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Abstract

Missense mutations which introduce or remove cysteine residues in receptor tyrosine kinases 

(RTKs) are believed to cause pathologies by stabilizing the active RTK dimers. However, the 

magnitude of this stabilizing effect has not been measured for full-length receptors. Here, we 

characterize the dimer stabilities of three full-length fibroblast growth factor (FGFR) mutants 

harboring pathogenic cysteine substitutions: the C178S FGFR1 mutant, the C342R FGFR2 

mutant, and the C228R FGFR3 mutant. We find that the three mutations stabilize the FGFR 

dimers. We further see that the mutations alter the configuration of the FGFR transmembrane 

(TM) dimers. Thus, both aberrant dimerization and perturbed dimer structure likely contribute to 

the pathological phenotypes arising due to these mutations.
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Fibroblast growth factor receptors (FGFR1–4) comprise a family of transmembrane tyrosine 

kinases which bind 18 fgf ligands with high affinity, in the presence of heparan sulfate1. 

They are composed of extracellular (EC) portions built of three Ig-like domains (D1, D2, 

and D3), single transmembrane (TM) domains, and intracellular kinase domains2,3. These 

receptors play key roles in the regulation of cell differentiation, migration, proliferation and 

apoptosis1. They are required for embryonic development, lung morphogenesis, 

osteogenesis and limb bud development4,5.

The FGF receptors belong to the large family of receptor tyrosine kinases (RTKs)6. Like all 

RTKs, they are activated upon lateral dimerization in the cellular membrane, which brings 

the two kinases in close proximity1,6,7. In the dimer, the two kinases activate each other by 

cross-phosphorylating the tyrosines in the kinase activation loop. For many years, 

dimerization was believed to occur only in response to ligand binding1. Recent work has 

demonstrated, however, that dimerization can also occur in the absence of ligand because the 

FGF receptors have intrinsic sequence-specific propensities for lateral interactions8,9.
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The FGF receptors are known to harbor many pathogenic mutations10,11. As germ-line 

mutations, they cause developmental abnormalities of the skeletal system1,4,10,12–15. As 

somatic mutations, that have been linked to various cancers16,17. Some of these mutations 

are believed to cause pathologies by stabilizing the active FGFR dimers18. In particular, 

mutations which introduce or remove cysteine residues are believed to belong to this 

category19. Indeed, the unpaired cysteines can form disulfide bonds that bridge two 

receptors, leading to constitutive dimerization.

Here we study the effect of three cysteine mutations in FGFR1, FGFR2, and FGFR3 on the 

stability of full-length FGF dimers. The first mutation that we investigate is the C178S 

mutation in the first Ig-like domain (D1) of FGFR1, associated with Kallman syndrome20. 

The phenotype includes severe ear anomalies (hypoplasia of the external ear), failure to start 

puberty, infertility, and complete lack of sense of smell. It occurs in 1 in 10,000 men and 1 in 

50,000 women21. The second mutation that we study is the C342R mutation in the third Ig-

like domain (D3) of FGFR2. This mutation is found in individuals with Crouzon syndrome, 

Jackson-Weiss syndrome (JWS), Pfeiffer syndrome, and Antley-Bixler-like syndrome 

(ABS2)11,14,22–31. Crouzon syndrome is characterized by premature fusion of skull sutures 

(craniosynostosis), and has an incident rate of 1 in 2500 individuals32. The JWS phenotype 

is characterized by craniosynostosis and foot abnormalities. The features of Pfeiffer 

syndrome are short fingers and soft-tissue syndactyly, while the ABS2 phenotype includes 

craniofacial and limb abnormalities13,14,24,33. The third mutation that we investigate is 

C228R, located in the second Ig-like domain (D2) of FGFR3 and linked to colorectal cancer 

carcinoma33, the most common type of intestinal cancer with 140,000 new cases each year 

in the United States alone.

These three pathogenic mutations substitute a cysteine in an Ig domain in the extracellular 

portions of the receptors. The Ig domains in the wild-type FGF receptors (D1, D2, D3) are 

each stabilized by two intra-molecular disulfide bonds. Thus, the loss of a cysteine in an Ig 

domain creates an unpaired cysteine. Specifically, the introduction of the studied mutations 

leaves C230 in FGFR1, C278 in FGFR2, and C176 in FGFR3 unpaired. These unpaired 

cysteines can then engage in inter-molecular disulfide bond formation, which can lead to 

dimer stabilization.

