exhibit variability at a specific location
between the conserved acidic region and the conserved second
Ig-like domain (IgIX). The h2 and h4 receptor forms contain
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two aminc acids (ArgMet) at positicns 59 and 60, wﬁ;;gmgngﬁ%ﬂ
chicken receptor containg a é&ngle amino acid (Asn) at this
position and the h3 and h5 receptor forms contain no

correspeonding amino acids at this position (see asterisks, Fig.
8).

Another unusual feature -is the-lengtirvf-the
juxtanembrane 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 tc 51 residues in
length in the receptors for PDGF, CSF-1l, epidermal growth
factor (EGF), human 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 alsc 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 shares the most
sequence identity (about 51 to 53%) with the PDGF 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 5'-triphosphate (ATP) binding site of tyrosine
kinases. The 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 of pp60Y -
SIC (about Tyr 416).

The kinase ceding sequence of the bFGF receptors,
defined by homology to other tyrosine kinases, are 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 for insulin and insulin-like growth factor-I.

The FGF-R appears to have three different biolecgical
functions. The first is the binding of ligands, usually the
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FGF proteins or their analogues. These ligands or ARalogues
may also serve as either agcn{sts 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- ordinarily-be-FéF-modulated.

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 te function in a dimer state, the
intrachain binding interactions may be considered another
biological activity 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 organisus,
modulation of various activities, e.g., limb regeneration, lens
regeneration, angiocgenic effects on both normal and tumor
cells, wound healing, adipocyte differentiation, and growth of
various neural and myoblast cells. FGFs also exhibit potent
angiogenic 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. 1In
addition, constitutive expression of FGFs has been shown to
induce cellular transformation in transfected cells, indicating
that autccrine or paracrine stimulation by FGFs may be involved
in tumor formation. These diverse cellular and physiological
effects foreshadow the central importance of these receptor-
ligand 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 necessafy for effecting a
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particular ac;ivity. Alternatively, these cells iay‘SE“GEE%Ei”
to assess the ability of a selected receptor to bina different
ligands (FGFs and analogues) thereby providing a powerful tool

for evaluating the potential of drugs for promoting or

inhibiting specific FGF-induced cellular responses;-

Cells transfected, injedted’ 'ififécted or
electroporated with DNA or mRNA 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 or a receptor pclypeptide fragment can
be used to block the binding of the ligand (FGF) to native FGF
receptors. Alternatively, antibodies to the receptor or
fragment can have the same effect.

Homogeneous and defined polypeptides and DNA
sequences will find use in raising antibodies. In particular,
antibodies against specific regions of the receptor, e.g., the
ligand-binding domain, will find use in diagnostic testing.

The reagents FGF-R, FGF-R polypeptidaé and antibodies to
specific regions of the recepter can be used to study
regulation of FGF mediated activities. For example, FGF
agenists should stimulate blood vessel development, an effect
particulafly beneficial in wound healing and in the growth of
collateral blocd vessels in ischemic areas of the. heart. FGF
antagonists should find use in preventing aberrant angiogenesis
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 sequences 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 includedé are homclogous 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 acids retrieved from naturally oc%u;§iﬁ§wmmﬂwm“m”ﬂ
material. Closely ielated FGﬁ—receptors retrieved by antisera------
to FGF receptors are also included.

The symbols for the amino acid residues are shown

in Table I. -
Table I
Abbreviat s for the Amino Acid Residues
A, Ala; G, Gly: M, Met; S, Ser:;
C, Cys; ‘H, His; N, Asn; T, Thr;
D, Asp:; ‘I, Ile; P, Pro:; v, Val:
E, Glu; K, lys: Q, Gln; W, Trp:
F, Phe; L, Leu; R, Arg: Y, Tyr:

X, any aminoc acid and 2, 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 lacking a transmembrane segment) which
possess FGF binding capacity indicate#'thaé shorter 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% homology with the naturally-occurring receptors in the IgII
and IgIII regions, usually at least about 90% homolegy, and
preferably at least about 95% homology.

In particular, the ligand binding function is
localized to the extracellular domain, and the soluble forms
retain this particular function. Secluble fragments of FGF
receptors should be useful in substituting for or interfering
with the functions of 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 IgIlI domain indicates that



21

e i

certain functions may be absent in the human receptor, or, more
likely, that the IgI domain is unnecessary in the human
receptor. Data presented below shows that the IgI domain is
not essential for ligand binding.

As used herein, the terms substantially pure and
homogenous describe a protein whichhas "been sepa¥ated 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 polypeptide sequence. A substantially pure protein will
typically comprise over ahout 85 to 80% 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
polyacrylamide gel, with homogeneity determined by staining.
For certain purposes high resolution will be used and HPLC or a
similar means for purification utilizéd. For most purposes, a
simple chromatography column or polyacrylamide gel will be used
to determine purity. - |

A pfotein is substantially free of naturally-
associated components when 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 cell from which it naturally
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
mammalian cells or plant cells, E. coli and other prokaryotes.

A polypeptide ig substantially an entire membrane
bound form of an FGF-R when it is substantially a full length
peptide correspending to, or highly homoclogous to a naturally
occurring menmbrane bound form of an FGF-R.

Whether soluble or membrane bound, the present
invention provides for subétantially 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 using techniques of c:La.és:‘u.::shl.-.-p;;:oiu-:«i1=1-------=--:~~--—-—-----*-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
conjugated to biotin tﬁrough the cysteine residues of the FGF.
Purified FGF-R receptors may also be vbtained 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
purified protein, may not provide a workable amount of purified
protein (i.e. more than nanogram amounts).

Depending on the availability of specific antibodies,
as provided herein, specific FGF receptors may alsc be purified
using immunoaffinity chromategraphy. Antibodies prepared, as
described below, may be immobkilized to an inert substance to
generate a highly specific affinity column. See Harlow and
Lane, below. )

By way of example and not limitation, one
purification procedure may be used which takes advahtage of the
fact that labeled biotin~bFGF binds with high affinity to
receptors in cells containing high amounts of those receptors.
1251 1abeled biotin~bFGF will bind to bFGF receptors in Swiss
373 cells and can be cross-linked to the receptor protein.

Various cell or tissue sources maﬁ be selected as
starting materials usually selected due to an abundance of the
desired receptor. Chicken embryos (day 6, stage 29-30) are
preferred because they contain relatively large amounts of the
receptor protein as determined by high-affinity binding of
human and bovine bFGF. Embryo extracts can first be
fractionated con 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-agarose 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 SDS. The chicken protein which
bound to avidin-agarose 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 the amino acid sequence or %ﬁmehﬁainmwmﬂﬁmqmmf
polypeptide fragmenés of the receptor, the receptor may be
digested with trypsin. Peptide fragments may be separated by
reversed-phase high performance liguid chromatography (HPLC)
and analyzed by gas-phase sequencing. Other sequencing metheds
known in the art may also be used.” B

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 1igand-bindin§ domain of the
human FGF-R shown in Figure 4 extends from about amino acid 22
to about aminc acid 285. The ligand-binding domain varies with
different FGF receptors 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 segments of the extracellular domain and
assgying ligand binding to the remaining sequence. Studies of
ligand-receptor interaction indicate that at least the
ligand-binding region is located in the extracellular region of
the receptor is required. As used in this application, FGF
receptor or FGF-R ligand-binding activity means having the
abiiity to bind a fibroblast growth factor or other specific
ligand. Usually these 1i§ands will be members of the FGF
family. Therefore the external region has utility in
establishing FGF agonists or antagonists.

It is also likely that the FGF-R, like many other
growth 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 invelved in dimerization.

The intracellular regions of the receptors (e.g.
starting at about amino acid 396 through the COOH-terminus for
the chicken bFGF-R and about amino acid 307 through the
COOH-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



24

e e s s v LRy

g g i e T

BFGF-R. The fig has 99% homology with various sequendes of the
human FGF receptor described in Figure 4.

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;g;.amind”icidé about 1
through 21 of the N-terminal sequence comprise the leader or
signal sequence of the chicken bFGF-R shown in Figure 3 and the
human ¥FGF-R shown in Figure 4).

The present invention also provides for analogues of
the fibroblast growth factor receptor polypeptides. Such
analogues inclqde 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 and Ciechancver (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 technidques includihg both random mutagenesis of the
encoding nucleic acids using irradiation or exposure to EMS, or
may take the form of engineered changes by site-specific
mutagenesis or other techniques of modefh molecular biology.
See, Sambrook, Fritsch and Maniatis (1989), Molecular Clening:
A _ILaboratory Manual (2d ed.), CSH Press.

Besides substantially full-length polypeptides, the
present invention provides for biologically active fragmeﬁts of
the polypeptides. Significant biological activities include
ligand-binding, immunclogical 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 immunolegical epitopes for binding, serving as
either a competitor or substitute antigen for a fibroblast

i e s



.
AT R R e L e reten o e oy

25

H'.T B R N el o L ——-—‘i‘
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 amine acids, more typically at least about 9
contiguous amino acids, usually at least about 11 contiguous
amino acids, preferably at least about 13 contiguous amino
acids, more preferably at least about 16 contiguous amino
acids, and most preferably at least about 20 to 30 or more
contigucus amino acids. Segments of a particular domain will
be segments of the appropriate size within the corresponding
domain.

For example, ligand-binding or other domains may be
“swapped” between different new fusion polypeptides or
fragments. Thus, new chimeric polypeptides exhibiting new
combinations of specificities result from the functional
linkage of ligand-binding specificities.and intracellular
domains. For example, the Ig domains mﬁy be substituted by Ig
demains from other related polypeptidés. |

'For immunological purposes, immunogens may be
produced which tandemly repeat polypeptide segments, 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 pelypeptides 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 hetéroiogous 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,
heterslogous fusions may be constructed which would exhibit a
combination of properties or activities of the derivative
proteins. Typical examples a}e 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 locaticn
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of a desired ligand may be easily determined. See, é.guwﬁnull,MNWWWHW

et al., U.S. No. 4,859,609, which is hereby incorporated herein
by reference. Other gene fusion partners include baq;efial 8-
galactosidase, trpE Protein A, f-lactamase, alpha amylase,
alcohol dehydrogenase and yeast alpha mating factor. See, e.q.,
Godowski et al. (1988), Science 241:812-816; and Egéerimental
section below.

