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SUMMARY
Mutations in the transmembrane (TM) domains of receptor tyrosine kinases (RTKs) have been
implicated in the induction of pathological phenotypes. These mutations are believed to stabilize
the RTK dimers, and thus promote unregulated signaling. However, the energetics behind the
pathology induction has not been determined. An example of a TM domain pathogenic mutation is
the Ala391→Glu mutation in fibroblast growth factor receptor 3 (FGFR3), linked to Crouzon
syndrome with acanthosis nigricans, as well as to bladder cancer. Here we determine the free
energy of dimerization of wild-type and mutant FGFR3 TM domain in lipid bilayers using Förster
resonance energy transfer (FRET), and we show that hydrogen bonding between Glu391 and the
adjacent helix in the dimer is a feasible mechanism for dimer stabilization. The measured change
in the free energy of dimerization due to the Ala391→Glu pathogenic mutation is −1.3 kcal/mole,
consistent with previous reports of hydrogen bond strengths in proteins. This is the first
quantitative measurement of mutant RTK stabilization in a hydrophobic environment. We show
that this seemingly modest value can lead to a large increase in dimer fraction and thus profoundly
affect RTK-mediated signal transduction.
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INTRODUCTION
Fibroblast growth factor receptor 3 (FGFR3) is a receptor tyrosine kinase (RTK) which
consists of three extracellular glycosylated Ig-like domains, a transmembrane (TM) domain,
and a cytoplasmic catalytic domain. Like all RTKs, FGFR3 transmits biochemical signals by
dimerizing in the membrane plane. Ligands (FGFs) and heparin bind to the extracellular
domains and stabilize the dimer, which in turn triggers cytoplasmic signaling cascades (50).

FGFR3 is critical for skeletal development. Mutations in FGFR3 can lead to dominant
disorders of bone development, including achondroplasia, thanatophoric dysplasia types 1
and 2, hypochondroplasia, and Crouzon syndrome with acanthosis nigricans (37 ;46). Some
mutations are in the TM domain, such as the achodroplasia-causing Gly380→Arg, as well as
Gly370→Cys, Ser371→Cys, and Tyr373→Cys, causing thanatophoric (lethal) dysplasia. It
has been shown that RTK TM domains play an important role in the dimerization process
(5 ;29 ;45), and therefore it is not surprising that single amino acid FGFR3 TM domain
mutations can profoundly affect the development of the skeletal system. These mutations are
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believed to stabilize the FGFR3 dimer, thus leading to unregulated signaling and pathologies
(31 ;48).

Work in several laboratories has shown that FGFR3 is also involved in tumorigenesis. In
particular, an oncogenic role has been demonstrated for FGFR3 in human epithelial cancers
and in multiple myelomas (8 ;47). Tumorigenesis is often associated with activating somatic
mutations that occur in the TM domain (10 ;47). These are the very same mutations that have
been previously identified in autosomal dominant human skeletal disorders and
craniosynostosis syndromes (30 ;37 ;40 ;46).

An example of a pathogenic mutation, involved in both a skeletal disorder and in cancer, is
the Ala391→Glu mutation in the TM domain of FGFR3. This mutation has been identified
as a somatic mutation in bladder cancer (47). As a germ-line mutation, it has been associated
with Crouzon syndrome, an autosomal dominant disorder characterized by premature
ossification of the skull (craniosynostosis), with acanthosis nigricans (30). Due to the
obliterations of the sutures, the skull is unable to grow normally, the eye sockets are shallow
(ocular proptosis), and the upper jaw is underdeveloped. Acanthosis nigricans is a skin
disorder, characterized by abnormally increased coloration (hyperpigmentation) and
thickening (hyperkeratosis) of the skin.

A similar Val664→Glu mutation in Neu, a RTK from the EGFR family, has been shown to
be oncogenic (49). Solid state NMR studies have provided structural information that dimer
stabilization in Neu occurs via hydrogen bonding of Glu664 to the adjacent TM helix in the
dimer (43 ;44). Similarly, Glu391 in the FGFR3 (Ala391→Glu) mutant can be expected to
contribute to dimer stabilization by participating in hydrogen bonds, in accordance with
structural and thermodynamic arguments presented here.

In the current study, we compare the free energy of dimerization for wild-type and mutant
(Ala391→Glu) FGFR3 TM domain in lipid bilayers, and thus determine the change in the
free energy of dimerization, ΔΔG™, due to the single pathogenic mutation. The measured
ΔΔG™ = −1.3 kcal/mole is consistent with previous reports of hydrogen bond strengths in
proteins (14 ;35 ;51). Here we show that this seemingly modest value could lead to a large
increase in dimer fraction and thus profoundly affect RTK-mediated signal transduction.

RESULTS
Effect of the Ala391→Glu mutation on secondary structure and membrane disposition

Recently, we reported the synthesis and purification of wild-type FGFR3 TM domain
(TMwt, for sequence see Figure 1) (20). This model peptide could, in principle, form
biologically irrelevant antiparallel dimers, formed due to interactions between the positive
charges on the C-terminus and the negative charges on the N-terminus. This is why, here we
work with a sequence variant of wild-type TM domain, RRTM (see Figure 1), in which the
two negative charges at the N-terminus are substituted with two Arg. We have shown that
TMwtandRRTM exhibit identical dimeric bands on SDS gels (20). Thus, TMwt and RRTM
have very similar dimerization propensities (see also “Effect of terminal charges on
dimerization” at the end of the “Results” section). In the current study, we therefore
compare the behavior of RRTM and a similar variant RRTM(E) carrying the pathogenic
Ala391→Glu mutation, thus eliminating electrostatic interactions between termini as a
driving force for dimer formation.

