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Abstract: The fibroblast growth factor receptor 3 (FGFR3) is a member of the FGFR subfamily of

the receptor tyrosine kinases (RTKs) involved in signaling across the plasma membrane. Generally,
ligand binding leads to receptor dimerization and activation. Dimerization involves the

transmembrane (TM) domain, where mutations can lead to constitutive activation in certain cancer

types and also in skeletal malformations. Thus, it has been postulated that FGFR
homodimerization must be inherently weak to allow regulation, a feature reminiscent of a and b
integrin TM interactions. However, we show herein that in FGFR3-TM, four C-terminal residues,

CRLR, have a profound destabilizing effect in an otherwise strongly dimerizing TM peptide. In the
absence of these four residues, the dimerizing propensity of FGFR3-TM is comparable to

glycophorin, as shown using various detergents. In addition, the expected enhanced dimerization

induced by the mutation associated to the Crouzon syndrome A391E, was observed only when
these four C-terminal residues were present. In the absence of these four residues, A391E was

dimer-destabilizing. Finally, using site specific infrared dichroism and convergence with

evolutionary conservation data, we have determined the backbone model of the FGFR3-TM
homodimer in model lipid bilayers. This model is consistent with, and correlates with the effects

of, most known pathological mutations found in FGFR-TM.

Keywords: fibroblast growth factor receptor; receptor tyrosine kinases; equilibrium sedimentation;

homodimerization; lipid bilayers; site specific infrared dichroism; molecular dynamics

Introduction

The fibroblast growth factor receptor 3 (FGFR3) is a

member of the FGFR subfamily of the receptor tyro-

sine kinases (RTKs). RTKs are membrane receptors

essential for cell proliferation, differentiation, and

migration.1 Monomeric RTKs consist of an N-terminal

extracellular ligand-binding domain, a single a-helical
transmembrane (TM) domain, and a C-terminal cyto-

plasmic kinase domain. In general, ligand binding

induces homodimerization of the receptor, followed by

transphosphorylation by the cytoplasmic kinase do-

main, which leads to the activation of downstream in-

tracellular signaling pathways.2,3

The transmembrane domains of RTKs are likely to

be involved in dimerization. By using a TOXCAT sys-

tem, it has been shown that ErbB1, ErbB2, and ErbB4

TM domains dimerize strongly in bacterial membranes

in vivo.4 Also, a peptide corresponding to the trans-

membrane domain of the ErbB receptor inhibited the

autophosphorylation of the receptor,5 presumably by

disrupting monomer–monomer interactions at the TM

domain.
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RTK activation also requires a specific inter-

monomeric orientation. This is supported by (i) the

observed linkage of the kinase domain of the Neu re-

ceptor to a chimeric TM domain (rotating the interface

of the TM domain led to a periodic oscillation in ki-

nase activation6), (ii) the observed lack of activation

by a peptide antagonist that otherwise induced dimeri-

zation in the erythropoietin receptor (EPOR),7 and (iii)

the selective activation of FGFR3 obtained by a cyste-

ine scan at juxtamembrane residues 370–375.8 In the

latter report, although all mutants showed dimeriza-

tion, only two, G370C and S371C, induced activation.