Fusion proteins will typically be made by either
recombinant nucleic acid methods or by synthetic polypeptide
methods. Technigques for nucleic acid manipulation are
described generally, for example, in Sambrook et al. (1989),
Holecular g;og;ng: A laboratory Manual (24 ed.}, Vols. 1-3,
Cold Spring Harbor Laboratory, which are incorporated herein by
reference. Technigques for synthesis of polypeptides are
described, for 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 sequences. Many natural gene
sequences are obtainable from various cDNA or from genomic
libraries using appropriate probes. See, GenBank™, National
Instityptes of Health. Typical probes for fibroblast growth
factor receptors may be selected from the sequences of Figures
3, 4, or 9 in accordance with standard procedures. Suitable
synthetic DNA fragments may be prepared by the phosphoramidite
method described by Beaucage and Carruthers, Tetra. lLetts.
22:1859-1862 (1981). A double stranded fragment may then be
obtained either by synthesizing the complementary strand and
annealing the strand together 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 bLFGF-R, peptides
sequenced from purified protein are underlined, including the
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Nﬁz—proximal sequences from am}no acids 35-53 (ala---gggl*&§§ZWW$ﬁnﬂw_m§
67 (leu---arg), and 139-158 (glu---lys). The transmembrane
sequence is indicated by a dark bar, a unigue 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 fhe'putative“hydraﬁhéhfc 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
amino acid of the FGF-R gene. For example, amino acid 22 of '
the receptor déscribed 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 Figure 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 homolegy in the nucleic acid context
means either that the segments, or their complementary strands,
when optimally aligned and compared, are identical with
appropriate nucleotide insertions or deletions, in at least
about 80% of the residues, usually at least about 90%, mecre
usually at least about 95%, preferably at least about 97%, and
mere préferably at least about 98 to 99.5% of the nucleotides.
Alternatively, substantial homology exists when t@é'ﬁégmeﬁts )
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 hybridizatioh occurs which is more selective than total
lack of specificity. Typically, selective hybridization will
occur vhen there is at least 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%. See, Kanehisa, M. (1984), Nucieic 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%lesgmghaq_

about 500 mM and preferably léss than about 200 mM.
Temperature conditions will typically be greater than 20°C,
more usually greater than about 30°C and preferably in excess
of about 37°C. As other factors may significantly affect the
stringency of hybridization, inclvuding, .among-others, 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, é.g., other cellular nucleic acid sequences.
Usually, the term refers to a fragment of a genocme which has
been selectively cloned, isolated and purified to substantial
homogeneity. '

Probes may be prepared based on the sequence of the
FGF receptor c¢DNAs 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 isolate other FGF receptor
nucleic acid sequences by standard methods. See, e.g. J.
Sambrook et al., Molecular Cloning: 3 Iaboratory 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 enccdiné 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 thereby
producing various restriction sites, or to optimize expression
for a ﬁarticular 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 sequence-ingludes- o -
any sequence that has been cbééined 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 ﬁatteucci, et al., 3. "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 0.1 nmole substrate is used in connection with 50 mM
Tris, pH 7.6, 5 mM dithiothreitol, 10 mM MgCl,, 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 f£ill-
in reaction, or other metheds 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 nRNA for the desired
receptors. Phage libraries are normally preferred, but plasmid
libraries may alsc be used. For example, a keratinbcyte 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 hst receptors and an
endothelial cell library is preferred for acidic FGF receptors.
Clones of a library are spread onto plates, transferred to a
substrate for screening, denatured and probed fgr?fhﬁ’pfggéﬁﬁé
of desired sequences. E}iﬁ};;Qééiﬁﬁiﬂﬁ

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 NaCH, 1.5 M
NaCl for about 1 minute, and neutralized with, e.g., 0.5 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., fof 2 hours at 80°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, S5X Denhardt's soluticn
(polvvinylpyrrolidone, plus Ficoll and bovine serum albumin;
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1X = 0.02% of each), 50 mM sodium phosphate buffer Jt PH 7.0,

0.2% SDS, and 50 pg/ml denatured salmon sperm DNA).
Hybridization with an appropriate probe may be performed at
42°C for 16 hrs with 10 ml/filter of 1 x 10% cpm/ml of DNA
'hybridization buffer containing labeled probe. The final
concentration of formamide is varied according to the length of
the probe and the degree of stringency desired. See, e.q.,
J.G. Wetmur 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 cligonucleotide probe based on the amino acid
sequence of the two tryptic peptides of the purified chicken
bFEF-R was used to screen a chicken embryo (day 6) cDNA library
under low stringency conditions. Sequences cerresponding to
TVALGSNVEFVCK and VYSDPQPHIQWLK, 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 isclate
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 sedquence
can be used as a probe. Alternatively, any DNA-sequence that
encodes an FGF-R hydrophobic signal 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 isoclated FGF receptor.

The DNA sequences used in this invention will usually
comprise at least about 5 codons (15 nuclecotides), more ugually
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 about the minimal length requi:ggmggm;ghﬁﬁ__"__

successful probe that would hybridize specifically with an FGF
receptor. For example, epitopes characterigtic of an FGF-R nay
be encoded in short peptides. Usually the wild-type sequence
will be employed, in some instances one or more mutations may
be introduced, such as deletions, "substitutions;insertions or
inversions resulting in changes in the amino acid sequence to
provide silent mutations, to modify a restriction site, or to
providé 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
nucieotides, usually at least about 15 nuclectides, 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 fragments ccding 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 DNA
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 eukaryoctic cell
lines. DNA constructs prepared for introduction into bacteria
or yeast will typically include a replicaticn system recognized
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 encoding segment. The transcriptional
requlatory sequences will typically include a heterclogous
enhancer or promoter which is recognized by the host. The
selection of an appropriate promoter will depend upen the host,
but promoters such és the trp, lac and phage promoters, tRNA
promoters and glycolytic enzyme promoters are known. See,
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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
combinations of cell lines and expression vectors are  described
in Sambrock et al. (1989):; gee also, Metzger et al. (1988),
Nature 334:31-36.

Expression vectors for these cells can include
expression control sequences, such as an origin of replicatien,
a promoter, an enhancer and necessary processing information
sites, such as ribosome~binding sites, RNA splice sites,
polyadenylatioﬁ 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 understoecd that in
many cases others will be equally or more appropriate. Other
preferred expression control segquences-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 (see, U.S. Patent
No. 4,663,281, which is incorporated herein by reference), but
_§V40, polyoma virus, cytomegalovirus (human or murine) and the
LTR from various retroviruses (such as murine leukemia virus,
murine or Rous sarcoma virus and HIV) may be utilized, as well

sa promoters endogenous to FGF-R genes. See, Enhancers and
Eukarvotic Gene Expression, Cold Spring Harbor Press, N.Y.,

1983, which is incorporated herein by reference.

The vectors containing the DNA 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, Sambreocok et al. (1989), Mcole a loning:
A Taboratory Manual (24 ed.), CSH Press (1989), which is
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incorporated herein by reference. The term “transformed cell" .. . ..
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
particularliy useful. These gene. segmentswwill.beﬁgsad as
probes for screening for new genes exhibiting similar
biclegical activities, though the controlling elements of these
genes may also be of importance.

IV. Methods for Making FGF Receptors

DNA sequences may alsc 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 ligand-binding.

large quantities of the receptor proteins may be
prepared by expressing the whole receptor or parts of the
receptor contained in the expression vehicles in compatible
hosts such as E. colj, yeast, mammalian cells, insect cells or
frog ococcytes. The expressicn vehicles may be introduced into
the cells using methods well known in the art such as calcium
phosphate precipitation (discussed below), lipofection,
electroporatiocn or DEAE dextran.

Usually the mammalian cell hosts will be immortalized
cell lines. To study the 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 mitogenic
response on the cell. Such cells will enable one to analyze
the binding properties of various native FGFs. Transfected
cells may alsoc be used to evaluate a composition or drug's
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effectiveness as an FGF antagonist or agonist. Tﬁe level of

receptor tyrosine kinase activity or the rate of nucleic acid
synthesis can be determined by contacting transfected cells
with drﬁgs and comparing the effects of FGFs or their analogs
on the drué-treated cells versus the controls. Although the
most common prokaryote cells used as.hosts are stxains of E.
coli, other prokaryotes such as Bacillus s ilis or
Pseudeomonas may also be used. The DNA sequence cf 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 vehicle 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 mammalian cell. 1In
some vehicles, the receptor's own control segquences may also be
used. A common procaryotic plasmid vector for transforming E.
coli is pBR322 or its derivatives (e.g. the plasmid pkt279
(Clontech) ). (Bolavar et al., Gene, 2:95 (1977)). The
procaryotic vectors may also contain procaryotic promoters for
transcription initiation, optionally with an operator.
Examples of most commonly used procaryctic promoters include
the beta-lactamase (penicillinase) and lactose (lac) promoter
(Cheng et al., Nature, 198:1056 (1977), the tryptophan promoter
(trp) (Goeddell et al., Nucleic Acid Res., 8: 457 (1980)) the
P; promoter and the N-gene ribosome binding site (Shimatake et
al., Nature, 292:128 (1981).

Promoters used in conjunction with yeast can be
promocters derived frdm the enolase gene (Holland et al., J.
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., 255 (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 gene
{({e.g. DHFR) so that multiple copies of the FGF receptor gene




may be made. ' !

