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Dominantly acting mutations of the fibroblast growth

factor (FGF) receptor 2 ( FGFRZ2) gene have been impli-

cated in various craniosynostosis syndromes. Apert
syndrome, characterized in addition by syndactyly of
the limbs, involves specific mutations at two adjacent
residues, Ser252Trp and Pro253Arg, predicted to lie in
the linker region between Igll and Iglll of the FGFR2
ligand-binding domain. We have analysed the inter-
action of FGF ligands with wild-type and Apert-type
mutant FGFR2 ectodomains in solution. Wild-type and
Apert-type receptors form a complex with FGF ligands
with a stoichiometry of 2:2 (ligand:receptor). The kin-
etics and specificity of ligand binding to wild-type and
Apert mutant receptors have been analysed using sur-
face plasmon resonance techniques. This reveals that
Apert mutations, compared with wild-type, exhibit a se-
lective decrease in the dissociation kinetics of FGF2,
but not of other FGF ligands examined. In contrast, the
substitution Ser252Leu in FGFR2, previously ob-
served in several asymptomatic individuals, exhibited
wild-type kinetics. These findings indicate that Apert
syndrome arises as a result of increased affinity of mu-
tant receptors for specific FGF ligands which leads to
activation of signalling under conditions where avail-
ability of ligand is limiting.

INTRODUCTION

of skull sutures. Apert syndrome is, in addition, characterized by
bony fusions of the digits of the hands and feet, whereas the limbs
appear clinically normal in Crouzon syndrome. All mutations
identified to date in these syndromes are dominantly inherited but
are clustered in different regions of F#@FRgenes (reviewed in

ref. 12). This suggests that the phenotypic consequences of these
FGFR mutations involve gain-of-function mechanisms with
specific effects on skeletogenesis. This is supported by the
demonstration that activation of FGFR signalling by application
of ectopic FGF to the developing suture results in the induction
of osteogenic differentiatiori. ).

Apert syndrome exhibits a striking clustering of mutations in
two specific and adjacent amino acids, Ser252 and Pro253 of
FGFR2 p). The target Ser/Pro motif embedded in the predicted
linker region is conserved within most vertebrate (but not
invertebrate) FGFRs1). These residues are, from modelling
studies {4,15), predicted to lie in a region which connects two
domains of the extracellular region of FGFR2: Igll and Iglll (Fig.
1). These domains together form the recognition site for FGF
ligands (6-19). A remarkable feature of Apert mutations is their
specificity: in our series, 190 of 192 unrelated patients exhibit
either Ser252Trp or Pro253Arg substitutioB2(-22; A.O.M.
Wilkie, unpublished data). Equivalent Pro/Arg substitutions have
been described FGFR1(Pro252Arg) anéFGFR3(Pro250Arg)
associated with Pfeiffer7{ and Muenke 43) syndromes,
respectively. We have described three additional rare mutations of
the FGFR2 linker region in association with a variety of
phenotypes: Ser252Phe in Apert syndrome, Ser252Leu with a
normal or mild Crouzon phenotype and the double mutation
Ser252Phe/Pro253Ser with atypical Pfeiffer syndratde The
existence of these two latter mutations suggests that the

The fibroblast growth factors (FGFs) are a family of at least 1phenotypic consequences of mutation in the linker region depend
evolutionary conserved polypeptide ligands with wide-rangingpon the exact nature of the amino acid substitution involved.
actions during embryonic, fetal and adult life (reviewed inljef. = The conservation and physical clustering@FR2mutations
The biological effects of FGFs are mediated through a family ah Apert syndrome may be contrasted with those observed in the
four FGF receptors, FGFR1-4, which are members of thérouzon/Pfeiffer/Jackson—Weiss group where the mutations are
intrinsic tyrosine kinase class of transmembrane growth factdwoth more dispersed in the extracellular domain of FGFR2 and
receptors (reviewed in refs-3). more heterogeneous in nature. It has been noted, however, that the
Specific mutations in the genes encoding FGFR1, 2 and 3 havatter mutations frequently correspond to either loss or gain of
in humans, been associated with Crouzon, Pfeiffer, Jacksonysteine residues or involve substitutions predicted to result in
Weiss, Apert, Beare—Stevenson and Muenke syndrofr&$)(  disruption of disulfide bond4.2,14). Indeed, Crouzon mutations
whose defining feature is craniosynostosis: the premature fusibave been shown to elicit receptor activation, in the absence of
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Figure 2. Native PAGE of soluble FGFR2 ectodomains. Lanes marked + and

— represent the presence and absence of a 2-fold molar excess of FGF2 ligand,
respectively. A) Crouzon-type mutant Ser267Pro, monomeric forB). (
Apert-type mutant Ser252Trp monomeric forn€) (Wild-type receptor.
monomeric form.[D) Wild-type receptor dimeric form.