To evaluate the structural consequences of the Ala391→ Glu mutation in FGFR3 TM
domain, we first investigated if the mutation affects the helicity of RRTM in organic solvent
and in SDS. Figure 2A shows the solution CD spectra of RRTM and RRTM(E) in water/HFIP
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and in 4% SDS. The CD spectra appear very similar, suggesting that the mutation does not
cause a loss of helicity.

Figure 2B shows the CD spectra of RRTM and RRTM(E) in POPC vesicles. In these
experiments, peptides were mixed with POPC in HFIP and chloroform, dried, and
redissolved in 10 mM phosphate buffer, 500 mM NaCl, pH 7, subjected to three cycles of
freeze-thawing, and extruded through 100 nm diameter pores. The spectra of RRTM
and RRTM(E) are identical, suggesting that the secondary structures of RRTM and RRTM(E)
in lipid bilayers are the same.

Next we investigated if the Ala391→ Glu mutation changes the disposition of the helix in
the bilayer. In particular, we assessed the tilt of the incorporated RRTM and RRTM(E) in
POPC bilayers using oriented CD (OCD). The OCD samples were oriented POPC
multilayers containing 5 mole % RRTM and RRTM(E), deposited on a quartz slide from an
organic solvent. A background spectrum of a lipid multilayer was subtracted from the OCD
spectra of the proteins in the lipid matrix.

OCD provides a relatively easy and quick way to assess the helix tilt, with precision ~ 10
degrees. Figure 3A shows the theoretical OCD spectra for helices that are normal to the
bilayer, or tilted 10 or 20 degrees(53). Figure 3B shows the experimental spectra for 5 mole
% RRTM and RRTM(E). Comparison between figures 3A and 3B suggests that both peptides
adopt transmembrane orientation. As discussed previously (20), the observed difference in
amplitude is not statistically significant; the OCD signal of a TM helix is low and thus
difficult to measure above the lipid background. The position of the maximum and the shape
of the spectrum, however, are more reliable reporters of helix tilt. As seen in Figure 3B, the
position of the maximum is not affected by the presence of the mutation. Based on the OCD
data, we therefore conclude that the mutation does not induce a measurable (by OCD)
change in helix tilt with respect to the bilayer normal.

Effect of the Ala391→Glu mutation on dimerization: SDS-PAGE
We first assessed the dimerization propensity of RRTM and RRTM(E) using SDS-PAGE.
SDS-PAGE has been used to probe the occurrence of TM helix dimerization, and the effect
of single amino acid substitutions on dimer stability (24 ;28 ;36). The SDS gel, shown in
Figure 4, shows that both RRTM and RRTM(E) exhibit monomeric and dimeric bands,
indicative of monomer/dimer coexistence. The intensity of the RRTM(E) dimeric band is
much stronger than the intensity of the RRTM dimeric band, indicating that the Ala391→Glu
mutation stabilizes the FGFR3 TM domain dimer. Monomer and dimer fractions [D], [M]
and [DE], [ME] forRRTM and RRTM(E), respectively, were determined from gels loaded
with ~ 4 to 6 nmoles of peptide in 4% SDS, using the Gel Analysis option in the NIH
ImageJ software. From these measurements, an “apparent” change in free energy of
dimerization was estimated according to:

(1)

The calculation, based on 6 different gels, gives ΔΔGapp = −1.7 ± 0.2 kcal/mole.

Effect of the Ala391→Glu mutation on dimerization: Förster resonance energy transfer
(FRET) in liposomes

We have previously demonstrated that FRET can be used as a tool for probing dimerization
in liposomes, an environment that mimics the biological membrane (54). While the
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measurements are labor-intensive, FRET in liposomes can be measured accurately; the data
are reproducible and relevant to processes occurring in biological membranes.

We carried out FRET measurements of the dimerization free energies of RRTM
and RRTM(E) using two different sets of FRET pairs: fluorescein/rhodamine (Fl/Rhod) and
BODIPY-fluorescein/rhodamine (BODIPY-Fl/Rhod). The FRET measurements require
knowledge of the Förster radius, R0, for the donor/acceptor pair. The R0 of fluorescein/
rhodamine has been reported as 55 Å (www.molecularprobes.com), and this value has
produced an excellent fit in the calculation of the dimerization free energy of wild-type
FGFR3, TMwt (25). Still, a question remains about the exact R0 value for fluorescein and
rhodamine that are coupled to the peptides, and are likely positioned in the bilayer interface.
We therefore determined R0 for both fluorescein/rhodamine and BODIPY-fluorescein/
rhodamine, conjugated to the peptides via maleimide linkage, by measuring the fluorescent
yields of the donor, QYDONOR, and the degree of overlap between donor emission and
acceptor excitation, as described in detail elsewhere (23). The results are shown in Table I.
The calculated value of 56 Å (Table I) for Fl/Rhod is in very good agreement with the value
R0=55 Å that we have previously used to determine the free energy of dimerization of TMwt
(25). The calculated R0 values for fluorescein/rhodamine and BODIPY-fluorescein/
rhodamine are very similar.

Figure 5A shows the fluorescence spectrum of a sample containing 0.1 mole % Fl-RRTM(E)
and 0.1 mole % Rhod-RRTM(E) (solid line) in POPC. For comparison, we also show the
emission spectra of samples containing 0.1 mole % Fl-RRTM(E) (dashed line) and 0.1 mole
% Rhod-RRTM(E) (dotted line). Figure 5B shows a FRET spectrum of 0.2 mole %
BODIPY-Fl-RRTM(E) and 0.2 mole % Rhod-RRTM(E) in POPC (solid line), as well as 0.2
mole % BODIPY-Fl RRTM(E) (dashed line) and 0.2 mole % Rhod-RRTM(E) (dotted line).
Due to FRET, in figure 5 we observe a decrease in donor fluorescence (around 520 nm) and
the appearance of sensitized acceptor fluorescence (around 570 nm). FRET efficiency was
calculated from the decrease in donor fluorescence using equation (2), as described in
Materials and Methods.