Here we investigate if the stabilities of the full-length FGFR dimers carrying the mutations 

are increased. In particular, we measure the stabilities of the mutant FGFR dimers using a 

quantitative FRET method termed Quantitative Imaging FRET (QI-FRET)34,35, and 

compare them to previously published stabilities of the wild-type FGF receptor dimers8. The 

QI-FRET method yields dimer stabilities and structural insights about the dimers, based on 

FRET detection35,35–37. While not a single molecule technique, this method allows us to 

acquire data over a broad receptor concentration range, and collect binding curves. The 

technique also allows us to monitor structural perturbations on the cytoplasmic side of the 

membrane as a result of pathogenic mutations in the extracellular domain of the receptors8. 

The technique has been described previously as a detailed step-by-step protocol34. Non-

interacting monomeric RTK variants, namely truncated ErbB receptors lacking the 

intracellular domains, have been identified and serve as negative controls in the QI-FRET 
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experiments38. Furthermore, sequence-specific interactions with FGFR homodimers have 

been demonstrated through extensive mutagenesis and deletions8,36,39.

The three mutations, C178S in FGFR1, C342R in FGFR2, and C228R in FGFR3 were 

introduced in the full length and truncated FGFR-YFP and FGFR-mCherry plasmids, which 

have been used in previous work8. YFP and mCherry comprise a FRET pair that allows 

FRET detection of FGFR dimerization. The experiments were performed in plasma 

membrane vesicles derived from CHO cells, which bud-off from cells when the cells are 

incubated with an osmotic buffer40. These vesicles are a simplified, yet highly relevant 

model of the plasma membrane41.

CHO cells were co-transfected with either FGFR1C178S-YFP and FGFR1C178S-mCherry, 

FGFR2C342R-YFP and FGFR2C342R-mCherry, or FGFR3C228R-YFP and FGFR3C228R-

mCherry. Twenty four hours after transfection, the cells were treated with chloride salt 

buffer overnight at 37°C to induce shedding of plasma membrane vesicles bearing the 

receptors40. Vesicles were collected in 4 chambered slides and imaged in a confocal laser 

scanning microscope34. Each vesicle was imaged in 3 scans: a donor scan, a FRET scan, and 

an acceptor scan, as previously described34. The intensity of each vesicle image was 

quantified using a Matlab program, which yields the donor concentration, the acceptor 

concentration and the FRET efficiency for each vesicle34 (see Supplementary Information). 

Figure 1, top row, shows the FRET efficiency as a function of total receptor (donor label + 

acceptor label) concentration. Figure 1, middle row, shows the donor versus acceptor 

concentration in each vesicle. For each construct, more than 300 individual vesicles were 

imaged in at least 3 independent experiments. As discussed in detail previously, such large 

number of data points is required for robust analysis of the FRET data35. Because the 

technique uses a standard confocal microscope, we have white noise associated with image 

acquisition (discussed in34). Since the underlying factor is white noise, the uncertainties can 

be reduced by acquiring a large number of data points34.

A monomer-dimer equilibrium model with two optimizable parameters, the dimerization 

constant K and the Intrinsic FRET efficiency (I-FRET) was fitted to the data in Figure 1 (see 

equation (8)), yielding the optimal K and I-FRET values for the receptors. As described in 

Methods, the dimerization constant reports on the propensities of the receptors to form 

dimers, while the Intrinsic FRET depends on the separation between the fluorescent proteins 

and thus reports on the dimer structure8,37.

Next, each data set in Figure 1 was divided by the optimal I-FRET to obtain the dimeric 

fraction in each vesicle as a function of the total receptor concentration in the vesicle. Then, 

the dimeric fractions for similar receptor concentrations were averaged within bins of width 

500 receptors/μm2 in Figure 1, bottom row. The theoretical dimeric fraction is plotted with a 

solid line for each receptor, for the optimal value of K determined in the fit. The optimal 

values for the dimerization free energy and the Intrinsic FRET are shown in Table 1.

We see that the three mutations stabilize the FGFR dimers. The C178S FGFR1 mutation 

increases the dimerization propensity of FGFR1 by −1.2 kcal/mol (Table 1). The FRET data 
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for the other two mutants do not depend on the concentration, indicative of constitutive 

association. This association here is dimerization.

FGFR receptors are known to form dimers, and we thus expect that FGFR2C342R and 

FGFR3C228R form constitutive dimers. In Figure S5 in Supplementary Information, the 

FRET efficiency for FGFR2C342R and FGFR3C228R is plotted as a function of the acceptor 

fraction. The data are averaged in acceptor fraction bins of width 0.05. For constitutive 

oligomers, the dependence of FRET efficiency on the acceptor fraction is known to be linear 

for a dimer and non-linear for higher order oligomers42–44. We see that the data in Figure S5 

are well described by a linear function (p<0.01), a finding that is consistent with the 

expectation for dimer formation.