Specific monomer–monomer RTK TM orientation

requirements may be the reason for varying disease

symptoms and severity in pathological mutations in

this part of the molecule.9

Although in some cases, for example, the insulin

receptor (IR) or the related insulin growth factor re-

ceptor (IGFR), dimerization is constitutive,10,11 tight

regulation of signaling events in RTKs is thought to

depend on an inherently weak dimerizing propensity,

as also suggested for heterodimeric integrins.12

Unregulated receptor activation has been proposed to

explain the effects of mutations at the TM domain9

observed in skeletal malformations.13 For example,

several mutations have been identified in patients at

the transmembrane and juxtamembrane regions, for

example, G375C and G380R in achondroplasia, the

most common form of dwarfism.14 Mutations G370C,

S371C, and Y373C are found in thanatophoric displasia

type I (TDI), a lethal form of dwarfism that resembles

homozygous achondroplasia,15,16 and A391E is found

in both Crouzon syndrome, a complex craniosynostosis

disorder, and acanthosis nigricans.17

Mutations at the TM domain of FGFRs have also

been shown to be oncogenic. For example, G382D has

been found in a multiple myeloma cell line18; A391E,

G370C, G380R, and Y373C have been associated with

bladder carcinomas.19 In FGFR4, mutation G388R

accelerates tumor progression in cancer patients.9,20

Some of these mutations, such as A391E in

FGFR3, have been shown to enhance receptor dimeri-

zation,21 similar to the oncogenic mutation V664E in

the EGFR Neu receptor,22,23 although in the latter

case, there was no correlation between receptor-dime-

rization and TM-dimerization enhancement.4

For other TM mutations, however, increased acti-

vation may take place because of either an overexpres-

sion of the receptor or a diminished turnover. For

example, mutation G380R enhanced the kinase activ-

ity of a chimeric Neu/FGFR3 receptor and of FGFR324

because of slow downregulation of the mutant recep-

tor,25,26 leading to receptor accumulation at the cell

surface and continuous signaling. Consistent with this

interpretation, this mutation was not found to enhance

FGFR3-TM dimerization in vitro.27

Although the general mechanism of activation of

integrins is opposite to that of RTKs, that is, integrins

are activated after the separation of a and b sub-

units,28 it has been suggested that to allow regulation,

the tendency of TM domains to form dimers is weak

in both systems.29 Indeed, it has been shown that the

synthetic peptide corresponding to native FGFR3-TM,

encompassing residues 367DEA to CRLR399, is mostly

monomeric in sodium dodecyl sulfate (SDS), with only

a minor band corresponding to dimers.21,30 Using a

fluorescence resonance energy transfer (FRET) assay

in lipid bilayers, the free energy of FGFR-TM dimeri-

zation was estimated to be only �3 kcal/mol.21,30 Sim-

ilarly, the transmembrane domains of epidermal

growth factor receptors (ErbBr) do not dimerize

strongly in micelles, with reported interaction energies

of the order of �1 kcal/mol,31 although this is in con-

trast with the results obtained using larger constructs

in bacterial membranes.4

A model for the homodimer interface in FGFR3-TM

has been proposed previously,21 in which Leu377,

Val381, Phe384, and Ile387 would be located at the he-

lix–helix interface. However, there are no experimental

data supporting that model. Site-specific infrared

dichroism (SSID) is especially suited to the study of rela-

tively well-ordered systems, which show a periodicity in

the orientations of the carbonyl bonds, as found in tilted

a helices that form a-helical transmembrane bundles.

The orientation in space of these labeled peptidic car-

bonyl groups can be obtained using the theory of

SSID,32 and we have obtained several backbone struc-

tures of transmembrane a-helical bundles using this

method that have been corroborated using other techni-

ques.33–36 However, to use SSID, FGFR3-TM must form

stable dimers in lipid bilayers. We found that by short-

ening the two ends of FGFR-TM, we could identify a

sequence that is strongly dimerizing, even in SDS. Thus,

introducing a labeled carbonyl (13C¼¼18O)37 at two con-

secutive positions of this peptide, we have collected ori-

entational data using polarized attenuated total reflec-

tion Fourier transform infrared spectroscopy (PATIR-

FTIR), and we report a backbone model of the FGFR-

TM dimer in agreement with this experimental data.

Results

Electrophoresis

The dimerization tendencies of the FGFR-TM synthetic

peptides shown in Figure 1(a) were examined by using

SDS electrophoresis.

Effect of C-terminal residues, CRLR. First, we

tested the effect of the C-terminal basic residues (Arg)

on dimerization in the absence of the N-terminal

acidic residues (fragment ADE). Peptides TM-CRLR

[Fig. 1(b), lane 1] and variants that contained one or

no C-terminal arginine, TM-CRLA, TM-CALR, and

TM-CALA [Fig. 1(b), lanes 3–5], all formed mostly

monomers in SDS, along with a minor proportion of

dimers. This behavior is similar to that observed
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previously for peptide DE-TM-CRLR,21,30 which indi-

cates that neither fragment ADE nor the arginine resi-

dues in fragment CRLR have a particularly strong

effect on dimer stability.