FRET that arises due to proximity effects (i.e. random co-localization of donors and
acceptors) was modeled according to the analysis of Wolber and Hudson (52) using R0=56
Å, as described in detail elsewhere (54). The FRET efficiency due to sequence-specific
dimerization was therefore obtained by subtracting the predicted FRET efficiency due to
proximity from the measured FRET signal (for detailed description, see (54)). Figure 6A
shows the FRET efficiency due to sequence specific interactions as a function of the
acceptor mole ratio, for a fixed peptide-to-lipid ratio. The linear dependence demonstrates
that both peptides form dimers (1 ;25 ;26). Figure 6B shows the FRET efficiency due to
sequence specific dimerization for RRTM and RRTM(E), as a function of total peptide
concentration (2[D]+[M]). Data were derived from experiments with both Fl/Rhod (circles)
and BODIPY-Fl/Rhod (squares), for donor to acceptor ratio of 1. The FRET efficiency is a
measure of[D]/(2[D]+[M]) (dimer fraction, or 0.5 × fraction of peptides in the dimeric state),
where [D] is the dimer concentration (dimers per lipid) and [M] is the monomer
concentration (monomers per lipid) (54). The theoretical curves (dashed line for RRTM and
dotted line for RRTM(E)) were calculated according to equation (3) with an association
constant K that was determined by fitting the experimental data to the theoretical curves. In
this fit, the only varied parameter was K, or the free energy of dimerization ΔG=-RT ln K.
Using all the data (both Fl/Rhod and BODIPY-Fl/Rhod data sets), we obtained ΔG = −2.7
kcal/mole for RRTM and ΔG = −4.0 for RRTM(E) (Figure 6). Fitting the separate Fl/Rhod
and BODIPY-Fl/Rhod data sets to the theoretical curves produced similar results, namely
−2.7 and −4.2 kcal/mole and −2.8 and −3.9 kcal/mole, for RRTM and RRTM(E),
respectively .
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To further examine the robustness of the fits, we subjected all the data to two-parameter fits,
by simultaneously varying K (or ΔG) and R0 (or the predicted FRET due to random co-
localization of donors and acceptors). The results are shown in Table II for the combined Fl/
Rhod and BODIPY-Fl/Rhod data, as well as for the separate Fl/Rhod and BODIPY-Fl/Rhod
data sets. The values of R0 in Table II, obtained from the two-parameter fits, are very similar
to the independently measured values in Table I. The results in Table II did not depend on
the initial guesses for ΔG and R0, indicative of unique robust fits. The best estimates of ΔG
for RRTM and RRTM(E) were therefore obtained by averaging all the results from the
optimization schemes. Thus, we determined ΔG = −2.8 ± 0.1 kcal/mole for RRTM and ΔG =
−4.1 ± 0.2 kcal/mole for RRTM(E). The change in the free energy of dimerization due to the
Ala391→Glu mutation is therefore ΔΔG™ = −1.3 ± 0.2 kcal/mole.

Structural model
Glu has a hydrogen-bonding capability (43 ;44), and we hypothesized that Glu391 in FGFR3
stabilizes the pathogenic FGFR3 dimer by participating in hydrogen bonds. We therefore
sought to determine the feasibility of hydrogen bonding as a dimer stabilization factor
in RRTM(E). To do so, we modeled the wild-type FGFR3 TM dimer using the software CHI,
and examined if the structure is consistent with the idea that Glu391 hydrogen bonding can
stabilize the dimer. A detailed description of the CHI simulations has been published in
detail previously (2-4 ;7). As described in Materials and Methods, we used only the
hydrophobic residues 372 to 396. Therefore, the predicted structure is independent of the
identity of the charges on the N and C termini, which were not included in the simulation.

Generally, CHI modeling produces more than one possible structure, as in the cases of GpA
(4), phospholamban (2), and synaptobrevin (15). In our modeling, however, only one
symmetric dimer structure was produced for the wild-type FGFR3 TM domain. RTK dimers
are symmetric, and we therefore consider this the most likely structure.

The structural model of the FGFR3 TM domain dimer is shown in Figure 7A. The predicted
dimer is a left-handed dimer, with a crossing angle between helices of 16.985 degrees. This
value is close to the average packing angle for left-handed helices, 20 degrees (6). In the
dimer, specific interactions between the helices are mediated by the bulky hydrophobic side
chains. The particular residues that mediate the dimer contacts in this model are Leu377,
Val381, Phe384, and Ile387. For instance, the side chain of Leu377 on one helix packs
against the side chain of Leu377 on the other; the side chain of Phe384 on one helix interacts
with Phe383, Phe384, and Ile387 on the other.

In the wild-type model structure, Ala391, colored yellow in Figure 7A, faces the dimer
interface. Using the software package Insight II, we substituted Ala391 with Glu, and then
ran molecular dynamics simulations in vacuo to explore various side chain conformations of
Glu391. In several cases, we observed conformations that were consistent with a hydrogen
bond between Glu391 side chain and the carboxyl group of Ile387 from the adjacent helix
(Figure 7B). This hydrogen bond did not alter the wild-type dimerization motif. We
therefore propose that (1) the mutant dimer is stabilized via hydrogen bonding and (2) the
dimerization motif (Leu377, Val381, Phe384, Ile387) does not change due to the mutation,
just a hydrogen bond is added to further stabilize the dimer. We would therefore expect that
the dimerization energy for the mutant dimer is the sum of the dimerization energy for wild-
type plus the contribution of a hydrogen bond. This is consistent with our findings: the
difference in dimerization free energy that that we measure, −1.3 kcal/mole, is very similar
to previous measurements of hydrogen bond strengths (14 ;35 ;51).