Figure 1. Schematic diagram of the FGFR2 constructs employed in this study.
(8 Full-length FGFR2. Igl-lll represent the three Ig-like domains of the
extracellular region of the receptor. TM, transmembrane domain; K, kinase
domain. The location of the mutations employed in this study are indicated:
* Ser252 and Pro 258;Ser267.1f) The FGFR2 ectodomain is fused to human
Fc to produce the dimeric form of soluble receptor. The cleavage sites for
rhinovirus 3C protease at the junction between FGFR2 and Fc are indicated by

>, (c) Cleavage of the dimeric soluble form of FGFR2 by rhinovirus 3C releases

the soluble monomeric form of FGFR2. RESULTS

Expression of recombinant FGFR2 ectodomains

All FGFR2receptor mutations studied here were expressed in the
form of a soluble ectodomain comprising Ilg domains I-llI (Fig.

ligand, via the formation of disulfide-bonded receptor dimerdb). The FGFR2 isoform employed in these experiments was the
(24-26). This suggests that the mechanisms of the gain-oftic splice variant $1). FGFR2 soluble ectodomains were
function phenotype observed in different craniosynostosisexpressed in a modified form of the pIG vecg#) fvhich yields
associated mutations BGFR2may be quite distinct despite the a secreted fusion protein between the receptor ectodomain and the
overall similarity in phenotype. It is important, therefore, toFc portion of human Ig. The inclusion of a cleavage site for the
define alterations in receptor function produced by Aperthinovirus 3C protease at the junction between the receptor
mutations. ectodomain and the Fc region allows the receptor to be produced

An unexpected feature of craniosynostosis-associated muia-two forms: dimeric corresponding to the Fc fusion and
tions of FGFR2is their tissue specificity. Simple constitutive monomeric following cleavage with the 3C protease (Fdj.
activation of FGFR signalling could not, of itself, account for thePolyacrylamide gel electrophoresis (PAGE) under reducing
observed phenotypes since it has been demonstrated in a var@iyiditions showed that all receptor forms were expressed as a
of animal models that activation of FGFR signalling by ectopigingle species of the predicted mass (data not shown).
expression of secreted ligand results in severe embryonic
phenotypes7-30). This could be explained if the syndrome \4tive PAGE and determination of stoichiometry
manifestations required additional features of FGFR function
specific to the developing sutures and digits. We have suggestddnomeric and dimeric forms of wild-type FGFR2 were
previously (4) that Apert mutations in the linker region of subjected to non-denaturing (native) PAGE in the presence and
FGFR2 may result in altered specificity or affinity for FGFabsence of a 2-fold molar excess of FGF2 to establish the form
ligands. The requirement for specific ligands to elicit altere@nd stoichiometry of the ligand—receptor complex (F2p.
FGFR signalling could, in principle, account for the tissueMlonomeric wild-type FGFR2 and dimeric wild-type FGFR2 Fc
specificity of craniosynostosis-associated mutations. both migrated as single species and exhibited significant differ-