Mutation A391E is known to induce constitutive

activation of FGFR, and in peptide DE-TM-CRLR, it

stabilized the dimeric form in SDS, which suggests an

interaction between A391E and an unknown residue in

the opposite helix.9,21 When we used variants of these

peptides, containing the A391E mutation, such as

TME-CALR, TME-CRLA, or TME-CALA, we observed

mostly dimers [Fig. 1(b), lanes 6–8]. This indicates

that the dimer stabilization induced by A391E is not

due to interaction to any of the two C-terminal Arg

residues in sequence CRLR.

Effect of N-terminal residues, ADE. Then we

tested the effect of the absence of fragment CRLR

using peptides ADE-TM, ADE-TMR, ADE-TME, and

TM [Fig. 1(a)]. In all cases, a single dimeric form was

observed, except for ADE-TME, which was monomeric

[Fig. 1(c)]. This, combined with the dimers observed

for TME-CALR, TME-CRLA, or TME-CALA (discussed

earlier) shows that (i) the removal of the four C-termi-

nal residues of FGFR3-TM has a strong stabilizing

effect on FGFR3-TM dimerization; (ii) the TM core

Figure 1. Sequences corresponding to FGFR3-TM and

electrophoresis results. (a) Sequences corresponding to

synthetic FGFR3-TMs, with the central core of the

transmembrane domain (TM) indicated by a broken line,

and flanked by N-terminal residues ADE and C-terminal

residues CRLR; ; (b and c, left panel) electrophoreses in

SDS, using NuPAGEVR Novex 12% Bis-Tris gel; (c, right

panel) electrophoresis in SDS, using 15% Tris-Glycine gel;

(d) electrophoresis in PFO, using 10–20% Tris-Tricine gel.

Peptides are indicated above each line.

Figure 2. Sedimentation equilibrium results for peptide

ADE-TM in DPC micelles. (a) 1:100 and 1:200 protein-to-

detergent molar ratio. (b) 1:200 and 1:400 protein-to-

detergent molar ratio. Data was obtained at 28k, 34.5k, and

42k rpm (see Materials and Methods). (c) and (d) Residuals

for curves in (a) and (b), respectively.
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associates strongly in SDS, and fragment CRLR, but

not fragment ADE, destabilizes the dimer; and (iii)

A391E interacts with some part of the sequence CRLR,

but not arginine. It is possible that the interaction of

E391 is with leucine or a backbone group. Indeed,

peptide ADE-TM-CRA398R, that is, with a L398A

mutation, was only monomeric [Fig. 1(b), lane 2], sug-

gesting that this residue is involved in interhelical

interactions. In conclusion, these data show that A391

and L398 must be part of the helix–helix interaction

in FGFR3-TM.

To confirm the strong dimerizing properties of the

core TM peptide [Fig. 1(a)], we performed an electro-

phoresis in the mild detergent perfluorooctanoic acid

(PFO) [Fig. 1(d)]. PFO has been successfully used to

determine the correct oligomeric size of a-helical
transmembrane bundles in peptides that were mono-

meric or produced nonspecific oligomers in SDS for

example, in the tetrameric phospholemman,38 pen-

tameric small hydrophobic protein in the respiratory

syncytial virus,39 or pentameric transmembrane do-

main of SARS envelope protein36. As expected from

the SDS results presented, both the peptide ADE-TM

and the peptide-containing mutation G380R ADE-

TMR formed only dimers in PFO [Fig. 1(d), lanes 1

and 2, respectively], whereas mutant A391E, ADE-

TME, produced both dimers and monomers [Fig. 1(d),

lane 3, arrows]. The increased amount of dimers in

the latter sample versus that found in SDS [Fig. 1(c)

(left), lane 3, or 1(c) (right) lane 2] is expected,

because PFO is a milder detergent.

Equilibrium sedimentation

To measure the self-association tendency of peptide

ADE-TM, we performed a sedimentation equilibrium

study in dodecylphosphocholine (DPC) micelles (Fig.