We note that modeling of the 391E mutant with CHI did not produce a stable symmetric
structure. This is not surprising: the force-fields used in CHI describe primarily van der
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Waals interactions in vacuum and do not provide an adequate description of Glu391 in the
heterogeneous bilayer interface.

Effect of terminal charges on dimerization
The value ΔG = −2.8 ± 0.1 kcal/mole that we measured for RRTM is the same as the
previously reported ΔG = −3.0 ± 0.5 kcal/mole (25) for TMwt (see Figure 1 for sequence).
From the FRET measurements, we therefore conclude that the terminal charges of the
peptide have a negligible effect on the energetics of FGFR3 TM domain dimerization. This
finding is consistent with previously published SDS-PAGE results (20).

Effect of lipid composition on RRTM(E) dimerization
Finally, we measured the FRET efficiencies for RRTM and RRTM(E) in POPC liposomes
containing charged lipids (POPS or POPG). We examined the following lipid mixtures: 80%
POPC+20% POPG, 50% POPC+50% POPG, and 80% POPC+20% POPS. The measured
FRET efficiencies of RRTM and RRTM(E) did not depend on the lipid compositions, and the
calculated dimer fractions were identical for the studied lipid mixtures, indicating that lipid
charges do nor affect the dimerization energetics of RRTM and RRTM(E). We note,
however, that RTKs are believed to associate with lipid-ordered domains, and further studies
with various liposome compositions may be needed to determine whether lipids have any
effect on FGFR3 dimerization.

DISCUSSION
Summary of findings

Using FRET in liposomes, a method providing thermodynamic information that is relevant
to processes in biological membranes (54), we have determined, for the first time, the change
in free energy of dimerization of a RTK TM domain due to a pathogenic mutation. In
particular, we have measured the change in free energy of dimerization, ΔΔG™ = −1.3 kcal/
mole, due to the Ala391→Glu mutation in FGFR3, a mutation known as the cause for
Crouzon syndrome with acanthosis nigricans (30), and cancer (47). Glu391 has hydrogen
bonding capabilities, and the measured −1.3 kcal/mole is very similar to previous reports of
hydrogen bond strengths in proteins (14 ;35 ;51). Therefore, it can be expected that the mutant
dimer is stabilized via hydrogen bonding interactions between Glu391 and the adjacent helix
in the dimer.

Structural hypothesis
The role of RTK TM domain structure in signaling was studied by Bell et al. (5), who used
simple polyvaline TM sequences and showed that activation of RTKs occurs only when
pairs of hydrogen-bonding Glu residues are placed in specific positions in the TM domains.
The rotation of the dimer interface did not affect the ability of the TM domains to dimerize,
but led to periodic oscillations in kinase activity. Furthermore, inserting residues in the C-
terminal TM flanking regions, which caused the kinase domains to rotate with respect to the
TM domains, restored the kinase activity of the inactive mutants. Therefore, the orientation
of the catalytic domains is controlled by the orientation of the TM domains in the TM dimer.
Correct orientation of the catalytic domains can be achieved only via the “correct” signaling-
competent TM dimerization motif. We propose that this finding has an important
implication: only TM mutations that stabilize the dimer without altering the orientation of
the helices in the TM dimer can be over-activating. While some modest changes could be
tolerated, a dramatic change in the TM dimer interface should render the receptor inactive.
Our structural model in Figure 7 is consistent with this view: in the wild-type dimer
structure, the residue in position 391 faces the dimer interface and therefore has the potential
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to interact with the neighboring helix. We therefore propose that (1) the dimer structures of
wild-type and the pathogenic Ala391→Glu mutant are similar and (2) mutant dimer
stabilization is a direct consequence of the interaction (most probably hydrogen bonding)
between Glu391 and the adjacent helix in the dimer. The exact hydrogen bonding pattern
should emerge from solid state NMR studies, currently underway in our laboratory.

We note that we cannot exclude the possibility for the formation of two hydrogen bonds in
the mutant homodimer. Furthermore, we cannot exclude the possibility that the two Glu
residues hydrogen-bond with each other. Such a scenario, based on the fact that Glu can act
simultaneously as a donor and an acceptor, has been proposed for Neu (44), but has not been
observed experimentally (43).

Effect of the Ala391→Glu mutation on FGFR3 monomer-dimer equilibrium
The seemingly modest change in the free energy of dimerization that we measure, −1.3 kcal/
mole, can have a dramatic effect on the equilibrium between monomers and dimers. Figure
8 shows the dimer fractions for RRTM (dashed line) and RRTM(E) (dotted line) as a function
of the peptide-to-lipid ratio, plotted on a logarithmic scale. (Note, these are the theoretical
curves from Figure 6B, re-plotted on a semi-logarithmic scale. While the protein
concentration range in Figure 6B has been shown to be optimal for FRET measurements
(25 ;54), the plot in Figure 8 covers a much wider concentration range). The subtraction of
the two lines gives the difference in dimer fraction (solid line) between RRTM(E)
and RRTM. We see that the relative increase in dimer fraction due to the mutation
(difference in dimer fraction (solid line) as compared to wild-type dimer fraction (dashed
line)) depends on the protein concentration. The measured −1.3 kcal/mole, for
concentrations below 0.1 mole% protein, increases the dimer fraction several-fold.
Therefore, the measured −1.3 kcal/mole could provide a plausible mechanism for
pathogenesis due to a single TM domain mutation. Note, however, that at higher
concentrations, above 1 mole % protein, the mutation has a modest effect on the monomer-
dimer equilibrium.

Over-activation versus ligand independent activation
Over-activation of RTKs is often viewed in terms of ligand-independent activation. Here we
argue that while ligand-independent dimerization leads to over-activation, over-activation
may occur even when dimerization is ligand-dependent.