Here we test this hypothesis by examining the interactioances in mobility reflecting their relative molecular mass. Both
between different FGF ligands and mutant forms of FGFR2 usirgonomeric and dimeric wild-type FGFR2 were able to bind
biophysical techniques. We report that Apert-type mutant recepGF2 as shown by migration retardation in the presence of ligand
tors, but not the phenotypically mild mutation Ser252Leu, exhibifFig. 2). The receptor—ligand complexes also migrated as a single
a decrease in the kinetics of ligand—receptor dissociation whigpecies indicating the formation of a stable and uniform complex.
leads to enhanced receptor occupancy at low concentrations of he stoichiometry of the receptor—ligand complexes formed in
ligand. This phenomenon is specific since it is most obviouslgolution was determined by native PAGE followed by transfer of
manifest in the presence of FGF2 but not other FGF familthe retarded complex to PVDF membrane and five cycles of
ligands examined. Therefore, although there are shared pheamino acid sequencing. This revealed a stoichiometry of 1:1
typic manifestations, the pathological mechanisms of Apert arigand:receptor). Since the mobility of the monomeric complex
Crouzon syndromes are distinct. Based on these findings, wth ligand corresponds to that of a receptor dimer, it follows that
propose that Apert syndrome is caused by activation of FGFRBe monomeric receptor—ligand complex contains two molecules
signalling in the presence of limiting amounts of FGF ligand. of ligand and two molecules of receptor.
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The same approach was employed to analyse the interaction 1000~
between FGF2 and mutant forms of FGFR2. Apert mutations 900 Samplel
Ser252Trp and Pro253Arg exhibited essentially identical behav- 800- N
iour to the wild-type counterpart in this assay (EjgBoth native 7004

mutant receptor and receptor-ligand complexes migrated as

| B et - ko ........ =
single species. A Crouzon mutation Ser267Bg) éxhibited a 600 C

different behaviour in native PAGE. It migrated as two forms: one & 001 sample
corresponding in mobility to native wild-type receptor and a 4001 application

second retarded form whose migration corresponded to that of a 300

receptor dimer. This shows that Crouzon-type mutant receptors 200 Kon

undergo spontaneous dimerization in solution in the absence of 1004 i

ligand. Unlike the Apert mutations examined, the Crouzon 0 — o i

mutant did not exhibit retarded migration in the presence of FGF2 100

(Fig. 2), indicating that, under the conditions of this assay, the -
mutant receptor was unable to form a stable complex with FGF2. -200-100 0 100 200 300 400 500 600
These findings are in accord with previous studies of Crouzon Time (secs)

mutant receptor vitro (24-26).

The findings show that Apert-type mutant receptors are_, o
identical to their wild-type counterparts in their ability to form a 2ur 3. Schematic diagram of surface plasmon resonance sensogram data
! yp p Yy used in this study. FGFR2 is immobilized on a sensor chip and subjected to a

complex with FGF ligand and, unlike the Crouzon-type mutationyufer flow rate of 10Qu/min (—200-0's). Attime 0's, the FGF sample is applied
examined, do not undergo spontaneous dimerization in th® the chip. The formation of a complex between ligand and receptor results in

absence of ligand. This suggests that the defect induced by Ap@éftincrease in Ru. The rate of complex formatigyis calculated from the rate

: : : ; P -+ of increase in Ru in the presence of sample (0-195 s). After 195 s, sample
mutations may involve alterations in the kinetics and/or a1:fmltyinjection is stopped and the complex formed begins to dissociate. The rate of

of the ligand-receptor interaction. dissociatiorky is calculated from the rate of decrease in Ru from 200 to 600 s.

Surface plasmon resonance studies: kinetic analysis ) o )
the behaviour of mutant receptors is directly compared with