2). DPC is a mimic for DMPC, as it has the same polar

headgroups and has been routinely used to determine,

for example, the oligomeric size of TM a helical bun-

dles.40 At peptide:detergent molar ratios 1:200 and

1:400, the sedimentation data could be best fitted to a

monomer–dimer self-association model, with an asso-

ciation constant (Kaapp) of (1.16 � 0.6) � 107 M�1. As

this value is dependent on the detergent concentra-

tion,41 we have calculated it as a mole fraction scale,

Kax (Kax ¼ Kaapp � [detergent]),41 where Kax in this

case equals 2.8 � 105. From this value, the mole frac-

tion standard-state free energy change due to dimeri-

zation, DG�
X,

41 can be estimated at �7.4 kcal/mol. At

higher concentrations, the data could not be fitted to a

monomer–dimer model. Inclusion of a tetramer

improved the fitting, with association constant value

K1,4 ¼ 7 � 1010 M�3. Higher-order oligomers have also

been observed in tetrameric M2 at high peptide:deter-

gent molar ratios.40 Thus, the high dimerization pro-

pensity observed in DPC and PFO, and even SDS,

indicates that peptide TM [Fig. 1(a)] must be dimeric

in lipid bilayers, because association constants of

transmembrane a helices in membranes have a higher

value than those in detergents.42,43

Conformational search for FGFR3

TM homo-dimers
To obtain possible models for the FGFR3-TM homo-

dimer, we used evolutionary conservation data during

a global search of homologous sequences of FGFR3-

TM (residues 369–395) from various organisms44 [Fig.

3(a)]. Three complete sets, which represent candidates

of FGFR3-TM homodimerization, were found [Fig.

3(b)], all right-handed. To compare the helix orienta-

tion in these models, the rotational orientation at an

arbitrary residue, V381, was used. Clusters ‘1’ and ‘2’

have xV381 values of �70� and �10�, respectively, with

a helix tilt of ��15� (negative because it is a right-

handed dimer). For the cluster labeled ‘3’, the tilt

angle was approximately 0�, which means that the x
value in this case is meaningless.32 When the same

simulation included juxtamembrane residues (residues

366–399), only cluster ‘1’ was found (not shown).

Infrared spectra of FGFR3 TM domain
in lipid membranes

The experimental value for xV381 was determined

using SSID32 in DMPC lipid bilayers. Representative

infrared spectra of isotopically labeled peptide ADE-

TM in DMPC lipid bilayers show a shape of the amide

I absorption band, with a maximum at 1657 cm�1 [Fig.

4(a)], indicative of a predominant a-helical structure.45

Examination of the amide I and II bands in this figure

indicates that the percentage of hydrogen/deuterium

(H/D) exchange of FGFR-TM amide groups was 20 �
10%, that is, 24 � 4 residues are membrane-embed-

ded, which is consistent with the presence of one a-
helical transmembrane domain.

After confirming that ADE-TM is inserted and

forms a helical bundles in lipid bilayers, we investi-

gated the tilt and rotational orientation of the peptide.

An example of the infrared dichroic data obtained at

two polarizations (see Materials and Methods) is

shown for the peptide labeled at V381, for amide I and

labeled site [Fig. 4(b)] and for amide A [Fig. 4(c)].

Spectra for the other labeled peptide (G382) were sim-

ilar and are not shown. The dichroic ratios obtained

from each measurement, Rhelix and Rsite are shown in

Table I. From the data in this table, we calculated the

helix tilt (b) and rotational pitch angle (x) for residue

V38132,46 (b ¼ 16� � 1� and xV381 ¼ �14� � 13�). This

value for x corresponds to cluster ’10 in Figure 3,

which was obtained computationally using residues

ADE-TM-CRLR in the simulation. The structural

model of this homodimer is shown in Figure 5.

Discussion

It has been shown previously that FGFR3-TM peptide

DE-TM-CRLR self-associates weakly.21,30,47 Also,

mutation A391E in peptide DE-TM-CRLR stabilized
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the FGFR-TM homodimer.21 Our results presented

here are consistent with these reports; that is, all var-

iants of FGFR-TM containing the four C-terminal resi-

dues CRLR were mostly monomeric in SDS, and only

dimers were observed in the variants TME-CRLR. The

fact that no monomers were observed for TME-CALA,

TME-CRLA, or TME-CALR, as compared with DE-

TME-CRLR,
21 suggests that the N-terminal ADE resi-

dues may have some minor destabilizing effect on the

dimer.

In the present work, however, we show that after

removing the C-terminal CRLR residues, FGFR3-TM

self-associates strongly in lipid-like DPC, mild deter-

gent PFO, and even in strong detergent SDS. There-

fore, these four residues must be destabilizing in the

context of the full receptor molecule, probably because

of steric hindrance. This feature may be general to

RTKs, in that a conformational change, perhaps

removing the steric hindrance at the C-terminal juxta-

membrane residues, allows for a strong interaction

between TM a helices and activation.