Tanner and Kyte have presented arguments that EGFR’s ligand-binding domains, in the
absense of the ligand, may inhibit dimerization due to a steric clash (45). They have
proposed that EGF binding leads to a conformational change in the extracellular domain,
relieving the steric inhibition and allowing the TM domains to induce dimerization. Recent
crystallography studies have confirmed that the structure of the EGFR extracellular domains
are different in the absence and presence of ligands; the same is believed to be true for
FGFR (11 ;12 ;17 ;32 ;38 ;39 ;42). The only known exception is ErbB2 (Neu) extracellular
domain, which does not require a ligand to dimerize and its conformation resembles the
ligand-bound state (12). This is why TM domain mutations in Neu and chimeric receptors
containing the Neu extracellular domain induce ligand-independent receptor activation
(16 ;48). However, when the extracellular domains provide a steric barrier that inhibits
dimerization, as in the case of EGFR and FGFRs (42 ;45), the presence of ligands may be
required to observe changes in catalytic activity and downstream signaling. In such cases,
stabilizing TM domain mutations cannot be expected to always induce observable ligand-
independent RTK activation. However, the mutant RTK dimer is expected to be more stable
than wild-type in the presence of the ligand, as discussed below.
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In Figure 9, we propose “a thermodynamic view” of the process of RTK dimerization in the
presence of a stabilizing TM domain mutation. In the absence of the ligand, RTKs exist in a
monomer-dimer equilibrium (41), and the free energy of dimerization is ΔG (Figure 9 A).
The equilibrium moves towards the dimeric state in the presence of a stabilizing TM domain
mutation, such as the Ala391→Glu mutation. In this case, the dimerization free energy
becomes ΔG + ΔΔGM, where ΔΔGM describes the increased propensity for dimerization in
the presence of the stabilizing TM mutation (Figure 9 B). If the mutation does not affect the
dimerization of the soluble domains (see below), we may expect ΔΔGM to be equal to
ΔΔG™, which we measure here for the isolated TM domain. Similarly, the equilibrium
moves towards the dimeric state in the presence of the ligand such that the dimerization free
energy is now ΔG + ΔΔGL (Figure 9 C), where ΔΔGL describes the increased propensity for
dimerization upon ligand binding.

What if both a stabilizing TM mutation and ligand are present? The simplest assumption is
that the TM mutation does not affect the ligand binding domains. This assumption can be
justified for TM domain pathogenic mutations that do not alter the dimer interface, as
discussed above, just stabilize the dimer. Therefore, it is reasonable to assume that, at least
for some pathogenic mutations that do not induce structural changes, the free energy of
dimerization is a sum, ΔG + ΔΔGL + ΔΔGM, in the presence of the mutation and the ligand
(Figure 9 D). This view suggests that the contribution of the mutation to the energetics of
dimerization is the same, ΔΔGM, in the presence and in the absence of the ligand.

The assumption that the FGFR3 Ala391→Glu mutation does not affect the over-all structure
of the receptor, and the structure of the extracellular domains in particular, can be justified
since (1) The Ala391→Glu mutation does not cause a change in secondary structure or
membrane disposition, as demonstrated in Figures 2 and 3, (2) hydropathy analysis (21)
suggests that the mutation does not induce a shift in the membrane-embedded section of the
protein (see Figure 1), and (3) the structure of wild-type and mutant dimer are expected to be
very similar, as discussed in “Structural hypothesis” above. Then, the Ala391→Glu
mutation can be expected to stabilize the FGFR3 dimer by ΔΔGM = ΔΔG™, no matter if the
ligand is present or not. Therefore, the measured ΔΔG™ should be the mutation-induced
change in dimerization free energy that transforms normal FGFR3 signaling into pathogenic
in the context of the whole receptor. The results presented here suggest that −1.3 kcal/mole
could be sufficient to induce pathological phenotypes.

The view presented in Figure 9 further suggests that TM domain mutations could affect
downstream signaling via a ligand-independent (as in Figure 9 B) or ligand-dependent (as in
Figure 9 D) mechanism. Both mechanisms may be at play, and their relative importance
would likely depend on the local ligand concentration. However, it is possible that the
mutation induces an observable pathological phenotype in only one of these cases. This is
illustrated in Figure 10: while the mutation always stabilizes the dimer by ΔΔGM = −1.3
kcal/mole, the mutation-induced change in distribution of monomers and dimers depends, in
fact, on ligand availability (see caption to Figure 10 for detail). Thus, ligand availability may
be an important parameter that affects the outcome of cell culture experiments. Studies of
RTK signal transduction that address the effect of pathogenic TM domain mutations on
downstream signaling can yield contradicting results, depending on the ligand
concentrations used . Therefore, experiments that employ systematic variations in ligand
concentrations could lead to better understanding of the consequences of RTK TM domain
mutations. In one such study, differences due to TM domain mutations in the erythropoietin
receptor were observed only at low ligand concentration (13). Furthermore, the local
concentration of ligand (heparin and FGFs) may be one of many factors that determines
whether, and to what extent, pathogenic mutations induce observable changes in dimer
fraction and, as a consequence, pathological phenotypes.
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MATERIALS AND METHODS
Peptide synthesis

The peptides RRTM and RRTM(E) were synthesized using solid phase peptide synthesis and
purified using reverse HPLC, as previously described (20). For the FRET experiments, the
single Cys residue in the TM domain, Cys396, was labeled with either fluorescein-
maleimide, BODIPY-fluorescein-maleimide or tetramethylrhodamine-maleimide (Molecular
Probes). The unreacted dyes were separated from the peptide over an ion exchange resin,
and the labeled peptides were further purified using HPLC. Correct molecular weights were
confirmed using MALDI-TOF mass spectrometry. The labeling yields were determined by
comparing dye concentrations (derived from absorbance measurements) and peptide
concentrations (determined by CD). Labeling yields of different batches varied between
70% and 100%. The attachment of dyes to Cys396, a naturally occurring Cys in the TM
domain of FGFR3, has been shown to not perturb the helicity and the dimerization
propensity of the TM domain (25).