The interaction between mutant forms of FGFR2 and FGwild-type as they are exposed simultaneously to the same ligand.
ligands was analysed by surface plasmon resonance (SPRie sensor chip was regenerated by application of 10 mM HCI
techniques34,35) in order to define the kinetics and specificity after each sample application cycle.
of receptor—ligand interactions in more detail. In this technique, Application of a range of concentrations of FGF2 (20-50 nM)
one partner in a receptor-ligand interaction is covalentbo immobilized wild-type FGFR2 and Apert-type mutants
immobilized to a sensor chip and the other interactant is pass8dr252Trp and Pro253Arg (Figa) yielded a rapid increase in
over the chip in solution. As a complex between the two partnesggnal resulting from specific binding of ligand, followed by a
is formed, an increase in signal (expressed as resonance units, (grease in signal upon removal of the ligand from the sample
occurs which is proportional to the mass of protein bound to tHeuffer resulting from dissociation of the receptor-ligand com-
chip (Fig.3). The rate of increase in signal observed can be usgtex. A parallel comparison of FGF2 binding to wild-type and the
to calculate the association raitgJ of the interaction. When the Apert-type mutant receptors Ser252Trp and Pro253Arg revealed
interacting partner is removed from the sample buffer, tha significant difference in the kinetics of ligand dissociation (Fig.
complex formed on the chip undergoes dissociation and the ratie). The overall rate of dissociation of FGF2 from both mutant
of dissociationKqf) is calculated from the decrease in observedeceptors was significantly slower than that from wild-type
signal. A specific feature of the instrument employed in this studgceptor (Fig4b). In addition, the overall rate of dissociation of
is that the sensor chip is divided into four separate channels whie@F2 from Ser252Trp was slower than that from Pro253Arg
permits the simultaneous comparison of up to three interactighig. 4b). Calculation of the apparent association rigg) (©f
partners with a single ligand. The major attraction of SPR fdfFGF2 with receptors did not reveal any significant differences
these experiments is, therefore, the ability to define, withetween wild-type and mutant receptor, being in all cases in the
precision, the kinetic properties of the FGF-FGFR interaction byegion of 16/M/s (Tablel). Calculation of the apparent affinity
measurement of the rate of ligand association and dissociatiofhthe interactions (expressed as the rajjgko) revealed that
and to compare, in parallel, the binding of a ligand to both mutaBer252Trp exhibited a 6-fold higher affinity and Pro253Arg a
and wild-type receptors. 2-fold higher affinity for FGF2 compared with wild-type (Table
Kinetic studies of receptor-ligand interactions were performet)). These findings reveal that FGF2 dissociates significantly more
using sample injections of 3pbat a flow rate of 10Ql/minand  slowly from the Apert-type mutant receptors Ser252Trp and
immobilized dimeric FGFR2 concentrations between 3000 arfdro253Arg than from the wild-type counterpart.
7000 Ru. All data were collected by passing ligand simultaneous-These studies were extended in two ways. Having established
ly over all four channels of sensor chips in which one channel h#ttht Apert-type mutant receptors exhibit different kinetic prop-
been conjugated with bovine serum albumin (BSA), one channeitties from wild-type in their interaction with FGF2, we examined
with control wild-type FGFR2 and the remaining two channelthe ligand specificity of this phenomenon. Wild-type and
with mutant receptors. Data from the BSA channel werépert-type mutant receptors were tested for their ability to bind
subtracted from the sample channels before data analysisattange of different FGF ligands (Fig—c). In all cases, there was
remove changes in signal arising from refractive index effects ama significant difference between wild-type and mutant receptors
non-specific interaction with the sensor chip. In each experimetim, the value okyp, (Tablel). This experiment revealed that there



1478 Human Molecular Genetics, 1998, Vol. 7, No. 9

a FGF2 ligand dissociation and the phenotype of human patients. In
1000+ particular, the severity of craniofacial phenotype for the series of
9004 FGFR2 mutations Ser252Trp, Pro253Arg and Ser252Leu
500 (22,36) correlates with effects on FGF2 dissociation kinetics.
7001
600 — Ser252Trp Table 1. Summary of kinetic data shown in Figures 4 and 5

& 9007 Wild-type ~ Ser252Trp  Pro253Arg
4001
3004 — WT FGF1 kon(/M/s) ~ 8.02x1(P  8.83x 1P  7.22x 1(P
2004 koft (/S) 6.35x 104 3.86x 104 5.06x 104
100 kofifkon (M) 7.91x 10710 4.4x10°10 7.0x 1010
mg‘ FGF2 kon (/Ms) 1.33x10F  1.34x10F  1.18x10P
S S P o P N Koff (/S) 6.52x 104  1.02x 104 4.51x10°
Time (secs) kofifkon (M)  4.9x 10710 0.76x 1010 3.81x 106
FGF4 Kon (/MIs) 1.48x 106 1.1x10° 1.09x 1P
koff (/S) 6.1x 104  5.03x10%4 5.13x10%
b — . W Kofifkon (M) ~ 4.12x10°10 4.55x 10-10 4.7x 1010
9.0x10°044 F
: lS)ir)zzsségp konWas derived as described in Materials and Methods. The standard error was
& in all cases <15% of the calculated vakyg:.is expressed as the mean value of
7.0x10-%44 e o F data points in Figures 4b, 5b and 5d. The apparent affigityexpressed as the
—~ * . ratio Koff/kon,
T 5.0x100 .
g o e ., DISCUSSION
3.0x10°%] | The principal finding reported here is that FGFR2 receptors
: harbouring mutations of the Apert type (Ser252Trp, Pro253Arg)
are fully functional in terms of ligand binding and complex
1.0x 1004 . " ox = | formation but exhibit a selective decrease in the kinetics of ligand
- dissociation in the presence of FGF2. We cannot exclude the
0 10 20 30 40 50 60 possibility that these mutations also affect the interaction with
FGE-2 (nM) other receptor co-factors or ligands. However, it is significant that