Prokaryotes may be ‘transformed by various metheods,
including using CaCl2 (Cohen, S.N., Proc. Natl. Acad. Sci. USA,
69:2110 (1972)) or the RbCl method (Maniatis et al., Molecular
Cloning: A Iaboratory Manual, Cold Spring Harbor Press 1982)).
Yeast may be transformed using a method described by 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
retroviral inﬁection (E. Gilboa, Experimental Manipulation of
Gene Expression, Chap. 9, Academic Press P. 175 (1983))., The
‘actual expression vectors containing appropriate seguences 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 Biolabs,
Waltham, Massachusetts.

Clones are selected by using markers depending on the
mode cof the vector construction. The marker may be on the same
or a different DNA 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 isclated 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 discussed above using HPLC,
electrophoresis, affinity chromatography (preferably immuno-
affinity or ligand affinity).

Another method which can be used to isoclate cDNA
clones of FGF-R related species inveolves the use of the
polymerase chain reaction (PCR). (Saiki, R.K., et al. Science
230: 1350 (1985). 1In this approach two oligonuclectides
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(27mers) corresponding to distinct regions of the FGF~R .
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 conditicns of reduced stringency as
described below in Example 2. The resulting amplified
fragments are subcloned, and the resulting recombinant colonies
are probed with 32p_jabeled full-length FGF~R cDNA 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. 1In
addition this approach can be used to isclate variant FGF-R
cDNA species which arise as a result of alternative splicing,

see Frohman, M.A., et al., Proc. Natl, ad. Sci. USA, 85: 8998
(1988).

V. Aantibodies

Polyclonal and/or monoclonal antibodies to the

" various FGF receptors and peptide fragmegts may also be
prepared. The term antibody is used both to refer to a
homogenecus 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 te 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 injecting mice with FGF-R protein, FGF-R polypeptides
or mouse cells expressing high levels of the cloned FGF
receptor on its cell surface. Monoclonal antibodies will be

‘screened by ELISA and tested for specific immuncreactivity with
the FGF receptor protein or polypeptides therecf. See, E.
Harlow and D. Lane, Antibodies: 3 Iaboratory 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 antibodies specific for binding to tﬁ%se*""““W““““m““*“
receptors. These antibodies may be either polyclonal or

menoclonal and may be produced by in vitro or in vive

techniques.

For production of polyclonal antibodies, an
appropriate target immune system is selected, typically a mouse
or rabbit. The substantially purified antigen is presented to
the immune system in a fashion determined by methods
appropriate for the animal and other parameters well known to
immunclogists. 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 immunocassays involve some
purification of a source of antigen, for example, produced by
the same cells and in the same fashion as the antigen was -
produced. The immuncassay may be a radioimmunocassay, an
enzyme-linked assay (ELISA), a fluorescent 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 108 M™%
preferably 102 to 1010, or stronger will typically be made by
standard procedures as described, e.g., in Harlow and Lane,
Antibodies: A Iaboratory Manual, CSH Laboratory (1988}); or
Goding, Monoclonal Antibodies: Principles and Practice (2& ed)
Academic Press, New York (1986), which are hereby incorporated
herein by reference. Briefly, appropriate animals will be
selected and the desired immunization protocol feollowed. 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 the 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 ig vitro exposure
of lymphocytes to the antigenic polypeptides or alternatively
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to selection of libraries of antibodies in phage er—similar -«

vectors. See, Huse et al., "Generation of a Large
Combinatorial Library of the Immunoglcbulin Repertoire in Phage
Lambda," Science 246:1275-1281 (1989), hereby incorporated
herein by reference. The peclypeptides and antibedies of the
present invention may be used with or without modification.
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 technigques are known and are reported extensively
in both the scientific and patent literature. Suitable labels
include radionuclides, enzymes, substrates, cofactors,
inhibitors, flucrescent 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;
3,839,350; 3,996,345; 4,277,437: 4,275,149; and 4,366,241.
Also, recombinant immunoglcbulins may be procduced, see Cabilly,
U.S. Patent No. 4,816,567. '

VIII. Metheds 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. Alsoc 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 recepters 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 diperization 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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fraction of signal transduction.

This observation provides a methed 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 grdwth factor
receptors. As discussed above, the FGF family of proteins have
a significant role in regulating many important physiological
processes. The soluble FGF-R polypeptides may be effective in
medifying the extent of FGF modulation of these processes. For
this reason, the soluble forms of the receptors may £ind use as
competitive binding sites for FGF. Likewise, truncated FGF
binding sites Sr 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
terns of economics and in terms of medical side-effects upon
administration. _

The reagents provided hereiﬁ will also find use in
diagnosis of either FGF production or FGF=-R praducﬁion.

Various medical conditions are indicated by an abnocrmal level
of production of either of these proteins, including, e.g., |
Kaposi sarcoma, which produces XKaposi FGF, and diabetic
retinopathy. Thus, diagnostic tests dependent upon these
reagents now.beccme availabile. :

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 will be found. Thus, tissue markers should
become available.

Since tumor growth is so dependent upen
microvascularization, 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
an important addition to the arsenal of agents for fighting
tumor growth.

Viral infections may alsc be dependent upon binding
to particular receptors for the invasion process. There is
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suggestive evidence that HSV (Herpes simplex viruJ;_infentsmhzmnh _____ i
binding to FGF-R proteins. Tﬁus, 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, the méchHanism of protection
may depend upon competitive binding, disruption of dimer
structure, a combination, or another.

The caantities of reagents necessary for effective
therapy will depend upon many different factors, including
means of administration, target site, physiological state of
the patient, and other medicants administered. Thué, 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 of human dosage. Various considerations

are described in Gilman et al., Coodman and G nis: The
Pharmacological Basis of Therapeuties, 7th-Ed., MacMillan, New

York (1985), which is hereby incorporated herein by reference.
Because of the hiéh affinity binding between FGF and its
receptors, low dosages of these reagents would be initially
expected to be effective. Thus, dosage ranges would ordinarily
be expected. to be in amounts lower than mM concentrations,
typically less than about 10 uM 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 illustrative examples.

Exampie 1

Characterization of a bFGF_receptor.

1257 _jabeled bFGF was first competitively bound to
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Swiss 3T3 cells. As shown in-Figure 1(3}), 1251-1abeled bFGF (2 o

Ci/pumol) was added to the confluent 3T3 cells (6 fmol of 1251-
labeled bFGF per 10° cells) in the presence of indicated
concentrations of: unmodified bFGF (-X-): bxotin—bFGF (solid
square); the unbound fraction after biotin-bFGF. was .incubated
with avidin-agarose, (open square):; the unbound fraction after
bFGF was incubated with avidin-agarose, (open triangle).
Binding was performed for 30 min at 37°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, and 150 mM NaCl. The radiocactivity
present was determined in a Beckman gamma counter. Maximal
binding (0% inﬁibition) represents 5700 cpm of specific binding
(nonspecific binding was 600 cpm). All determinations were
made in triplicate. Recombinant human bFGF (Barr et al., J.
Bicl. Chem., 263: 16471 (1988)) was icdinated using IODOBEADS
(Pierce). The LFGF was iodinated using 0.5- 1mCi; of 125I per
1 ug FGF, 0.2M NaPi, pH 7.4, 2 IODOBEADS and incubated for 15
min. at room temperature, quenched with Na metabisulfite and
excess KI. Jodinated bFGF was separated finm unreacted free
iodine by gel filtration on a PD 10 column equilibrated with
0.2M Na phosphate, pH 7.5, 0.2M 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-HCl1l (pH 8.0)
for S hours at 4°C, according to the method of Yamamoto, et
al., FEBS lett. 176:75 (1984). Unreacted biotin was removed
by gel filtration with PD 10 columns as described above
(Pharmacia). During the purification procedyre, modified’ bFGF
was indistinguishable from unmodified bFGF in its ability.to.
inhibit the binding of 125I-labeled bFGF to high affinity bFGF
receptors in Swiss 373 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. 1{(A). The
biotinylation reaction modified 90 to 95% of the bFGF molecules
as measured by binding to avidin-conjugated agarose.

As shown in Fig. 1(B), cellular in situ bFGF
receptors were cross-linked to labeled bFGF. 1251-labeled
biotin-bFGF or 1231-labeled bFGF (0.1 pmol) was added to Swiss
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3T3 cells (5 X 10° 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 133;_%§heled
proteins were detected by autoradlography.h 1251 lébeled
biotin-bFGF bound to bFGF receptors in Swiss 3T3 cells with
high affinity (dissociation constant equals 1 nM) and was
cross-linked to a 130 kD protein which comigrated with the bFGF
receptor cross~linked to 1257_1abeled bFGF.

Purified chicken bFGF receptor was prepared by
homogenizing fresh day 6 chicken embryos (stage 29-30) with a
Brinkmann polyfron: (1500 embryos/bateh): (1:1 v/v) in a final
concentration of 0.25 M sucrose, 50 mM HEPES (pH 7.5), 2 mM
EDTA, 50 mM NaF, 150 uM sodium orthovanadate, 30 mM scdium
pyrcphosphate, 1 mM phenylmethylsulfonyl fluoride (PMSF) ,
aprotinin (20 to 30 kallikrein international units (XIU)/ml,
leupeptin (10 pg/ml), and pepstatin (1 ug/ml). The homogenate
was centrifuged at 17,700g for 45 minutes at 4°C. The pellet
was resuspended in homogenization buffer (300 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)), 50 mM NacCl, 5 mM EDTA, 1%
Triton X-100, 50 nM NaF, 150 uM sodium orthovanadate, 30 mM
sodium pyrophosphate, 1 mM PMSF, aprotinin (20 to 30 KIU/ml),
leupeptin (10 ug/ml) and pepstatin (1 pg/ml)), and then
centrifuged at 31,0009 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 uM scdium orthovanadate, 30 mM
sodium pyrophosphate, 1 mM PMSF, aprotinin (20 to 30 KIU/ml),
leupeptin (10 pg/ml) and pepstatin (1 pg/ml). The column was
eluted with column buffer containing 0.5 M N-acetylglucosamine.
Peak protein containing fractions were combined and stored at
-70°*C.