Figure 4. ATR-FTIR spectra of peptide ADE-TM

reconstituted in DMPC lipid bilayers. (A) Non polarized

infrared spectra of the amide I and II region in H2O, either

at low hydration (solid line) or hydrated in D2O (broken line).

The small reduction in amide II intensity is due to H/D

exchange. (B) amide I region and isotopic 13C¼¼18O label

(residue V381), centered at 1590 cm�1 (see insert), obtained

at 0� (solid line) or 90� (broken line) polarization. (C) same

as in B, but corresponding to the amide A of the spectrum.

The synthetic peptide used and the position of the 13C¼¼18O

isotopic labels are indicated at the top of the figure.

Table I. Dichroic Ratios for Peptide ADE-TM

Residue Rhelix (AA) Rsite

V381 4.5 6.3
4.0 4.8
4.3 5.9
4.6 6.5
4.5 6.0

G382 4.7 3.0
5.0 3.8
4.2 3.2
4.4 2.8
4.5 4.0

Dichroic ratios measured by SSID using the amide A (AA)
and the corresponding isotopic label for ADE-TM incorpo-
rated in DMPC lipid bilayers (‘‘Materials and Methods’’). For
each sample, five independent measurements were obtained.

Figure 3. Use of evolutionary conservation data to obtain candidates to FGFR-TM homodimerization. (a) Alignment of

FGFR-TM sequences. A systematic search was performed with sequence 369–395 (numbering corresponding to human

FGFR3-TM). (b) Evolutionary conserved homodimeric structures obtained after exploring all possible conformational space

of FGFR-TM homodimers. Low energy structures are indicated and plotted on a plane (x axis, helix tilt; y axis, rotational

orientation for residue V381, x381). Three ‘‘complete sets,’’ are indicated by circles.
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The TM domains of a and b integrins, in contrast,

are linked by a salt bridge,28 which stabilizes an other-

wise weak interaction; when this salt bridge is broken,

a and b chains separate, leading to activation. It is

then possible that a fundamentally different form of

interaction between TM domains in integrins and

RTKs is necessary for an opposite form of activation.

The association constant obtained for the peptide

ADE-TM, residues 366–395, is comparable to that of

the glycophorin transmembrane (GpA-TM) dimer,

where �90% of the peptide forms dimers at a 1:1000

peptide:DPC molar ratio.48 The standard free energy

of dissociation can be defined in such a way that cor-

responds to a 1M concentration of detergent.41 Thus,

extrapolating experimental data to a 1M detergent con-

centration yields a GpA-TM dissociation free energy of

�3.8 kcal/mol in dodecyldimethylaminobenzoate

(C12-DMAB),49 �5.7 kcal/mol in SDS,49 �7.0 kcal/

mol in octylpentaoxyethylene (C8E5),41 �7.5 kcal/mol

in C12-maltoside,49 and �5.7 kcal/mol in C14 beta-

ine.50 These values are comparable to the value esti-

mated here for FGFR3-TM (fragment TM) of �7.4

kcal/mol. As oligomerization propensities are known

to be higher in lipid bilayers,42,43,51 the assumption

used in our SSID measurements that peptide TM of

FGFR3-TM forms dimers in lipid bilayers is justified.