this effect was not seen with the phenotypically mild mutation

Figure 4. (a) Sensogram data of varying concentrations of FGF2 (20-50 nM) Ser_252Lgu, which Car? .also be gener_atged by point mutation at
binding to immobilized wild-type FGFR2 and Ser252Trp Apert-type mutant 2MiN0 acid 252. In addition, the dissociation rate effect was more
receptor in parallel channels. The sensogram of FGF2 binding to Pro253Arg iPronounced with the mutant Ser252Trp than Pro253Arg. We
the same experiment has been omitted for the sake of clajit@idt of conclude, therefore, that Apert-type mutations result in a selective
calculatedkoft versus FGF2 ligand concentration using the data from (a). Theglteration in the interaction with FGF ligands. Similar con-
standard error of the mean (SEM) values were <5% of the total. clusions have been reached from studies of FGFR1 kinase
activity in cells transfected with normal and Apert-type mutant
receptors (L. Yu, W. Yuan, M.C. Naski, A. Chellaiah and D.M.
Ornitz, personal communication). This provides insight into
structural aspects of FGF—receptor interactions and provides an
attractive biological explanation for the craniosynostosis pheno-
type of Apert syndrome. The syndactyly phenotype may have a
distinct basis since it shows a reverse relationship with mutation

pe, being more severe in the Pro253Arg mutatii). One

ossibility, not examined here, is that this is mediated by an

quivalent mechanism via ligand interaction with the alternative-
ﬁspliced IlIb splice variant of FGFR2.

was a much milder effect dgg for the interaction with FGF1
(Fig. 5a and b, Tablé) and no significant difference between
Apert-type and wild-type receptors in the apparent valugof
in the interaction with FGF4 (Figc and d, Tablé) and FGF6
(not shown).

These findings indicate that kinetic differences betwee
wild-type and mutant llic receptors are most obviously manife
in the kinetics of interaction with FGF2, and that with respect t
other FGF ligands Apert-type mutants more closely resemb
their wild-type counterparts.

Several asymptomatic individuals with the substitutio
Ser252Leu recently have been identified)( A study of this
mutant thus would define whether kinetic differences in FGFZhe data presented here show that, under our experimental
dissociation are correlated with phenotypic features. Theonditions, FGF2 interacts with monomeric receptor ectodo-
Ser252Leu receptor mutant was compared with wild-type andains to form a complex of two molecules of ligand and two
Apert-type mutant receptor (Fig). This revealed that the molecules of receptor in accord with the previous findiB@s (
FGFR2 mutant Ser252Leu exhibited kinetic behaviour whicMolecular modelling of FGFR ectodomairis4(l5) combined
was identical to wild-type rather than Apert-type receptor. Thensith mutagenesis studie$&-19) have shown that FGF2 binds
is, therefore, a direct relationship between kinetic features oo FGFR ectodomains through interaction with two distinct

"Structural aspects of FGF—receptor interactions
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Figure 5. (a) Sensogram data of varying concentrations of FGF1 (20-50 nM) binding to immobilized wild-type FGFR2 and Ser252Trp Apeertypeeeaptor

in parallel channels. The sensogram of FGF1 binding to Pro253Arg in the same experiment has been omitted for the yaf® Blaiaitcalculatedys; versus
FGF1 ligand concentration using the data from (a). The standard error of the mean (SEM) values were <5% of)tSetstagrém data of varying concentrations
of FGF4 (20-50 nM) binding to immobilized wild-type FGFR2 and Ser252Trp Apert-type mutant receptor in parallel channelsogitaersef FGF4 binding to
Pro253Arg in the same experiment has been omitted for the sake of dafat(of calculatedtys versus FGF4 ligand concentration using the data from (c). The
SEM values were <5% of the total.

sites, located in the Igll and Iglll domains, respectively. These Taken together, this suggests that the interaction of FGF2 with
domains are separated by the linker region in which the ApeRGFR2 involves some form of conformational change in
mutations are predicted to lie. receptor, or receptor—ligand complex arising from the simulta-