To establish the presence of FGF-R in the embryo
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membranes and WGA eluate, chicken bFGF receptor
linked by incubating 10 pl of the chicken embryo membrane
fraction (Mb) or 100 gl of the eluate from the WGA-Sepharose 4B
column with 12%I-labeled bFGF (0.1 pmol) in the presence (+) or
absence (-) of a 200~fold excess cf unlabalad bFGF-for 30 min
at 37°C (See Fig. 2(A)). DSS was added to a concentration of
0.15 mM, and the reaction mixture was incubated for 10 min on
ice. Samples were subjected to SDS PAGE followed by
autoradiography. Specific binding and cross-linking of
125:_bFGF to crude chicken embryc 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 to recéptor) 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-Sepharcse 4B column was cycled through
avidin-agarose 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 NacCl (300 ml) and then eluted with 10
nM suramin in column buffer. Four sequential 10 ml fractioms
were collected (frac. 1-4) and samples of each fraction were
subjected to SDS PAGE and stained with silver nitrate. &s
shown in Fig. 2(B), only 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
correspending 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 of 2 to 5 ng of pure FGF receptor
per chicken embryo with an overall recovery of 5%.

To further characterize the receptor, protein wvas
digested with trypsin. Peptide fragments were isolated by
reversed-phase high performance l;qg}qﬁgpgggggpgggpgi;(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 (LILGKPLGEGCFGQVVLA,
IADFGLAR, MAPEALFDR and IYTHQSDVWSFGV, See Table I and rig. 3)
were homologoué 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 was 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 flg (fms-like
gene). See M. Ruta et al., Oncoaene, 3: 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.

a e 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" mrNA. 200 g of poly A" mRNA was
size-fractionated on a 10%-30% sucrose gradient and fractions
containing mRNA greater than or equal te 3.5 Kb were pooled. 5
ug 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 2.0 kb, and the sized cDNAs were then cloned intoc
the Eco RI site of the bacteriophage vector Zapll (Stratagene,
cat.#236211). The resultant cDNA library contained 2.0 X 10°
independent reccmbinants.

The library was screened with a ?P-labeled
ocligonucleotide probe that encoded the two contiguous peptides
shown in Fig. 3 (TVALGSNVEFVCK and VYSDPQPHIQWLK). The
ocligonucleotides were prepared using a commercial automated
oligonucleotide synthesizer. Two 43-45 base oligonucleotides
containing a 12 base overlapping complementary sequence were
annealed and labeled by Klenow fill-in with ANTP's (-dCTP),
?ZP-dCTP, and DNA polymerase Klenow fragment yielding a 70 bp
labeled probe. Filters were hybridized under low stringency
conditions (20% formamide, 5X standard saline citrate (SSC) and
5X Denhardt's solution at 42°C) and washed with 0.2X SSC at
42°C. Twenty-five positive clones were isclated following 3
rounds of plaque purification. Of the 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 identical except for
variation in length at the 5' end of the clones. The amino
acid sequence of the largest clilone (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 ug) with
full-length chicken bFGF receptor cDNA under high stringency
conditions (50% formamide), S5X Denhardt's solution and 5X 8SC
at 42°C. Filters were then washed with 0.2X SsSC at 65°. 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 5'
end of the clone were performed. Chicken embryo poly(A)+ RNA
(5 ¢g) was denatured with 10 mM methylmercury, annealed to
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32p_labeled primer (5' CTGCACGTCATCGCGCA-3') and e —
murine Moloney leukemia virus reverse transcriptase. (See

Figure 5(B): lane (S) represents 32p_j1abeled DNA molecular size
standards (1 kb):; Lane (E) represents extended fragment (523
nucleotides); lLanes (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 isoclated clone.

The amino acid sequence of the longest open reading
frame (2.4 kb) inciuded an in-frame stop codon (amino acid
residue ~12) followed by an initiator methionine (residue 1)
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 fbund in several known growth factor receptors.

It contained a single-membrane spanning region, an NHz-terminal
hydrophobic signal sequence, three extracellular
immunoglobulin-like domains and an intracellular tyrosine
kinase domain (Fig. 6). Eleven potential N-linked
glyccosylation sites were also found. N~ and O-linked
glycosylation of the chicken bFGF receptor may account for the
disparity between the cbserved size of the bFGF receptor and
the size predicted from the cDNA segquence. -

Three immunoglobulin-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
trypteophan residue 11 to 12 amino acids on the COOH-terminal
side of the first cysteine residue in each immunoglobulin-like
domain; and (iii) the presence of the consensus sequence,
DXGXYXC, on the NHz-terminal side of the second cysteine
residue in each immunoglobulin-like domain. The interleukin-l
(IL-1) receptor also has three immunoglobulin-like domains, and
bFGF has 25-30% sequence identity to IL~1. 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 resldues (EDDDDEDD) félloweg”hyLm-—mw““”*

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 prote1ns, such ac1d1c regions

Cin B ¥ e

are unusual in the extracellular reglon of transmembrane
receptor proteins.

Another unusual feature is the length of the
juxtamembrane region, the region between the membrane spanning
segment and the kinase domain. This region is normally
conserved among receptor tyrosine kinases. TFor example, the
juxtamembrane region is consistently 49 to 51 residues in
length in the feceptors for PDGF, CSF~1, epidermal growth
factor (EGF), human epidermal growth facter-2 (HER2) and

insulin. The bFGF receptor has an unusually long juxtamembrane

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 482 to 759). Overall, the kinase region of the

bFGF receptor shares the most sequence:identity (about 51 to
53%) with the PDGF and CSF-1 receptocrs. The bFGF receptor
contains the GXGXXG motif and the conserved lysine residue
(about residue 512) that form part of the adenosine 5'-
triphesphate (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 pp60YV STC (about Tyr 416).

The kinase cocding sequence of the bFGF receptor,
defined by homology to other tyrcsine kinases, is split by an
insertion of 14 amino acids. The length of the insertion in
the kinase regicn 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.

Example 3
1l Lenagt uman_FGF Receptor cDNA Clcone Preparation
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A human FGF receptor .cDNA 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 was hybridized at high
stringency with labeled probe 1 x 106 cpn/ml (50% formamide, 5X
8sC, SX Denhardts, 10mM Na°PO,, pPH 6.5, 100 ug/ml salmon spern
DNA at 42°C, (16-24 hrs) and washed at 65°C with 0.2X SsC, 0.1%
SDSs.

From the initial screening of the human endothelial
cell cDNA library, four clones were identified and purified
through 3 rounds of plague purification. The cDNA inserts from
three of these clones generated identical segquences and
contained sequences highly homologous to the sequences of
tryptic fragments from the purified chicken bFGF-R. The amino
acid and nucleic acid sequence of the largest clone
(approximately 3.6 kb) is set forth in Figure 4. Amino acids
about 1-21 represent the hydrophcbic 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 isclated 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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distantly related. All related but not identical (EE*Fiaﬁfé*wamwﬁﬂé

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 ?@Egiuélgfm§g§§égffGF.
Alternatively, two probes are desigﬁed;-bﬁ: 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
3) 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 $5% sequence identity, their receptors may also
exhibit about 5$5% 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.g., acidic FGF,.

Example S5
. Characterization of human FGF-R cDNA ciones

Plasmid Constructions.

For transfection experiments, full-length chicken FGF
receptor cDNA containing 46 nucleotides of 5' nontranslated
sequence and the entire 3! nontranslated sequence, and full-
length human h2 cDNA containing 13 nucleotides of S°
nontranslated sequence and the entire 3' nontranslated sedquence
were individually’'subcloned into the BamHI/Sall sites of the
mammalian expression vector psv7d (P. Luciw, Chiron
Corporation). This placed the receptor cDNA fragments in the
proper orientation directly 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 was subcloned into the BamHI/Sall sites of
Bluescript Sk (stratagene) and full-length human FGF receptor
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cDNAs (h2 and h3) were subcloned into the PstI/siiI-sitaswoﬁwm~w

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 nucleotides of intact 5!
nontranslated sequence for the chicken and human constructs,
respectively.

Cell Lines and Transfections.

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 transfection.
Within 24 hours after plating, 1 X 10% cells were cotransfected
with 20 pg of the appropriate expression construct (either
CFGFR/pSV7d or h2FGFR/pSV7d) and 1 pg of a vector containing
the neomycin resistance gene {(pSV2neo). Cells were transfected
using 50 pg of Lipofectin (Bethesda Research Laboratories)
following the protocol provided bf the manufacturer. Sixteen
hours later, an equal volume of DHE H21 media containing 20%
fetal calf serum was added. After 48 hours, cells were
harvested and passaged (1:10) into selection media (DME H21,
10% fetal calf serum, 500 pg/ml geneticin (GIBCO).

Transfectant colonies were assayed for expression of the FGF
receptor by immuncblotting with anti-receptor peptide
poiyclonal antisera.

Affinity Labeling.

Recombinant human aFGF and human bFGF were generously
donated by Chiron Corporation and indicated. For affinity
labeling experiments, 5 x 10° cells were incubated for 30
minutes at 37°C with 0.1 pmoles of 1251 areF or 1251-prer in
the presence or absence of a 200-fold excess of the
corresponding unlabeled ligand. The cells were then washed
once with ice cold DME H2l1l 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,

e N e e
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boiled for 5 minutes, and subjected to SDS PAGE followed by
autoradiography.