The fact that we observe constitutive dimers for FGFR2C342R and FGFR3C228R means that 

the monomer concentration is too low to be measured experimentally over the concentration 

range accessible in our experiments. The QI-FRET method, as applied to our microscope 

system, cannot resolve stabilities that exceed −7 kcal/mole and thus the best estimates for 

the effect of the mutations on dimerization are −1.2 kcal/mole, > −1.6 kcal/mole, and > −0.7 

kcal/mole for full-length FGFR1, FGFR2, and FGFR3, respectively. Literature values for the 

energetic contributions of disulfide bonds to protein-protein interactions are in the range of 

2–4 kcal/mol45,46. Therefore, the measured effects for the full-length FGF receptors are in 

the same general range. It is possible, however, that the effect are larger than what can be 

measured with the QI-FRET method, due to the −7 kcal/mole experimental cut-off.

As shown in Table 1, the Intrinsic FRET value for FGFR1 C178S is 0.69 ± 0.01 and is 

similar to the Intrinsic FRET value for wild-type FGFR1 (0.66 ± 0.02). The Intrinsic FRET 

value for the C342R FGFR2 mutant is 0.55 ± 0.01, and is different from the value for wild-

type FGFR2 (0.43 ± 0.01). The Intrinsic FRET value measured for the FGFR3 C228R 

mutant is 0.63 ± 0.01, different from the Intrinsic FRET value for wild-type FGFR3, 0.55 

± 0.01. The increase in Intrinsic FRET for two of the mutants shows that the distance 

between the fluorescent proteins in the FGFR dimer decreases. Thus, both the C342R 

mutation in FGFR2 and the C228R mutation in FGFR3 induce conformational changes in 

the dimers which propagate from the EC domains all the way to the C-terminal tails of the 

receptors. While no such effect is observed for the FGFR1 C178S mutation, it cannot be 

excluded that the structural changes due to the C178S mutation are too subtle to be 

measured in the FRET assay. Furthermore, note that the fluorescent proteins are attached to 

the receptor C-terminal tails, which are likely highly unstructured.

Previous work has highlighted the importance of the TM domain configuration for the 

activation of the FGF receptors8. In particular, the QI-FRET technique, along with 

biochemical and NMR data, has revealed that the configurations of FGFR TM domains 

control the kinase activity8. With this knowledge in mind, here we assess whether the three 

cysteine mutations, described above, perturb the FGFR TM dimer configurations in the 

plasma membrane. We therefore performed experiments with truncated FGFR3 constructs 

lacking the IC domain. In this constructs, the fluorescent proteins were attached to the TM 

domains via flexible (GGS)5 linkers, allowing us to monitor directly the TM domain dimer 

configurations. These constructs contained the Ec domain, the TM domain, the flexible 
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linker, and the fluorescent proteins. The FRET results for the three truncated constructs are 

shown in Figure 2 and Table 1. The estimates for the effect of the mutations on the truncated 

receptors are −0.7 kcal/mole, >3.6 kcal/mole, and > −2.3 kcal/mole, respectively (Table 1).

While the Cys mutations stabilize both the full-length and the truncated FGF receptors 

(Table 1), the increase in dimer stability is not necessarily the same. For instance, the C178S 

FGFR1 mutation stabilizes the full length FGFR1 dimer by −1.2 ± 0.2 kcal/mol, while the 

stability of the truncated receptor is increased by −0.7 ± 0.2 kcal/mol only. The latter value 

is modest, and is reminiscent of previous measurements with truncated FGFR3 cysteine 

mutants linked to thanatophoric dysplasia36. These findings may suggest that the different 

RTK domains do not act independently during the dimerization process, but rather work in a 

synergistic manner as proposed previously47–49.

The Intrinsic FRET for the three truncated receptors was also increased, suggesting that the 

fluorescent proteins are closer in the mutant dimers as compared to the wild-type dimers. 

Indeed, the Intrinsic FRET for the wild-types varied between 0.50 and 0.57, while the values 

for the mutants were 0.68 to 0.72. This result suggests that these mutations bring the 

fluorescent proteins in the dimer closer together. Because the fluorescent proteins are 

attached directly to the C-termini of the TM domains via flexible linkers49, from these 

results we infer that the C-termini of the TM domains also move closer together due to the 

Cys mutations. Since in the full-length receptors the kinase domains are attached to the TM 

domains via the juxtamembrane domains, the results suggest that the Cys mutations in the 

extracellular domain bring the kinase domains in the dimer closer together. The increase in 

Intrinsic FRET, measured for two of the full-length FGFR, further supports the view that the 

Cys-induced structural changes which originate in the extracellular domains are propagated 

along the entire length of the FGFR dimer.