In the equilibrium sedimentation experiments, the

higher-order oligomers observed in DPC at higher

peptide:DPC ratio is not unexpected. At peptide to de-

tergent ratios higher than 1/150, it was previously

observed51,52 that M2TM begins to form higher-order

aggregates, and at peptide/detergent molar ratios

more than 0.01, the experimentally measured micelle

numbers predict that there would be insufficient deter-

gent to maintain a constant degree of oligomer solva-

tion,52 possibly leading to a higher-order peptide

aggregation. However, the abundance of small residues

and putative GxxxG-like motifs in the FGFR3-TM also

suggests that higher-order oligomer formation may

mimic events that could occur in vivo, for example,

aggregation of several receptors, as shown for integ-

rins.53 Indeed, FGFR-TM is well conserved at almost

all positions around the helix, which suggests interac-

tion of FGFR-TM with itself or with other receptors,

as shown for ErbB1 and ErbB2.54

Our results are consistent with TOXCAT experi-

ments that detected high dimerization propensity in

TM fragments of members of the ErbB family: ErbB1,

ErbB2, ErbB3, and ErbB4.4 In these experiments, the

residues equivalent to juxtamembrane CRLR in FGFR,

for example, KRRQ in ErbB2, were not included in the

TOXCAT fusion construct with staphylococcus nucle-

ase (SN). We speculate therefore that the absence of

these residues explains the high affinity observed in bac-

terial membranes, of about 50% that of GpA-TM. In con-

trast, only a weak dimerization propensity was observed

for ErbB TM fragments fused to SN in detergents.31 As

discussed by these authors, the explanation for these dis-

crepancies may lay in the sequence context of the con-

struct. These limitations are clearly not present when

using synthetic transmembrane fragments.

It has been proposed that to stabilize the FGFR-

TM homodimer, A391E interacts with the other he-

lix.21 The present work shows which interactions are

more likely. First, a symmetric interaction between the

two side chain Glu carboxylic groups is not possible,

as in this case the peptide ADE-TME would show

dimerization. Equally, the interaction of the Glu side

chain cannot take place with residues N-terminal to

A391E because the dimer is destabilized when the C-

terminal residues, CRLR, are missing.

Our model for the FGFR3-TM homodimer

obtained from SSID is consistent with the mutations

found in several diseases and with the severity of their

symptoms. For example, G370C and S371C in FGFR3-

TM have been linked to thanatophoric dysplasia (TD),

always lethal in the neonatal period.55 In contrast,

G375C, is found in achondroplasia, a milder form of

human dwarfism.24,56 These Cys mutations have been

proposed to induce disulfide-mediated stabilization of

the dimeric FGFR3 and constitutive activation.8,9

Indeed, it has been shown that G370C and G371C

mutants showed high levels of mitogen activated pro-

tein kinase phosphorylation, while the activation of

the G375C mutant was lower,8 and dimerization in the

absence of ligand correlated with the severity of the

Figure 5. Model of the homodimeric human FGFR3-TM.

Homodimeric model for human FGFR3-TM that is

consistent with SSID data and with evolutionary

conservation, represented by cluster ’10 in Figure 3(b).

Residues involved in pathological mutations (see main text)

are indicated with different colors on a green helix. For

clarity, for one of the a-helices, only the backbone is

shown. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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phenotype: strong for Cys370 and Cys371, intermedi-

ate for Cys375, and negligible for the wildtype. Residues

370 and 371 are then expected to be involved in helix-he-

lix interactions in the FGFR3-TM homodimer. The rela-

tive homodimerizing tendencies of these Cys mutations

in FGFR-TM seem to confirm this,47 as Cys370, Cys371,

and Cys375 exhibited the highest, intermediate and low-

est propensities for disulfide bond formation, respec-

tively. In our model, G370 is at the interface between the

two a helices, whereas G375 is almost opposite to the

interacting face, in agreement with the data presented.

Further, G380R (achondroplasia), V381E (hyperchon-

droplasia), G382D (multiple myeloma), and A391E

(Crouzon syndrome with acanthosis nigricans, bladder

cancer) are located close to interfacial positions.

This structural model of RTKs TM interaction is

imperative for understanding disease mechanism

caused by mutations found in the TM domain. With

this structural model, we are currently designing in-

hibitory peptides to target the TM domain of FGFR.

Materials and Methods

Preparation of isotopically labeled 13C¼¼18O

amino acids and peptide synthesis

Amino acids labeled with carbonyl 13C¼¼18O were

obtained as described previously.34,37 The amino acids

were then derivatized with 9-fluorenyl-methyloxycar-

bonyl (FMOC).57 For SSID measurements, two pepti-

des corresponding to the transmembrane domain of

FGFR3 (FGFR-TM: ADEAG370SVYAGILSYG380VGFFL-

FILVV390AAVTL395) (M.W. 3,063.6 d) were synthe-

sized introducing isotopic labels (13C¼¼18O) at consecu-

tive sites, at V381 and G382. The use of only two

labels is appropriate to discriminate between possible

models that are separated by x angles of at least 45�,

because the error in x using SSID is usually 10–20�.