In vitro Transcription of RNA.

Prior to transcription, plasmid constructs were
linearized with XhoI. RNAs werg_t;§Q§9;§§§gW§;9§$§§9
linearized templates using T7 RNA polymerase in the presence of
500 M TNTPs (200 pM rGTP) and 500 uM > GpppG> , (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 Occytes.

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 Iaboratory Manual, CSH Press
(1982), which is incorporated herein by reference.) MBSH
containing 1 mg/ml Type II collagenase (Sigma)} for 2 hours at
room- temperature and then washed extensively with MBSH
containing 2 mg/ml bovine serum albumin (BSA). Individual
oocytes were maintained at 19°C in MBSH (1 mg/ml BESA).

Occytes were injected into the vegetal pole with 50
nl of water or RNA soclution (1 pg/gl in water). Following
injection, cocytes were incubated at 19°C for 48 hours before
performing 43ca’™ 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
cat-free MBSH solution containing no BSA. Oocytes were then
incubated in 0.5 ml of the wash sclution containing 45CaCl2
(100 uCi/ml) for 3 hours at 19°C. Following incubation,
occytes were washed six times with 0.5 ml of MBSH (1 mg/ml
BSa), then transferred to ancther 24 well plate (5 cocytes 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, ceonditioned supernatants were removed from each wgll
and replaced with fresh media. The conditioned media samples
vere 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 *°ca™
efflux levels similar to those ogtqgnggwggggwggggggg;injected
with FGF receptor RNA. We have not determined the reason for
these unexpected responses, 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 ococytes had no
significant efflux response whereas the receptor RNA response
to FGF was ten to forty fold over the basal nmeasurement.
Recéptor levels in injected coccytes have not been
measured because our anti-receptor pelyclonal antisera
nonspecifically recognizes an abundant oocyte protein of
approximately the same molecular weight as the FGF receptor on
western blots. Furthermore, the levels 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 (Washington University School of Medicine,
St. Louis). The libraries were screened with ><P-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 S°
nontranslated sequences and had poly-A tracts at their 3' 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), indicating that internal priming was responsible
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for the poly A tracts at the 3" ends of the other é ocnes. 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°'
nontranslated sequences of h4 and hS were also idenﬁical. In
contrast, the h2/h3 3' nontranslated sequences were entirely
different from the 3' nontranslated sequences of h4/hS.

Peclymerase Chain Reactions.

Amplification: reactions (42) were carried out using
one primer corresponding to the human highly acidic region
(approximately aminc acids 44-52 in h2:
S'GITTCTTTCTCCTCTGAAGAGGAGT -3 1) and one degenerate primer
corresponding to the IgI domain of the chicken FGF receptor
(approximately amino acids 58-69; S5'- GA(TC)GACGTGCAG
(A/T) (G/C) CATCAACTGGGTGCGTGATGG-3*). In additional reactions,
we used the primer from the human highly acidic region and a
seécond primer derived from the 5' nontranslated region of the
human FGF receptor (5'-GAGGATCGAGCTCACTGTGGAGTA-3'). Reaction
miktures contained 750 ng of human genomic DNA, 10 pmoles of
each primer, 200 uM of each of the four dNTPs, and 1 unit of
Tag polymerase (Perkin Elmer Cetus) in 50 ul of 10 mM Tris-
HCl, pH 8.3, SO mM KC1l, 1.5 mM MgCl,, 100 ng/ml 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 65°C for 1 minute, and extension at
72°C for 3 minutes.

Isclation 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-
l1ike domains and a highly acidic domain, and an intracellular
region containing a split tyrosine kinase domain. The chicken
FGF receptor cDNA is highly homolocgous to a previously
published partial cDNA (hflg) 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 recepter. To obtain full-length human
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FGF receptor cDNAs, oligonucleotide probe based JH”Eﬁe'hg;g
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
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) representing the class of larger cDNA clones, and
two ciones {h4 and hS) representing the class of shorter cDNA
clones were sequenced in their entirety. The deduced amine
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 different receptor forms is
shown in Figure 8. :

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 hydrophcbic signal sequence and the
unusual acidic domain (8 consecutive acidic residues with
accompanying residues) that was initially noted in the
published 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 transmembrane
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
h5, differ only by two amino acids (positions 59 and 60 in h4;
the nucleotide segquences of h4 and h5 differ only at the
positions encoding these two residues). The signal segquence,
acidic region and one of the Ig-like domains (IgII) are
essentially identical to the corresponding regions of h2 and
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h3. The distinctive tfeature of h4 and h5 is the Ig-like domain
(IgIII) nearest the transmembrane domain. Approximately half
of this domain is identical to the corresponding sequence of h2
and h3. However, the carboxyl terminal half of this Ig-like
domain is unrelated to h2 and h3 seguences. - -Unlike-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 only 2 Ig-like domains. To determine
whether the human FGF receptor gene contains sequences encoding
the first Ig-like domain (Igl), 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 seguence 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 fragment contained coding sequences homologous
{approximately 83 percent amino acid identity) to the Igl
domain of the chicken FGF receptor. In addition, an intron
sequence of approximately 1.0 kb separates these coding
sequences from sequences encoding the highly acidic region of
the receptor. Thus, the human FGF receptor gene clearly
contains sequences encoding the IgI domain not found in the
human cDNA clones. Furthermore, the presence of an intron
between the IgI domain secquence 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 secquences encoding the IgI domain and the
acidic region, but no intron sequences. Thus, we conclude that
HFF cells transcribe a 3 Ig domain form of the receptor. TO
determine whether HFF cells also express a 2 Ig 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 réagéhﬂgfm
the human FGF receptor. In these reactions 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. e e e e e

Receptors Containing 3 Ig-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 10 shows an affinity
labeling experiment performed with transfected cells. Cells
were incubated with either 1231-aFGF or 125I-prerF 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 cDNAs (lanes
1, 3, 7, and 9), but not in cells transfected with vector alone
(lanes S5, 6, 11, and 12). Subtfaction 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 1251_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.

i
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To determine whether any of the membrane spanning
forms of the FGF receptor are activated by either aFGF or bFGF,
we expressed these receptors in Xenopus oocytes and mepsured
receptor activation using a sensitive catt effilux assay. This
assay has been used to examine expression of receptors for
other catt mobilizing ligands including cholecystokinin,
bombesin, vasopressin, and angictensin II. Ligand-induced
efflux reflects a mobilization of ca™ from intracellular
stores, leading to increased levels of intracellular ca’™ and
atcelerated éfflux. For our experiments full-length cDNA were
transcribed in vitro and the capped mRNAs were injected into
Xenopus oocytes. After 48 hours, the injected oocytes were
loaded with 45Cac12 and ligand-dependent calcium mobilization
was assayed by measuring 4505+ efflux (Fig. 11). Addition of
‘either aFGF (A and B) or bFGF (C and D) induced a rapid and
large efflux of 45ca™ from occcytes injected with RNA encoding
the chicken FGF receptor (A and C) or RNA encoding the human h2
receptor (B and D). 1In contrast, cocytes injected with either
human h3 RNA (B and 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. Occytes express
endogenous receptors for carbachol, and cocytes injected with
either FGF receptor RNA or water exhibited a positive response
after carbachol stimulation. We conclude that both 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 ococytes 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 response
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 ococytes.
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FGF-R forms having either 2 or 3 extraceilular-Ie¢
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like domains will bind and respond to both acidic and basic
FGF. Scme 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-like domain form of 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 highly acidic region and the IgII 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 seéfeting 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 from 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 12°I-aFGF
or 1251-bFGF identified a single 145 kd receptor protein on
transfectant cells expressing the 3 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. 11). It is possible that the presence of two receptor
species may reflect coexpression of the 3 Ig domain and 2 Ig
domain forms of the receptor. Our data clearly establish that
a single FGF receptor species can bind both aFGF.-and bFGF with
high affinity and mediate the 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 .
Competitive Binding of FGF-R Peptides or Fragments,
evelopment FGF~R Relate tagonists or Agonists
A fragment containing all or part of the
extracellular, ligand-binding domain of the FGF-R (i.e.,
containing aminc acids 22~374 of Figure 3 or 22-285 of Figure
4) or analcgs thereof are expressed in a host (e.g. mammalian
cells or baculovirus infected insect cells) and purified as
described in Example 1. Alternatively, fragments of the
ligand-binding domain are made using 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 blcock the binding of
1251 _rer to Swiss 373 cells. Competitive binding is performed
as described in Figure 1A in Example 1 using FGF-Rexs instead
of unlabeled ligand and competitive binding is determined.
FGF-Rexs are also tested for their ability to inhibit
FGF-induced mitogenesis as measured by 3H-thymidine
incorperation inte cells and by counting cell numbers.
FGF-Rexs which block binding of FGF to the cell-surface
receptor may act as an antagonist and bleck 3H—thymidine uptake
and the increase in cell number induced by FGF. FGF-Rexs may
also act as agonists, i.eé. by dimerization with the cell '
surface receptor which may nimic a ligand-mediated receptor-
recaptor interaction. In such an instance, FGF-Rexs may
stimulate mitogenesis in the absence of ligand or may enhance
the FGF mediated mitocgenic response.

FGF-Rexs are also tested for their ability te 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 antagonists. FGF-Rexs which
activate autophosphorylation of.the .cell=-associated .FGF-R in
the absence of FGF are agonists.

FGF-Rexs are also tested for their anti-angiogenic
activity. FGF-Rexs are tested first for their ability to
inhibit the FGF~induced growth and the mobilization of
endcthelial cells into vessels in vitro. Angiogenesis is
éssayed in vitro using an acrtic ring assay. Aortic rings are
placed in a_cqllagen 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 antagenists in the previous
assays inhibit the FGF-induced growth of capillary sprouts.
FGF-Rexs which are angiogenic even in 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 ﬁitogenesis (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 angicgenic and anti-
angiogenic factors.