The nature of the linker domain between Igll and Iglll recenthneous interaction of FGF2 with Igll and Iglll. This conforma-
has been characterized by the X-ray structure of interleukintional change may be accentuated by specific mutations in the
(IL-1) and IL-1 receptor antagonist complexed to the IL-llinker region resulting in a decreased rate of ligand dissociation.
receptor (IL-1R;38,39). This has revealed that IL-1, which is The finding that the Ser252Leu mutant did not affect this process
related to FGF in three-dimensional structure, binds to the IL-1Rdicates that the identity of specific residues in the linker domain
(which, like FGFR2, has three Ig-like domains in its extracellulais significant. The Ser252—Pro253 linker motif is highly con-
region) via two ligand epitopes interacting with complementargerved in vertebrate FGFRs but is conspicuously absent in
binding sites in two adjacent |g domains of the IL-1R. In additioninvertebrate FGFR4L). It is notable that all known Apert-type
the IL-1R has an extended flexible linker region between Igll antihker substitutions identified to date involve the introduction of
Iglll analogous to the predicted linker region of FGFRZ2residues with bulky side chains such as Trp, Arg or Phe which
connecting Igll and Iglll 14,15). The two key features of the may act to increase the rigidity of the linker region. This model
IL-1R linker region are that it does not participate directly insuggests the possible existence of ‘super-Apert’ mutations which
interaction with ligand but does prevent intermolecular interwould show enhanced effects on ligand dissociation and might
actions between the second and third Ig domains which are ththsis be predicted to exhibit more severe phenotypes than those
free to undergo inter-domain changes in conformation.
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a FGF2 This cell type thus represents the primary target for the effect of
1000+ Apert mutations in the skull. FGF2 is highly expressed in the
900 adjacent osteoid plates but is present at lower levels in the domain
200/ of FGFR2 expression of the coronal suture. Pre-osteogenic cells
700 expressing FGFR2 are, therefore, normally exposed to low levels
600, of FGF2 stimulation. This is strengthened further by the finding
5 500 that enhancement of FGFR2 signalling by exposure to ectopic
s 100- FGF2 leads to down-regulation of FGFR2 and enhanced
3001 osteogenic differentiatiorl. §). This is consistent with the rate of
oo — Ser252Leu osteogenic differentiation in the coronal suture being under the
====—WT control of FGF2 availability. It is, however, presently unknown
1007 whether other FGF ligands exist which exhibit similar preferen-
0 tial affinity for Apert-type mutant receptors and are expressed in
o the suture. In this respect, the phenotype of FGF2 null mutant
200 -100 0 100 200 300 400 500 600 mice @0,41) does not reveal any overt effects on skeletogenesis.
Time (secs) FGF2 availability may also be subject to additional levels of
control. A striking feature of FGF2 (and FGF1) is the absence of
a functional secretory signal sequence. It has generally been
b e concluded that, in contrast to other FGF ligands, FGF2 bioavail-
" WT ability is restricted by intracellular localization. However, the
9.0x10%4 A [ 4 Ser252Leu existence of specific mechanisms for export of non-secreted FGF
. " . ligands has been inferred previously from the study of pancreatic
7.0%10°° - L tumour progressiont@), and several potential mechanisms have

been suggested &46). Suture fusion may represent a physio-
logical system in which FGF2 selectively is made available to
5.0¢10%1 r target cell receptors by export and this could also contribute to the
tissue specificity of the FGFR mutations.

kot 57

3.0x10% -
General implications
1.0x10%4 - The results presented here indicate that Apert syndrome is the
———— conseguence of a novel type of gain-of-function mutation which
0 10 20 30 40 50 60 results in enhanced receptor occupancy by ligand and/or pro-