All FGFR-TM peptides shown in Figure 1(a) were

synthesized using standard solid-phase FMOC chemis-

try. The peptides were cleaved from the resin with

trifluoroacetic acid (TFA) and lyophilized. Before

lyophilization, a small amount of HCl was added

to the fractions collected, to prevent formation of

peptide-TFA adducts (which give rise to a band at

�1685 cm�1). The lyophilized peptides were then

dissolved in a small amount (�5 lL) of hexafluoroiso-

propanol (HFIP) (Alfo Aesar, MA) and diluted with

acetonitrile (ACN)/water mixture and injected into a

Jupiter 5 C4-300 column (Phenomenex, Cheshire, UK)

for HPLC purification. The ACN content increased lin-

early from 30 to 100%, as described previously.58 All

solvents contained 0.1% (vol/vol) TFA. Peptide purity

was confirmed by matrix-assisted laser desorption

ionization-time of flight (MALDI-TOF).

Electrophoresis

Electrophoreses were performed in SDS and PFO.59

Peptides were first dissolved in a minimal amount of

HFIP and diluted with NuPAGEVR LDS sample buffer

(Invitrogen) or PFO sample buffer, containing 4%

PFO. Samples were heated at 94�C for 4 min and

loaded on a NuPAGEVR Novex 12% Bis-Tris gel [Fig.

1(b,c)] with MES SDS running buffer or Tris-Tricine

10–20% gel (Bio-Rad) [Fig. 1(d)] with Tris-tricine PFO

running buffer. Electrophoresis were carried out at a

constant voltage of 60 V till the dye ran out of the gel

and stained with Coomassie blue.

Analytical ultracentrifugation
Sedimentation equilibrium experiments were per-

formed using a Beckman XL-I analytical ultracentri-

fuge at 25�C.40 The absorbance was measured at 230

nm (e230 ¼ 5000M�1cm�1). The buffer composition

was 20 mM MOPS (3-N-morpholino-propanesulfonic

acid), 100 mM KCl, 1 mM MgCl2 at pH 7.4, and 10

mM dodecylphosphocholine (DPC). To match the den-

sity of DPC, D2O was added to the buffer to a final

volume ratio of 50.5%.60 The density-matched buffer

was added to the dry peptide–detergent film, obtained

by lyophilization.

The samples were centrifuged in three-compart-

ment carbon-epoxy centerpieces with quartz windows

for lengths of time sufficient to achieve equilibrium,

typically 20 h, and run at 28,000, 345,000, and

42,000 rpm. The equilibrium data sets were analyzed

using the program ULTRASCAN.61 At the end of each

run, absorbance data at 230 nm was obtained. The

monomeric molecular mass of FGFR-TM and its par-

tial specific volume were calculated with the program

SEDNTERP.62

The partial specific volume, calculated after cor-

rection for partial hydrogen/deuterium exchange,40

was 0.767 cm3/g. Three different concentrations of

FGFR-TM were used with peptide-to-detergent ratios

were 1:100, 1:200, and 1:400, respectively. The log

plot (ln A vs. r2–r20) was not linear, indicating that at

these peptide-to-detergent ratios more than one spe-

cies was present. The data was best fitted to a mono-

mer–dimer equilibrium, at the two smallest concentra-

tions. The fit was not good at the highest

concentration, and a tetrameric component was

added.

Sample preparation for ATR-FTIR

Infrared spectra were recorded on a Nicolet Nexus

spectrometer (Madison, USA) purged with N2 and

equipped with a MCT/A detector, cooled with liquid

nitrogen. Attenuated total reflection (ATR) spectra

were measured with a 25-reflections ATR accessory

from Graseby Specac (Kent, UK) and a wire grid polar-

izer (0.25 lm, Graseby Specac). A total of 200 inter-

ferograms collected at a resolution of 4 cm�1 were

averaged for every sample and processed with 1 point

zero filling and Happ-Genzel apodization. The peptide

(typically �3 mg) was reconstituted in a 30:1 DMPC/

peptide molar ratio34 and applied onto a trapezoidal
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(50 mm � 2 mm � 20 mm) Ge internal reflection ele-

ment (IRE). A dry, or D2O-saturated, N2 stream flow-

ing through the ATR compartment34 was used to

remove bulk water or to achieve D2O exchange,

respectively.