FGF analogs are radiolabeled and binding is performed
with labeled ligand, purified or expressed receptor in the
appropriate physioclogic buffer (i.e. culture media or phosphate
buffered saline (PBS)) for 0.5 at 37°C or 2-24 hrs at 4°C. The
complex is precipitated (5~10% polyethylene glyccl, 1 mg/ml
IgG) and separated by filtration through filters (i.e. Whitman
GFA). and the associated radicactivity determined.
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While the invention has been described in connection
with certain specific embodiments thereof, it should be
recognized that various mecdifications as may be apbarent 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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1. 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 receptcr

blocking agent effective to inhibit fibroblast growth factor
binding to said fibrcblast 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 preoduced in a cell
transformed with a nucleic acid containing at least about 15
bases of a sequence selected from the group consisting of:

a) a DNA sequence in Figures 3 or 4:

b) a DNA sequence encoding a polypeptide of Figures 3, 4
or 7; and

c) a DNA sequence substantially‘homologous to a seqﬁence
of Figurés 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.
5. A method of inhibiting binding between a fibroblast
growth factor and a fibroblast 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 5, 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.

8. A composition according to claim 7, wherein the
polypeptide comprises an IgII or an IgIII demain.
9. A composition according to claim 8, wherein the

extracellular domain comprises about 80 amino acids from

residues 1 to 287 of a human flbroblast 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 85-tu-141 T
a2 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 11, wherein the

polypeptide further comprises a carboxy terminal sequence
substgntially homologous to the 79 amino acid sequence from
residues 222 to 300 of a soluble human protein of Figure 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 85 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 claim 14, wherein said

polypeptide further comprises a segment selected from the group
consisting of a signal segment, an IgI segment, an acidic
segment, an IgII 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 Figufes 3,
4 or 7.

18. A composition according to claim 17,'wheréin the

polypeptide is present in a multi-chain complex of proteins.
19. A composition according t6 claim 14, wherein the
fibroblast growth factor-binding domain includes at least about
30 amino acids of each of both IgII and IGIII domains.

20. A composition according to claim 14, wherein the

fibroblast 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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23. An isoclated nucleic acid encoding a substantially -
full length IgII 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 signalhsegment+mgnﬂlglﬁﬁﬁééent, an
acidic segment, an IgIII segment, an IgIIIT segment, a
transmembrane segment, and a tyrosine kinase segment.

25. An isolated nucleic acid of claim 24, vherein said

additional sequence is homologous to a corresponding sequence
described in Figures 3, 4 or 9.

26. An isclated nucleic acid of claim 23, wherein said
IgII peptide secquence is native to a human.

27. An isolated nucleic acid of claim 23, further
comprising a transcription promoter seguence.

28. An isolated nucleic acid encoeding a soluble human
fibroblast growth factor receptor.

29. An isolated nucleic acid of claim 28, wherein said
scluble human growth factor receptor is homologous to h4 or hS.
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. A 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 metheod for making a fibreblast growth factor

receptor peptide, wherein the peptide is preduced 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 3, 4 or
7; and

¢} 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 growth factor receptor fragment, saldimethod f
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-

comprising a step of producing an antibedy against a
polypeptide epitope homologous to a sequence of at least six
contiguous amino acids described in Figures 3, 4 or 7.
36. A method of claim 35, whe:eiﬂwﬁﬁiéwgpi§99é;ﬁs
selected from the group of protein segments consisting of a
signal segment, an Igl segment, an acidic segment, an IgII
segment, an IgIII segment, and an IgIIIT segment.
37. A methed 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 toc 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 fac¢tor “(FGF)receéptor “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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| GG6GACCEG6CEETECE66CAG06CTEAGCEE066CC6TCE66606CACCELECCTEOC
120 GCGGGGGCGGCGGGGGTGGGCTCTCGGBGCGGGCGGGGCTCGCCTGGATTGTTGCCGGG

Hei
239 GCCGCATGGAGGGGGGGTTGABGGCAGTGGGTGR@G&G?&GGGGG&GGASTGGG ATG

30
Thr Leu § Aln Arg Pro Ala Pro Thr Leu Pro Asp Gln Ala
341 AGE CT6 T 606 AGA CCG GCC CCC AGG CTG GGG GAC CAA 60T

Loy 1, -

—

3
enl &2

0 60
E Leu Leu Gln Leu Ar Ar Lev Arg Asp Asp Val Gln
431 666 GAT CTC CTC CAS CT6 GG CTG G6C GA GAG GTG CAG

Arg Thr Arq ile Thr 6] Glu 6lu Val Ar Val
sa1 O8O oa ATC ACC ol CAG CAG GTA che tap foa ot

120
E Ser Glu Thr Thr Txr Phe Ser Vel Asn Val Ser Asp Ala Leu
611 G6E AGC GAG AGG ACC TAC TTC TGC GTC AAC GTC TCA GAC %ga CTC
6lu Lys Glu Aln Asp Asn Thr Lys Pro Asn Gin Ala Val Ala Pro
101 GAG AAG GAG GOG GAT AAC AGC AAG CCG AAC CAG GCT GTA 66T COT

Pro Ala Alg kxs Thr Vel Lys Phe L Pro Ser Gl Thr
791 GCC GGT GGG AAA ACA GTE AAA TTC A G CCC TCA 66 GG AGG

Pro Asp His Ar lle Gl E Kr Lys Vel Ar Kr Ala Thr Tr
881 CCT GAC CAC CGGC ATC 666 GBS TAC AAG GTC CG T T GGG AGC T

240
tle Asn His Thr Tyr

230
Thr ile V Ser

6 AGC ATC AAC CAG AGG G
A
6

Glu Asn Lys Tyr GIE
971 AGG ATC

al
TG 6AG AAC ARA TACG GG
210

260
Ala Gly Leu Pro Ala Asn lys Thr Val Ala Leu Gly Ser Asa Val
1061 GCA GGG CTC GGC GOC AAC AAA ACG GTG GGG CTG GGU AGC AAC 676

230

300

Trp Leu Lys His [ie Glu Val Asa g Ser Lys ile Gly Pro As
1151 T56 CT6 AAA CAC ATG GAG GTG AAC GGG AGC AAG ATC g60 CCC GA
—-——q

320 330
Thr Asp Lys Glu Me OGlu Val Leu His Leu Arg Asn Val Ser Phe
124] ACA GAE A géc ATE GAA 6TC CTT CAC TTA AGE AAT GTC gg% 11T

0
lle Ser His His Ser Ale Trp Leu Thr Val Leu Glu Ala Thr Glu
331 ATC 106 CAT ct'\c 36T Soh ToR TTG AGA GTT GTC GAA GCT ACT BAG

380
ile Tyr Thr G\ Alg Phe Leu lle SerMet Val Val Thr
1421 ATT TXC ABC GG 66C TTC CTC ATC TOC ‘ﬁﬁlG 616 GTG AGA
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G6BAGLGGOTOOCE0CECOACOTC 66566066 GGTCCGGCATGBGGCGGCCGOAGTG AGC
AGGG6CGEGCACCECE COTCOGCCECECET06 CGGGAGTCGGCTCAGAGCGGCBGAGGGG

Phe Thr Tr Aru Lew Ile Leu Tr Ale Val Lev Vail Thr Al
TIT AGC TG AGG.OTC ATE CTT TGG 66T GT6 CT6 GTC ACA 6CC

“ g6
Leu Pro Lys Ala Asn lle 6lu Vul Glu Ser Hls Ser Mu His Pro
616 CGC AAA GGG AAC ATC GAG GT6 GAG TCC CAC TGG 606 GAG GGO

10
Ser lle Asa Trg Val Ar 6ly Val 6in Leu Pro Glu Asn Asn
AGC ATC ARG TGG 676 CGT GAT GGA 66 CAG CTG GGG GAG AAC AAC

. 10
Pro 6Glu Ser Gi Leu Tyr Ala Met Thr Asn Ser Pro Ser
GGG GAG éﬁ% TG6 666 CTC TAT GCOATG ACC AAG AGC OGC TC6

30
Pro Ser AlgiGluy As é?u Asp Asp {Ser Ser Ser Glu
CCT TCT GCA1GAG GA GAA GA GAT {TCC TCC TCG GAS

160
Tyr Trp Thr Tyr Pro 6lu Lys Met Glu Lys Leu His Ala Val

Lys
TAG TG6 AGCG TAT CCC GAG AG ATG GAG AAG A CTG CAT GGG 6TC

Pro Asn Pro Thr Leu Arg Trp Lee L s Asn GIK AKS Glu Phe Lys
CCC AAG GGG AG6 CT6 C6U T66 CTG AAG AAC GGG AAG GAG TTG AAG

220
Ser lle Ile Met Asp Ser Val Val Pro Ser As Xs Gly Asa Tyr
AGC AT ATC ATG GAC TCG GTG GT6 GCA TCA GA% ARG GGG AAC TAC

250

6la Leu Asp Val Val Glu Arq Ser Pro His Aa Pro [le Leu Gln

GAG CTG GAT GTG 6T6 GAG CGT TCC cgc CAT GGG GGG ATC (TG CAG
280

Glv Phe Val lys Val Txr Ser Asg 6ln P [{e Gin

GA5 TTT 6TC B_ GIC TAC AGC GA CAG C GAG ATG CAG
"‘ 310

Asn Lev Pro Tyr Vel Gin lle Leu Lxs Thr Ala CGly Vel Asn Thr

AAG TTG CCC TAC GTG CAG ATC CTG AAG AGG GCT GGG GTT AAG ACG
' 340

6lu As¥ Ale 61y Glu Tyr Thrl.eu Ala 61y Asn Ser |le GIE

GAG GAT GOT GGE GAG TKT ACA TT6 666 G&T AAT TCT ATT 66
310

Pro Ala Met Met Thr Ser Pro Les Tyr Leu Glu lle lle
CCA GCC ATS ATE ACG TOC OCC CTC TAG CTG GAG ATC ATC
400 ——

e Tyr Lys Met Lys Ser Thr Thr Lys Lys Thr Asp Phe
¢ TAC ke ATc Al AGC ACC AGC AAG AAG AGA o6 1T

n Ser
6 TCA



Asn Ser Gla flg Ala Ley
e
1911 AAC AGC CAG 016 6CC Xs Te

50
ﬂ Lew Val Arg Pro S v Ser § 6
601 T66 Gof oo het Lew Nol cs&cﬁrﬁi 3%‘? Tt T i ol
470 o 480
Pro Arg Trp Glu Leu Leu lie Leu 6} p
681 606 GOt T cacc % OE fap gro Lew g ie oot