FGE-2 (aM) longation of the duration of receptor signalling. There are a

number of biological systems in which gquantitative changes in
Figure 6. (@) Sensogram data of varying concentrations of FGF2 (20-50 nM) receptor O_CCUp_anCy and S|gnaII|ng have been shown to have
binding to immobilized wild-type FGFR2 and Ser252Leu asymptomatic PrOfO_U”d b_|0|09|05_l| consequences. For example._mutant forms of
mutant receptor in parallel channels) Plot of calculatedt, verasus. FGF2  insulin which exhibit decreased rates of dissociation from the
ligand concentration using the data from (a). The standard error of the meafhsylin receptor display a disproportionately high mitogenic
(SEM) values were <5% of the total. ; ot

potency as a consequence of sustained activation of receptor

phosphorylation47; see ref48 for a theoretical treatment). It

. , . was also demonstrated recently, using genetic approaches in the
hitherto defined. This may be explored by a more systematiose, that oligodendrocyte precursor population size is strictly

survey of linker domain substitutions. dependent upon platelet-derived growth factor A (PDGF-A) gene
. _ . . dosage and consequent ligand concentradighn It will thus be
The biological action of Apert mutations important to determine the extent to which this class of

echanism operates to elicit pathological effects in other receptor

The data presented here suggest that Apert mutations may Iea(gi1 alling pathways

receptor activation as a consequence of interaction of the muta
receptor with FGF2. One attraction of this model is that it
provides an explanation for the tissue specificity of Aper{\/l'A‘TER"A‘LS AND METHODS
s_yndr_ome. It predicts that a ph_enotype is only manife_s_t Bite_directed mutagenesis of FGFR2
situations where FGFR2 signalling occurs under conditions
where receptor occupancy is controlled by ligand availabilityA cDNA encoding the human FGFR2 llic isoform (hBEK, clone
since mutant receptors will exhibit higher receptor occupancy aK 14; 31) was obtained from R. Breathnach (INSERM U211,
subsaturating concentrations of ligand or where the biologicilantes, France) and used as a template for subsequent PCR
response is influenced by the duration of receptor signalling. amplification. An amplifiedEcoRI-BanH| fragment encoding

A recent investigation of FGFR2 and FGF2 expression in thile three extracellular |g domains of human FGFR2 (amino acids
developing mouse skull) indicates that this condition is met 1-362 of hBEK) was subcloned into the vector @@d.(Cloning
in the case of the coronal suture. This study shows that FGFRXites used in the vector were BodRI site 3 of the first ATG
expressed in a narrow gap of the coronal suture between, azwtion and 8anHl site 3 of codon 362 upstream of the human
distinct from, domains undergoing osteogenic differentiationlgG1-Fc gene. Mutations were introduced into the receptor by
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splice overlap PCR techniques. The sequence of oligonucleotidegm, UK). The molar ratio of ligand and receptor present in the
employed is available on request. All PCR cloned inserts wetdotted species was determined from the relative recovery of
sequenced by the chain termination method. serine derived from FGFR2 in cycle 3 and FGF2 in cycle 4.

Production of soluble ectodomains of FGFR2 Surface plasmon resonance (SPR)

The pIG-FGFR2 constructs were transiently transfected ind BlAcore 2000 instrument (Pharmacia Biosensor) was
human epithelial kidney 293/tsA1609neo celis)(by calcium €mployed to analyse the interaction between soluble FGFR2
phosphate precipitation as described previously for piG-IL-11Rctodomains and FGF ligands. Purified wild-type and mutant
constructs §0). Dimeric FGFR2 ectodomain—Fc fusion proteinsFGFR2 ectodomains were immobilized by amine coupldy (
were recovered from culture supernatants by binding to proteif adjacent flow cells of CM5 research-grade sensor chips using
A-Sepharose (Pharmacia) and elution with 0.1 M citric acidO MM sodium acetate buffer at pH 4 for monomeric FGFR2 and
pH 3, after extensive washing with phosphate-buffered salif@ 4.5 for dimeric receptor. All experiments were performed at
(PBS). Monomeric forms of FGFR2 ectodomain were obtained4’ C using a HBS buffer (Pharmacia Biosensor comprising 0.01
by protease 3C cleavaiesituon the protein A column at room M HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v
temperature overnight in 50 mM Tris, pH 8, 150 mM NaCl, 1 msurfactant P20). In every experiment, there were two cqntrol
dithiothreitol using (2.5 pg enzyme/mg receptor. Cleaved channels, coupled with wild-type FGFR2 and BSA, respectively,
FGFR2 was collected in the same buffer. After elution from th@nd two experimental channels coupled with mutant receptors.
columns, fraction samples were analysed by SDS—PAGE usiné)@ntrol experiments revealed that relative binding kl_net|c_s of
Phastgel system (Pharmacia) and extensively dialysed agaikéid-type and mutant receptors were unaffected by the identity of
PBS. Estimation of protein concentration in the preparations #f€ channel employed. For each sensor chip, a similar number of

receptor was carried out using a Coomassie assay kit (PierceJe€sponse units (Ru) were immobilized in each of the four flow
cells; this varied between 3000 and 7000 Ru which corresponds