H/D exchange

The percentage of isotopic (hydrogen/deuterium, H/D)

exchange was calculated from the area ratio amide II/

amide I, using non polarized spectra, before and after

exchange in D2O, as described previously.63 Non

polarized spectra were obtained from the parallel (||)

and perpendicular (?) ATR polarized spectra, using

the expression 1 � (k) þ 1.44 � (?), as described

previously.64

SSID data analysis
The data were analyzed according to the theory of site-

specific dichroism presented in detail elsewhere.32 By

measuring the orientation of the amide I transition

dipole moment one can determine the helix tilt angle

b and the rotational pitch angle x of a specific dipole

moment about the helix axis. The angle a between the

transition dipole moment of the vibrational transition

and the z axis was taken as 39� for the amide C¼¼O

bond and 29� for the NAH bond. The parameters ex,
ey, and ez, the electric-field components, were used

according to a thick film approximation. Dichroic

ratios were calculated as the ratio between the inte-

grated absorptions of the spectra collected with paral-

lel and perpendicular polarized light.

The rotational pitch angle x is defined arbitrarily

as 0� when the transition dipole moment, the helix

director, and the z axis all reside in a single plane. The

difference of x between two consecutive residues was

assumed to be 100�, as in a canonical a helix. The

rotational orientation and tilt for each labeled residue

was calculated as described.32,46

Global search molecular dynamics

(GSMD) protocol
The simulations were performed using a Compaq

Alpha Cluster SC45 that contains 44 nodes. All calcu-

lations were carried out using the parallel version of

the Crystallography and NMR System (CNS Version

0.3), the Parallel Crystallography and NMR System

(PCNS).65 The global search was carried out in vacuo

with united atoms, explicitly describing only polar and

aromatic hydrogen atoms as described elsewhere66

using CHI 1.1 (CNS Helical Interactions). As the mod-

els tested are homooligomers, the interaction between

the helices was assumed to be symmetrical.

Trials were carried out starting from either left or

right crossing angle configurations. The initial helix

tilt, b, was restrained to 0� and the helices were

rotated about their long helical axes in 10� increments

until the rotation angle reached 350�. Henceforth, the

simulation was repeated by increasing the helix tilt in

discrete steps of 5�, up to 45�. We must note that the

restraint for the helix tilt is not completely strict, that

is, at the end of the simulation a drift of up to �5�

from the initial restrained value could be observed in

some cases. Three trials were carried out for each

starting configuration using different initial random

velocities.

Clusters were identified with a minimum number

of eight similar structures. Any structure belonging to

a certain cluster was within 1.5 Å root mean square

deviation (RMSD) from any other structure within the

same cluster. Finally, the structures belonging to each

cluster were averaged and subjected to energy minimi-

zation. These final averaged structures, described by a

certain tilt and rotational orientation at a specified ar-

bitrary residue, were taken as the representatives of

the respective clusters.

The tilt angle of the models, b, was taken as the

average of the angles between each helix axis in the

bundle and the bundle axis. The bundle axis, coinci-

dent with the normal to the bilayer, was calculated by

CHI. The helix axis was calculated as a vector with

starting and end points above and below a defined res-

idue, where the points correspond to the geometric

mean of the coordinates of the five a carbons N-termi-

nal and the five a carbons C-terminal to the defined

residue. The rotational orientation angle x of a residue

is defined by the angle between a vector perpendicular

to the helix axis, oriented towards the middle of the

peptidic C¼¼O bond of the residue, and a plane that

contains both the helical axis and the normal to the

bilayer. In this work, to compare the models, a residue

was chosen arbitrarily, and the x angle is always given

for residue V381. Intersequence comparisons between

low-energy clusters were performed by calculating the

RMSD between their a-carbon backbone. Fitting was

performed using the program ProFit (http://www.

bioinf.org.uk/software/profit). The energies calculated

correspond to the total energy of the system, including

both bonded, for example, bond, angle, dihedral,

improper, and nonbonded, that is, Van der Waals and

electrostatic terms.66 The interaction energy for the

residues was calculated with the function chi_interac-

tion implemented in CHI.

A total number of homologous 9 sequences corre-

sponding to FGFR-TM were used for the simulations.

These sequences were obtained using ncbi homolo-

Gene search (http://www.ncbi.nlm.nih.gov/). Two dif-

ferent sequence lengths were used: residues 366–395

and 369–399.
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