GT6 ATC CT6 66 G 666
m

510
lev As s As s Pro Asn Arg Val Thr Lys Vel Alg Val
1184 GG CTE GAG AAG GA% AXG CCA AAC GGG GTC AGC AAA GTC cc? &TA

530 540
le Ser Glu Met Glu Met Met lﬂs Met 1le 6ly Lys His Lys Asn
1871 ATG TCC GAG ATG GAG ATG ATG ARG ATG ATGC 660 AAG CAC AAC

560 510
Vol lle Val Glu Tyr Ala Ser Lys Glé Asn Leu Arg Gle Tyr Leu
196! GTC ATC GTC gé\g TAG 6CC AGC AAA 66C AAG CTG GGT GAG TAC CTG

600
Arg lle Pro Glu Glu Gln Leu Ser Phe Lys Asp Leu Val Ser
2031 CGG ATL‘ 00C GAG GAG CAG CTC TGC TTC A G GAC CTG 6T6 TCC

630
eﬁ; lie His E?'g Ass leu Ala Ala Ar Asn Val Leu Vel Thr Glu
214] KTC CAC AG GAG CT6 606 600 AGG AAG 676 CT6 676 ls\gg GAG
His His lle AsnT r Tyr Lys Lys Thr Thr Asa Gly Arg Leu Pro
2231 CAG CAC ATC GAT TAG TAC AAG AAG ACG ACA AAC GGG GG éTg HFH

His Gin Ser Ser Phe Giy Val Leu Leu Trp Glu ile
2321 CAT CAG AGT sA‘? da e ar The o sr cTé 16 T6k GA b ATC

Ph Lys Leu Ley Lys Glu 6! Hts Arg Met Asp Lys Pro Ser
2411 CTc TT(e) 6 OTG CT6 AAG GAA GG& CAG AGG ATG GAE AKG ccc AGC

Ala Val Pro Ser 6ln Arg Pro Thr Phe Lys Gln Leu Vgl lu As

2501 660 G%G HHb T%O CAG CGC CCC AGC TTC AAG CAG CTG GT6 GAG GAE
110

Les Ser Va! Pro Leu Asp Gln Tyr Ser Pro Gly Phe Pro Alu r

259! CT6 TEG 616 BGG 176 GAT CAG TAC TCG CGO GGG TTC CC6 6CO E‘.

310

P As Glu Pro u Pro Ar Pro Pro His
268 Gib ook 76 cf:ﬁ Ay B B (HOE GER of (RS Bo6 Gt
D171 0068 GeACCACCACCCOABGEAACTACCCAAGCTTTC GBCTBCTETTGEECTRTTCRT

¢CGC06TE TCOCTATEG 66CCGATE CEOGGTSTOAGCATCGCATCE
%Bﬂsl; %g%%ggggggﬁsmﬁGTGTAGATAGCTAMATATGTATAAATATGAATATATATTT

3137 GCTCETAGATATCAGTTECTATATATARRAAAAAA FIG._3¢
TRANSLATED MOL. WEIGHT - 91676.48 Ve

G 016 KG AGC ATC GOA CTG
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Gln Val Thr Val Ser Ala Asp Ser Ser Ser Ser Met A
8 AG% CAG GTA ACA GTG TCA GCA GAT TCC AGC TEC rgc A%G Ai%
Thr Pro Met Leu Ala Glg g

SrGl erluLu Pro- Glu As
AGC CCC ATG CTG 60C ¢C-2Ag :

Lev 6ly Glu 6i
CTG GGA GAA GG(X;

¢ TGC- GAG TAT -GAG-CT6-CCC--CAG GA

&
Phe G E Gin Val Vai Leu Ala 6lu Ala []e
TTT 666 CAG GTG 676 CTC GCG GAG GGG ATC

520
Lys Met Leu Lys Ser Asp Ala Thr Glu Lys Asp Leu Ser Asp L
AAG ATG GTC AAG TGC GAT GCC ACA GAG AX 016 TCC GA G%g

a5
e ile Asn Leu Leu Gly Ale Thr Gla Asp Gly Pro Leu Tyr
ATG ATG AAC GTG CTG 667 GG ACG CAG GAC G6B CCC CTC TAT

380

Gin Ala Ar Arg Pro Pro Gly Met Glu xr Tyr Asn Pro Thr

(AG GCA CGL CGL CCA GGG 66U ATG GAG TAG G AAC CGC ACA

Ala Tl-r Gla V rg EMei Glu r Ley Ala e r Lys

666 TAG CAG 6 (6 ATGGAGTGGTGG AAG'

kE Asn Val Met Lys % Phe IE leu Alg Ag g {le
AAC GTG ATG A G A (16 GOC C6 - AT

610
Val Lys Trp Met Ala Pro Glu Ala Leu Phe Asp {le Tyr Thr

6T6 A G TGB ATG 6CC GC6 GAG 6CT CTG 110 GAG CG ATA TAC ACC

Phe Thr Lew GI y Ser Pro Tyr Pro 6ly Val Pro Val Glu Glu
TTG AC6 CTG GGE GGT TC6 CCO TKG 000 GGG GT6 CCC GTG GAG GAG

Thr Asn Glu L r Met Het Met Ar His
paiOmE A Bl 65 e et ATG ATG 6 caﬁ@r@ﬁ GA

Leu Asp Arg !le Val Ala Met Thr Ser Asn Gln Glu Tyr Leu sg
016 GAO AGG ATG GT6 GGG ATE ACC TCG AAT CAG GAG TAG CT6 GA

Ser Ser Thr Ser Ser 6l Glu p Ser Val Phe Ser His
AGG TCC ACC TCG TCE GGG GAG GAc TC6 676 TTC TCC CAC

s
Ser His Gly Ala Leu 0P
A6 CAG Gof 6e6 cTe AXG Mg s O CoCTOO0CACSCARCTETCOC000

C6GCTCTTTTTTTTTTATCACCCATTTAAACCE TTCCCAGGAGGTCTE TGOTTGGACATCO
CASCOCTECCCCAACCCACACE IO TEEGE TG TECAGCACACEGEGECECEC06G66ATAG
ACATGTCTTTTTAAAAGGGTGE TTACCAGAGGTGTGCCAGGCTGGTAGERARRTRRTELTR
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CCGCACCGEGACEGTACCCGTECTECAGTCEEGCACEGCECE
GECCCECC66666CCTCCGCAGEECEATEEAGCCEETCTETA
AGGAAAGTGAGGCGCCGCCECTEOETTCOTGGAGGAGEEG6EE
ACAAGETCTGGACAGCCOGGETEECEEAC666A6CCCTLCCE
GCECCCCE00TCCE666CACCAGCTCCOECTCCATTETTCCS
6GCCGEECTCOABGCECCCAGCACCEACCECCECO6GEAGTD
GAGCGCCEECCECGEAGCACTCTTGOGACCCCECCAGEACTT
GAACAGAS GCCGE6GE066C6660CECAGCCGEEEAGCCE60

ACAGECCCECTCE GACAAG GOACCECEEACTOTOOCEAGE S

P S SRR R i
!

GCSGAACCCAAGGACTTTTOTOCGETCCEAGCTCEE6G06CC

GAACCTCCACECCGAGCGAGGETCAGTTTCAAAAGGAGEATC -

GAGCTCACTGTCGAGTATCCATGGAGATOTGEAGCCTTETOA
!
CCAACCTCTAAGTGCAGAACTGGEATETCEAGCTGEAAGTGC
0 M W S W X é}
GTOGTCTTCTGGGCTGTGCTGGTGAOAGGCAOAGTGTGGAgc
L LFWAY LVYT 33 T L CT
GCTAGECGETCECOOACCTTGCCTCAAGAAGATGCTCTCOCC
AR PSP ;r-L' P E QD AL P
TGCTGGGAGEATGATCATGATGATGATGAGCTCCTCTTCAGAS
S SEDDDODDODOD S § S E
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15

151

199
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883

925

867

1009

108!