To test if disulfide bonds contribute to the observed dimer stabilization and structural 

perturbations, we performed SDS gel electrophoresis under reducing and non-reducing 

conditions, followed by Western blot staining for both full-length and truncated FGF 

receptors. While the native contacts that occur in the native plasma membrane between the 

two receptors in the dimer are eliminated in the SDS environment, this experiment can 

provide insight as to whether disulfide bonds play a role in dimer stabilization. All the 

mutants exhibited dimeric bands on the non-reducing gels, but not on the reducing gels 

(Figure 3), demonstrating the formation of inter-molecular disulfide bonds by the unpaired 

cysteines in all cases. Thus, disulfide bonds readily form due to the mutations, and the 

observed stabilization effects in the plasma membrane are likely a consequence of inter-

molecular disulfide bond formation.

In summary, here we show directly and for the first time that three pathogenic Cys mutations 

stabilize full-length FGFR dimers, via a mechanism that involves intermolecular disulfide 

bonds. We also demonstrate that the pathogenic Cys mutations perturb the FGFR dimer 

structure in the plasma membrane, as shown previously for other FGFR mutations8,36. While 

future work should focus on the activity of these Cys mutants, the work presented here 

suggest that the three studied Cys pathogenic mutations affect FGFR signaling by perturbing 

both FGFR dimerization propensity and FGFR dimer structure.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The cysteine mutations stabilize full-length FGFR dimers in the absence of ligands. Open 

magenta circles: C178R FGFR1; Open blue diamonds: C342R FGFR2; Open red squares: 

C228R FGFR3). Top panels: FRET efficiencies for the mutants (open color symbols) and 

the wild-types (solid black symbols). Each data point corresponds to a single vesicle. Middle 

panels: Donor concentration versus acceptor concentration in each vesicle. The DNA ratios 

in transfections varied from 1:2 to 1:5, and the acceptor concentration exceeds the donor 

concentration in all cases. This difference in expression is necessary in our experiments 

because of the different quantum yields of the donor (0.61) and the acceptor (0.22), and is 

fully accounted for in the data analysis. Bottom panels: Dimeric fraction as a function of 

total receptor concentration (donors+acceptors). The C178 mutation stabilizes FGFR1 

dimers by −1.2 ± 0.2 kcal/mol). The C342R FGFR2 and C228R FGFR3 form constitutive 

dimers. Data for the wild-type receptors are from8. The QI-FRET method, used for data 

collection and analysis, has been described in detail in refs. 34,35,50
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Figure 2. 
The cysteine mutations stabilize truncated EC+TM FGFR dimers in the absence of ligands. 

Solid magenta circles: C178R FGFR1; Solid blue diamonds: C342R FGFR2; Solid red 

squares: C228R FGFR3. Top panels: FRET efficiencies for the mutants (solid color 

symbols) and the wild-types (open black symbols,8). Middle panels: Donor concentration 

versus acceptor concentration in each vesicle. Bottom panels: Dimeric fraction as a function 

of total receptor concentration (donors+acceptors). The QI-FRET method, used for data 

collection and analysis, has been described in detail in refs. 34,35,50
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Figure 3. 
Anti-FGFR staining of (left) non-reducing and (right) reducing western blots for wild-type 

and mutant FGF receptors. Top row: truncated (EC+TM+YFP) receptors. Bottom row: full-

length receptors. Typically, two monomeric and two dimeric bands can be observed, 

depending on the relative expression of the two forms, and the exposure. The lower bands 

correspond to immature, partially glycosylated receptors, while the higher molecular weight 

bands correspond to the mature, fully glycosylated forms of the receptors (~110 kDa for EC

+TM+YFP and ~130 kDa for full length FGFR1–3)51–54. In these experiments, cells were 

starved in serum-free medium for 24 h following transfection with 1–3 μg of DNA encoding 

full length FGFRs. All experiments were performed with CHO cells, with the exception of 

the full-length FGFR3 blot, which was performed with HEK 293T cells due to poor 

expression of the C228 mutant in CHO cells. They were then treated with lysis buffer (25 

mM Tris-HCl, 0.5% Triton X-100, 20mM NaCl, 2 mM EDTA, phosphatase inhibitor and 

protease inhibitor, Roche Applied Science). Lysates were collected following centrifugation 

at 15,000 g for 15 min at 4°C and loaded onto 3–8%NuPAGE®Novex®Tris-Acetatemini gels 

(Invitrogen, CA). The proteins were transferred onto a nitrocellulose membrane, and 

blocked using 5% milk in TBS. FGFR total protein levels were assessed using antibodies 

raised against the N-terminal epitope of FGFR3 (H-100; sc-9007), FGFR2 (H-80; sc-20735) 

and FGFR1 (H-76; sc-7945), all from Santa Cruz Biotechnology. This was followed by anti-

rabbit HRP conjugated antibodies (W4011, Promega). The proteins were detected using the 

Amersham ECL detection system (GE Healthcare).
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