Choice of donor/acceptor pairs and calculations of the Förster radius R0

In the current study, we use 2 FRET pairs: (1) fluorescein/rhodamine, which was shown to
be an appropriate donor/acceptor pair for FRET measurements in liposomes (25 ;54), and (2)
BODIPY-fluorescein/rhodamine. The latter offers an advantage since the unreacted
BODIPY-fluorescein is easier to separate from the labeled peptides prior to HPLC peptide
purification. The efficient separation of free BODIPY-fluorescein could be explained by the
lack of electrostatic interactions between the neutral BODIPY-fluorescein and the positively
charged peptide termini.

The quantum yield, QYDONOR, of Fl-RRTM in liposomes was determined by comparing its
emission spectra (exc. 439, em. 450-800 nm) with fluorescein emission in 0.1 N NaOH (a
standard with quantum yield Q = 0.91). The quantum yield of BODIPY Fl-RRTM was
obtained from comparison of the absorbance values at 439 nm and the integrated emission
spectra (450 nm – 800 nm) of BODIPY Fl-RRTM and Fl-RRTM in liposomes. The results
are shown in Table I for refractive index n=1.33 and orientation factor Κ2 = 2/3,
corresponding to freely rotating dyes. The latter assumption about the orientation factor is
justified since (1) Cys396 is very close to the C-terminus of the peptides and the dye is
therefore free to rotate and (2) identical values for R0 are obtained when R0 is determined
based on the assumption for free rotation (Table I) and when it is fitted independently to the
FRET data (Table II).

Circular Dichroism
CD measurements were performed using a Jasco 710 sectropolarimeter, as previously
reported (18 ;19 ;33;34). The concentrations of the peptides in the samples, required for
calculating molar ellipticities, were determined from absorbance measurements in a Cary 50
(Varian) spectrophotometer. Solution CD spectra of RRTM and RRTM(E) domain were
measured in HFIP/water, SDS, and lipid vesicles. For oriented CD measurements, peptides
and lipids were co-dissolved in HFIP/chloroform and deposited on a quartz slide to form a
mutilamellar sample containing the peptides, as previously described (18 ;19 ;25 ;54). The
sample was mounted on a custom designed chamber and hydrated. The sample was rotated
around the beam axis in increments of 45 degrees. Eight discreet spectra were collected and
averaged to determine the mean value and the standard deviation.

SDS-PAGE
The peptide samples were subjected to SDS-PAGE using 10-20% tricine precast gels
(Novex, San Diego, CA). The Tdomains were dissolved in SDS-containing sample buffer,
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reduced with NuPAGE reducing agent, boiled for 5 minutes, and loaded onto the gels. The
peptides were visualized with Coomassie blue. The dimer-monomer ratios were calculated
using the public domain NIH ImageJ software.

Preparation of vesicles
Vesicles were prepared as previously described (20 ;25 ;54). Briefly, lipids and proteins were
first mixed in HFIP/chloroform, the organic solvents were removed, and the protein/lipid
mixture was redissolved in 10 mM phosphate buffer, 500 mM NaCl, pH 7. Samples were
then freeze-thawed several times, which substantially decreased the turbidity of the samples.
These vesicles were shown to be an appropriate system for measuring FRET in liposomes
(54).

Sample homogeneity was assessed using X-ray diffraction and fluorescence techniques as
described in details elsewhere (54). X-ray experiments demonstrated the existence of a single
phase with a well-defined Bragg spacing. The observed linear dependence of the FRET
efficiency on the acceptor ratio for a fixed peptide concentration (Figure 6A) is indicative of
a monomer-dimer equilibrium and no higher order aggregates and no protein dissolution
from the lipid matrix (1 ;27).

Förster Resonance Energy Transfer (FRET)
FRET experiments in vesicles were carried out using a Fluorolog fluorometer (Jobin Yvon).
For both donor/acceptor pairs, the excitation wavelength was set at 439 nm, and emission
spectra were collected from 450 nm to 800 nm. FRET was measured in liposomes
containing known concentrations of donor- and acceptor-labeled proteins. Liposomes
containing only donor-labeled proteins served as the “no FRET control”. Energy transfer, E,
was calculated from measurements of donor intensity at 519 or 515 nm for Fl/Rhod and
BODIPY-Fl/Rhod, respectively, in the absence and presence of the acceptor according to:

(2)

where ID and IDA are the donor intensities of samples containing only donor-labeled proteins
and samples with both donor- and acceptor-labeled proteins, respectively. These results were
corrected for FRET arising due to random co-localization of donors and acceptors as
described (25 ;54). Data derived from batches with labeling yields < 100% were corrected for
incomplete labeling as described (25 ;54), and data for different batches were combined for
the free energy fits shown in Figure 6B.

Free energy calculations
We have previously reported that the measured FRET signal depends only on the protein-to-
lipid ratio (54). As expected, it does not depend on the peptide and lipid concentrations of the
samples, i.e. on the amount of buffer added to hydrate the protein/lipid mixture. The
monomer/dimer equilibrium in liposomes is therefore defined by the association constant:

(3)

where [D] is the dimer molar concentration in the lipid vesicles (dimers per lipid) and [M] is
the monomer molar concentration in the lipid vesicles (monomers per lipid). K is
determined by fitting the calculated FRET efficiencies (or dimer fractions) to the
experimental data (as in Figure 6B). The free energy of dimerization is given by:

(4)
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Molecular modeling
The dimer was modeled using the software CHI (i.e., “CNS searching of helix
interactions”), as previously described (2 ;4 ;7). To mimic the low dielectric constant of the
membrane interior, the simulations were carried out in vacuum (dielectric constant=1). For
the modeling, we have used residues 372-396 (i.e. the flanks on the N and C termini were
not included in the simulation). First, a dimer was created with both a right-handed and a
left-handed crossing angle. Dimer conformations were searched with rotation angles from 0
to 360 degrees. Molecular dynamic simulations, followed by simulated annealing and
energy minimization, were carried out for all rotation angles with a step of 45 degrees.
Finally, clusters of ten or more final structures were identified using a cutoff of 1 Å mean
square deviation. The average structure of each cluster was calculated and refined by energy
minimization.
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ABBREVIATIONS

FRET Förster resonance energy transfer

TM transmembrane

RTK receptor tyrosine kinase

FGFR3 fibroblast growth factor receptor 3

Fl fluorescein

Rhod rhodamine

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine

POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol

HFIP hexafluoroisopropanol

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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Figure 1.
Amino acid sequence of wild-type human FGFR3 TM domain (TMwt) and the two peptides
used in this study, RRTM and RRTM(E). The predicted hydrocarbon core-embedded
segments, identified using hydropathy analysis (21), are underlined. The Ala391→Glu
mutation, shown in bold, has been linked to Crouzon syndrome with acanthosis nigricans
(30). It has also been identified as a somatic mutation in bladder cancer (47).
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Figure 2.
(A) CD spectra (mean residue ellipticity versus wavelength) of RRTM and RRTM(E) in
HFIP/MeOH (1:2) and in 4% (140 mM) SDS. The CD spectra are identical within
experimental error, suggesting that the mutation does not cause a loss of helicity. (B)
Solution CD spectra (mean residue ellipticity versus wavelength) of RRTM and RRTM(E) in
POPC vesicles. Peptides were mixed with POPC in HFIP and chloroform, dried, and
redissolved in 10 mM phosphate buffer, 500 mM NaCl, pH 7, subjected to three cycles of
freeze-thawing, and extruded through 100 nm diameter pores. The spectra are identical,
suggesting that the secondary structures of RRTM and RRTM(E) in lipid bilayers are the
same.
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Figure 3.
(A) Theoretical oriented CD spectra for tilts of 0, 10, and 20 degrees from the bilayer
normal.(B) Oriented CD spectra (mean residue ellipticity versus wavelength) of RRTM
and RRTM(E) in POPC multilayers. Peptides and lipids (molar ratio 1:20) were mixed in
HFIP/choloform, deposited on a quartz slide, and hydrated to form multilayers. Both spectra
are consistent with a TM orientation of the helix (see text), and are identical within
experimental error. Therefore, the mutation does not cause a measurable change in the
disposition of FGFR3 TM domain in bilayers.
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Figure 4.
SDS-PAGE of RRTM and RRTM(E). 20 μg of peptide, dissolved in sample buffer, were
reduced with NuPAGE reducing agent and boiled for 5 minutes prior to loading onto Novex
pre-cast tricine gels. The peptides were visualized with Coomassie blue. The two lowest
molecular weight standards (molecular weight in kDa) are marked. Both RRTM
and RRTM(E) exhibit monomer and dimer bands; the dimer band is stronger forRRTM(E).
Therefore, the mutation stabilizes the FGFR3 TM dimer in SDS. Monomer and dimer
fractions were calculated using the public domain NIH ImageJ software. Dimer-to-monomer
band intensity ratios were estimated as ~1 and ~0.1 for RRTM(E) and RRTM, respectively.
An apparent change in dimerization free energy due to the mutation, −1.7 ± 0.2 kcal/mole,
was determined as described in the text.
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Figure 5.
(A) Fluorescence spectra of Fl/Rhod-labeled RRTM(E) in POPC. Solid line: 0.1mole %
Fl-RRTM(E) and 0.1mole % Rhod-RRTM(E). Dashed line: 0.1mole % Fl-RRTM(E). Dotted
line: 0.1mole % Rhod-RRTM(E). Samples were prepared as described in Materials and
Methods. The excitation was fixed at 439 nm, such that only Fl was directly excited. The
emission was scanned from 450 to 800 nm. FRET is obvious (solid lines) from the decrease
in Fl fluorescence (around 520 nm) and the appearance of sensitized Rhod fluorescence
(around 570 nm). % FRET was calculated from the decrease in Fl fluorescence at 519 nm
(equation 2). (B) Fluorescence spectra of BODIPY-Fl/Rhod-labeled RRTM(E) in POPC.
Solid line: 0.2mole % BODIPY-Fl-RRTM(E) and 0.2mole % Rhod-RRTM(E). Dashed line:
0.2mole % Fl-RRTM(E). Dotted line: 0.2mole % Rhod-RRTM(E) The excitation was fixed at
439 nm, such that only BODIPY-Fl was directly excited. The FRET efficiency was
calculated from the decrease in BODIPY-Fl fluorescence at 515 nm (equation 2).
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Figure 6.
(A) FRET efficiency due to sequence-specific interactions as a function of the acceptor mole
ratio for RRTM and RRTM(E). The peptide-to-lipid ratio was kept constant at 1:500, while
the ratio of BODIPY-Fl-labeled to Rhod-labeled peptides was varied. The dependence on
the acceptor mole ratio is linear, indicative of dimer formation.
(B)Energetics of RRTM and RRTM(E) dimerization in POPC. The FRET efficiencies due to
sequence-specific dimerization were calculated for Fl/Rhod-labeled peptides (circles) and
BODIPY-Fl/Rhod-labeled peptides (squares), using R0 = 56 Å as previously described
(25 ;54). The free energy of dimerization was determined by fitting the theoretical curves
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derived from equation (3) (dashed line for RRTM, dotted line for RRTM(E)) to the
experimental data, as described in Materials and Methods. The best estimates for the free
energies of dimerization, derived from various optimization schemes (see Table II and text),
are ΔG = −2.8 ± 0.1 kcal/mole for RRTM and ΔG = −4.1 ± 0.2 kcal/mole for RRTM(E).
Therefore, the change in the free energy of dimerization due to the Ala391→Glu mutation is
ΔΔG™ = −1.3 ± 0.2 kcal/mole.
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Figure 7.
(A) Molecular model of the wild-type TM domain dimer created with the software CHI.
Contacts between the two helices are mediated by residues Leu377, Val381, Phe384, and
Ile387. The side chains of one helix (blue) pack against the side chains of the other helix
(purple). Ala391 (shown in yellow), which is mutated to Glu in Crouzon syndrome with
acanthosis nigricans (30) and cancer (47), faces the dimer interface. (B) A putative hydrogen
bond between Glu391 (yellow) and Ile387 (pink) in the mutant dimer (see text).
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Figure 8.
Dimer fractions for RRTM (dashed line) and RRTM(E) (dotted line) as a function of the
peptide-to-lipid ratio, plotted on a logarithmic scale. (Note, these are the theoretical curves
from Figure 6B, re-plotted on a semi-logarithmic scale and covering a much wider range of
protein concentrations.) The solid line, obtained via subtraction, is the change in dimer
fraction due to the Ala391→Glu mutation. The relative increase in dimer fraction due to the
mutation depends on the protein concentration. The measured −1.3 kcal/mole leads to a
several-fold increase in dimer fraction for concentrations below 0.1 mole% protein.
However, for concentrations above 1 mole % protein, the mutation has a modest effect on
the monomer-dimer equilibrium.
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Figure 9.
“Thermodynamic view” of RTK dimerization. A: In the absence of the ligand, RTKs exist
in a monomer-dimer equilibrium, described by a free energy of dimerization ΔG. B: The
equilibrium moves towards the dimeric state in the presence of a stabilizing TM domain
mutation, such as the Ala391→Glu mutation, and the free energy becomes ΔG + ΔΔGM. C:
The equilibrium moves towards the dimeric state in the presence of the ligand such that the
dimerization free energy is now ΔG + ΔΔGL. D: The presence of the mutation and the ligand
further stabilizes the dimer; the free energy of dimerization is assumed to be a sum of the
three contributions ΔG + ΔΔGL + ΔΔGM (see text). We argue that, for the Ala391→Glu
FGFR3 mutation, ΔΔGM is equal to the measured ΔΔG™ = −1.3 kcal/mole.
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Figure 10.
The fraction of wild-type and mutant RTK dimers in the plasma membrane could be
predicted if the values of ΔG, ΔΔGL, and ΔΔGM, as well as the protein expression level, are
known. Plotted here, as a function of receptor concentrations, are: (1) dimer fraction for the
wild-type receptors when no ligand is present (solid line, free energy of dimerization ΔG),
(2) dimer fraction for the mutant receptors carrying a stabilizing mutation when no ligand is
present (dashed line, free energy of dimerization ΔG + ΔΔGM) (3) dimer fraction for the
wild-type receptors at saturating ligand concentrations (dotted line, free energy of
dimerization ΔG + ΔΔGL), and (4) dimer fraction for the mutant receptors at saturating
ligand concentrations (dashed-dotted line, free energy of dimerization ΔG + ΔΔGL + ΔΔGM).
In this paper, we measure ΔΔGM = −1.3 kcal/mole for the Ala391→Glu pathogenic
mutation in FGFR3. The values of ΔG and ΔΔGL have not been measured yet; these should
eventually emerge from FRET measurements of receptor dimerization in cells. This will
allow the quantitative predictions of dimer fractions for wild-type receptors [ D] (in the
absence of ligands) and [ D L] (at saturating ligand concentrations), as well as the respective
changes in dimer fractions due to a pathogenic mutation [ ΔD] and [ ΔD L] . We expect the
magnitude of the relative change in dimer fraction ([ ΔD ] / [ D ] or [ ΔD L] / [ D L] ) to be
linked to the probability of pathology occurrence. The figure is drawn in such a way that
[ ΔD ] / [ D ] is much larger than [ ΔD L] / [ D L], illustrating the mechanism of ligand-
independent pathology induction.
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Table I