1093

1135

i

129

1261

1303
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(381

8717

30 &0
GAGAAAGAAACAGATAACACCAAAGGAAAGGGCG TAGCTCGA
t KX E T DNTKPNP VAP

10
TATTGGACATCGCCAGAAAAGATCGANAAGARATTGOATOCA -
Y W T PEX NEKXKLH:

GT6CGE6GTECCAAGACAG TGAAGTTCAAATG GOCTTCCAGT
VP AAKTV KT éﬂ C P § §
GEBACCCCAAAC CCCACACTECBCTEETTEEAAAATE GCAAA
¢ T P NP | L RwULENGK
GAATTGAAAGGTGAGGAOAGAATTGGAGGOTAGAAGGTGGGT
3 E. K P D H R I 6 Y R
TATGgCA%OT&GAGGATGATAATGGAOTOTGTGGTGDOGT%T

GACAAGGGOAAGTACAOGTGGR#%GTGGAGAATGAGTAOGGC
D X N T ENEY G

160
AGGATGAAGG?%AGATAGGAGGTGGATGT&GTGGAGGGGTOG
St NRT Y QLD V ER S

GCTCAGCGGCCCATCCTGCAAGCAGGETTGCGOGCCAACAAA
P HR P I A G L P A NK

|
CAGTGGCCCTEGGTAGCAACGTEGAGTIC
AT TGGAG ! GTAs RUSTEGRET] AEGTETAQGGEG

200
TACAGTGAGGGGCAGGGGCACATCCAGTGEGTAAAG GACATG
Y § 0D P Q P H ¢ w L XK H |

: 0
GACGTOAATGGGAGCAAGATTGECCCAGACAACCTGCOTTAT
EVHGE S K I 6P D N P

GTCGAGATG%%%AAGAGTGGTGGAGTTAATAGGAOGGAGAAA
vV &I LT AGV XETTDK

240
GAGAT GGAGGTGOT AGA
AoAL e 3 GLnggTIA : AﬁTGgGTgGT}TGeGGeG
GGAG%GGAGTATACGTGGTTGGGGGGTAAOTGTATGG ACTC
A EY T CL A G N S | L

260 210 -
TCCCATCACTCTGCATGGTTGAGCGTTCTGG AAGGCCTE GAA
S HE S AWLTVLEALE

. 280 '
GAGAGECCEGCAGTGATGACCTCGUCCCTGTACCTEBAGATC
ERPAVNTS PLY L E |

90 3
ATGATCTA%%GGAGAGGGGGCTTCGTCATCTCGTGGATGG&?
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9717

300
v

230
I 1 Y ¢ T7T6 A FL | §C N
30

GE6TCGETC AT A4 GATCAAGAGTCOTACCAAGRAC
6 S 5 |06€0TA2 KN KS 6 T KK
AGTGAGTTGGAGAGGGAGATGGGTGTGGAOAAGGTGGGGAAG
) ;%0 HS ON AV HK 3&) A K
AGOATGOCTGTGGGGAGAGAGG AA?AG{GTGTGGTGACTGO
S A D S
AGTGgATOOATGA%OTGTGGGGTTGTTGTGGTTO%GGgATgA

0
GAGTATGAGGTTGGGGAAGAGGOTDGGTGGSAGGTGGGTGGB
E LPEDTP P R

390
GAGAGAGTGGTGTTAGGGAA&OOCOTGGGAGA666GTGGTTT
D R L L 6 P L 6 E &0 G f

rm

400
GGGGAGGTGGTGTTGGRAG%GGGTATGGGGG{GG%GAAGGAO

L
40
AAAGGGAAGGGTGTGA GAAAGTGGGTGTGAQGATGTTGAAG

égﬂ V A

TGGGAGGGAAGAG GAAAGAGTTGTGAGAGOTGATGTGAG A
S D A ) f% L 1§ @

ATGG GATGATG GATCGGGAAGCATAAGAATATCATC
é T AAGAT IC K H K N I I

(-]

A GGTGGT @0 TGETCGO T
ﬁ m GGGGGGO AOGG‘A}GGA GG clg ig-TQTGVG
ATCGTGGAGTATECCTCCAAGGGCAACCTGCEGGAGTACCTE
PV EY A § K %m K LR EY L
GAGGOGCGGAGGOCOGGAGGGG%GGAATAGTGGTAGAAGOOG
¢ AR gﬁﬂp P66 LETY C YN 0
AGCCAGAAGCGAGAGGAGCAGGTCTCCTGCAAGGACCTEETE
S H N P E E QL S 5%] K D L V
TCCTGCGGCTACCAGS TEGCCCOAGGCATGRAGTATC TEGGC
S C A Y Q@ VA RGMETYL A

5
TGGAAGAAGTGGATAGE%GGAGAGGTGGCAGGGAGGAATGTG
S X K ¢t H R DL AARNYVY
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540 550
2143 CTGGTGA(T:AGAGGAGAATGTGA}"GA%GAI"AGgAGADGT\;TG%G 2184
560
A8 GTGGGAGGGGAOATTOAGGMATGGABTAGTATAMAAGAGA 2228
L ARD R D KK T —

e . o e

57 —380~
2221 AgﬁA%OGGGGg?\CTGGOTGTGAAGTGGA%GBOAGGGG%GGEA 2268

590

2269 TTATTTGACCGGATCTACACCCACCAGAGTEATGTGTGETCT 2300
LFDRI_OTHOSDV\VS

2311 TTICGGGGTECTCOTETEGCACATCTTCACTCTGEG066CTLC 2382
IS(I;OVLLWEIFTLB%)GS

2383 COATAGCCCGGTETOOCTCTGE AGGAACTTTTCAAGCTE CTE 3%
P Y PG VPV l)ELFKLL

T6C

2395 A%GG%BGET?&:G&GA&GG%GAQGO%GA%TAQO % A?GAﬁg 2436

2431 GAGCTGTACATGATGATGCEEEACTRCTEECATECAG T6CCC 2418
ELYNHNHNRTEDOC H AV P

2419 TGACAGAGACGCACCTICAAGCAGCTGETGGAAGACC TEGAC 2320
SeRPTEKOLYEDLD

rardl GGGATCGTGGOGTTGA%%TOOAAGGAGGAGTAGGTGGACGTG 2362
RGAGVALTSNOEYSIS.&DL

2563 TGCATGCGCCTCGACCAGTACTCOCOCAGOTTTCCCCACACE 2604
SMPLDOY SPSF PODT '

805 GGGAGOTGTACGTBGTBGTOAG@SGAGGATTOBGTG'I‘TOTGT 2646
RSS_{'{OCSSGEDSVFT%

2647 GATQAGGCGOTGGGGGAGBAGGGGTGGGTGGGGOGAGAGOGA 2688
R E P PEE PG 730 P

2689 GGBGAGGTTGGCAATQGGGGAGTGAAAGBOGGGTGAOTGGOA 2130
A0 LANGSGSE L KRR

2131 CCCACAGGCCCTCCCCAGACTCCACCCTCAGCTCTAACGCTC 2772

2113 ACCCACAGCCCCTGCTGOCOCCACCACCTETCCGTCCOTETC  28M4

2815 COCTTTCCTGCTEECAGGAGCCE6CTGCOTACCAGEEECOTT 2856
- Fi6._44

3613 GCTGGTGAGCAGGTCGCAAAGEA 3635
F16.—4.5
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nnrnnrcesvcvnnnvpznscLvnéituspssscrrvrsvnvsnALrs EDDDDEDDSSS EEKEADNTEPHO - AV
------------------------------------------- DA LPSISIEBDDDBDDSS S EE KE[TIDN TXPHRNPIY
------------------------------------------- DA LES|SIEDDD OD|DDSS SEE KE[T|DN TK V
----------------------------------------- DALPSISIEDDD D[DDS SSEE KE[TDRIK !
------------------------------------------- DALPSISIED DDDIDIDDS SS EE KE(TIDN TKPK|-~PIV
AxrvxfxgbsecrruvrLaﬂluusnﬁfxrnunlssvxvavarwsllnusvvvsujc
AKTVRFKCPS[IGTPAPTLRWLARCKEFKPDHRIGGYKVRYATHS I INDSYVPS DXE
ARTVEKEKCPSSGTPHPTERWLIERGKEFKPORRI GEYRVRYATNS 1 INDSVVPSDRG
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"CLAIMS

1. A purified soluble polypeptide comprising IgII
and IgIII domains of any one of the amino acid segquences 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 IgIIX 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-terminal end, and
(iii} a sequence DXGXYXC on the amino terminal side of the
other of said cysteine residues; a second Ig domain C-terminal
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 sequence
wvhich is at least 85% homologous to the 79-amino acid sequence
from residues 224 to 302 or 222 to 300 of human protein h4 or hb

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 Ig 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

Ab ok L A=~ %
13 \Z_Jc’a
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is the 79-amino acid sequence from residues 224 to 305 ¥ YIT &5
300 of the sequence of a human sequence h4 or h5 respectively as

illustrated in Figure 7.

6. A purified polypeptide comprising the human

sequence designated as h4 or h5 in Figure 7.

7. A purified polypeptide which is less than 85kD
and comprises a fibroblast growth factor-binding dowmain of a
fibroblast growth factor receptor; said receptor comprising an
amino acid sequence as shown in Figure 7 or an allelic variant
or mutant thereof, or a homologous seguence 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 1

M.

8. A polypeptide according to claim 7, which is

soluble.

9. A polypeptide according to claim 7 which further
compriges 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 resgidue. 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 which is _at least

85% homologous to the 79-amino acidlsequence from residues 224
to 302 or 222 to 300 of the human protein h4 or h5 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 aminoc acids of each of the two Ig domains as
defined in 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 fibroblast 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 isgolated 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 on 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 h5 as illustrated in Figure 7.

28. 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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epitope is selected from the group of protein segméggs_ o _
consisting of a signal sequence, an Ig segment-froém;n £;wm~~~--—
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 consecutive acidic residues, or a
segment from a modified Ig domain which has a carboxyl-terminal
seqguence which is at least &5%'homologous to the 79%-aminoc acid .

-sequence from residues 224 to 302 or 222 to 300 of the h4 or h5

pioteins-respectively of Figure 7 in place of the sequence

DXGXYXC. . _
3 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 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.

3s. 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 1 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 methed for measuring a fibroblast growth
factor or a fibroblast growth factor receptor, comprising:

combining a target sample containing a fibroblast
gfowth 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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RECEPTORS FOR BASIC FIBROBLAST GROWTH FACT

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, 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 fibroblastic
growth factors and compositions which are agonistic or
antagonistic to fibroblast growth factor receptors are also
provided. Diagnostic and therapeutic uses are described.