. . to (B—7x 10-14 mol/mn for dimeric FGFR?2. It is not possible
Production of FGF ligands precisely to equalize the extent of receptor coupling to individual

) ) channels of a chip so the maximum response levels vary from
FGFs 2 and 6 were obtained by expression of cDNAs fromhannel to channel, reflecting the amount of immobilized

prokaryotic expression vectors: human FGF2 was expressedrgbeptor_ Estimates of the maximum response level derived from
pFC80, a gift from Dr A. Isacchi (Pharmacia, Milan), and humagteaqy-state binding indicated that the majority (>90%) of
FGF6 from pMB40%2), a gift of Professor D. Birnbaum. immobilized receptor was able to bind ligand.

Expressed proteins were purified by affinity chromatography ginetic studies were performed at a flow rate of p0énin
on HiTrap Heparin columns (Pharmacia). Purified recon_wblnarusing injection volumes of 338 (195 s) and ligand concentra-
human FGF1 was purchased from R&D Systems (Abingdoions of 20-50 nM. Under these conditions, the apparent ligand
UK). Purified recombinant human FGF4 was a gift of Dr Davidjissociation rate was observed to be independent of flow rate,
Rogers (Genetics Institute). Protein concentration was det§fygicating minimal ligand rebinding (data not shown). Dissocia-

mined in all cases by amino acid composition (Alta Biosciencgion was allowed to proceed for 400 s before chip regeneration by
Birmingham, UK). All FGF ligands were buffer exchanged intojjection of 330ul of 10 mM HCI.

HBS (10 mM HEPES, 0.15 M NacCl, 3.4 mM EDTA, 0.05%
surfactant P20) by gel filtration (Pharmacia Hitrap) before use. )
Gel filtration studies revealed that ligands employed in thedaata analysis

experiments were monomeric. I . . .
P Kinetic data were evaluated using the BiaEvaluation software

package (Pharmacia Biosensor) according to the manufacturer’s
Non-denaturing (native) PAGE recommendations. Data were collected from four serial injections

of 20-50 nM ligand (in 10 nM increments), normalized by
Soluble ligand-receptor complexes were produced by mixingubtraction of data derived from the parallel BSA channel and
3-6 ug of receptor with a 2-fold molar excess of FGF2 andbverlaid. The apparent association igtgwas determined from
agitating at 4C for 2 h in a volume of 2@l followed by linear curve fitting to a plot of ligand concentration against slope
electrophoretic separation in a non-denaturing 7.5% polyacrybf a plot of dR/dT versus C (type 3 association model). The
amide gel consisting of 24 mM Tris, pH 8.6, 149 mM glycine apparent dissociation constégg was determined by non-linear
10% glycerol, 0.1% ammonium persulfate and 0.005% TEMEDzurve fitting of the data to a homogeneous single site model.
Electrophoresis was performed in a Bio-Rad Mini Protean IBinding data were exported to the data analysis package Prism
system. Each gel was run at 15 mA in 24 mM Tris, pH 8.3, 14@raphad software) for graphical analysis and manual inspection.
mM glycine. After electrophoresis, proteins were either visual-
ized by staining with Coomassie blue or transferred onto PVD
membrane (Immobilon) for protein sequencing. Blotting wa

carried out in 10 mM CAPS [3-(cyclohexylamino)-1-propaneyye are very grateful to David Omitz, Yvonne Jones, Gillian

sglfonic acid] pH 11 buffer containing 10% methaml at30V aR/Iorriss-Kay and Chris Marshall for productive discussions. This
4°C for 17 h. The membrane was then stained with Coomassiesearch was supported by Grants from the Wellcome Trust to

blue according to the manufacturer's recommendations, air drigtk 1 and A.O.M.W. The surface plasmon resonance facility
and the appropriate bands excised with a scalpel blade apds f;nded b.y the BBSRC.

subjected to N-terminal sequencing (Alta Bioscience, Birming-
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