Calculated Förster radii, R0, for the two donor/acceptor pairs used in this study

Donor/Acceptor Pair
Donor Quantum
Yield, QYDONOR

Spectral Overlap,
J (nm4 M−1cm−1)

R0 (Å)

Fl/Rhod 0.62 4.03 × 1015 56.1

BODIPY-Fl/Rhod 0.64 3.96 × 1015 56.3

The quantum yield, QYDONOR, of Fl-RRTM in liposomes was determined by comparing its emission spectra (exc. 439, em. 450-800 nm) with

fluorescein emission in 0.1 N NaOH (a standard with quantum yield Q= 0.91). The quantum yield of BODIPY Fl-RRTM was obtained from

comparison of the absorbance values at 439 nm and the integrated emission spectra (450 nm – 800 nm) of BODIPY Fl-RRTM and Fl-RRTM in

liposomes. The spectral overlap, J, was calculated as described (23). The parameters used in the calculation were: orientation factor, κ2 = 2/3;

extinction coefficient of the acceptor (Rhod), ε=93000 M−1 cm−1; refractive index, n=1.33.
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Table II

Results from FRET data fits with two variable parameters: free energy of dimerization, ΔG (kcal/mole) and
Förster radius, R0 (Å).

Donor/Acceptor Pair ΔG (kcal/mole) R0 (Å)

RRTM

Fl/Rhod −2.7 55.4

BODIPY-Fl/Rhod −2.8 55.8

combined −2.8 54.7

RRTM(E)

Fl/Rhod −4.4 52.1

BODIPY-Fl/Rhod −4.0 53.6

combined −4.1 53.4

The calculated ΔG provided the best fit to the experimental data shown in Figure 6B (see text for details). The results do not depend on the initial
guesses for ΔG and R0, indicative of unique robust fits.
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