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Abstract

Receptor tyrosine kinases are single pass membrane proteins which form dimers within the 

membrane. The interactions of their transmembrane domains (TMDs) play a key role in 

dimerization and signaling. The fibroblast growth factor receptor 3 (FGFR3) is of interest as a 

G380R mutation in its TMD is the underlying cause of ~99% of cases of achondroplasia, the most 

common form of human dwarfism. The structural consequences of this mutation remain uncertain: 

the mutation shifts the position relative of the TMD relative to the lipid bilayer but does not alter 

the association free energy. We have combined coarse-grained and all-atom molecular dynamics 

simulations to study the dimerization of wild-type, heterodimer, and mutant FGFR3 TMDs. The 

simulations reveal that the helices pack together in the dimer to form a flexible interface. The 

primary packing mode is mediated by a Gx3G motif. There is also a secondary dimer interface 

which is more highly populated in heterodimer and mutant configurations which may feature in 

the molecular mechanism of pathology. Both coarse-grained and atomistic simulations reveal a 

significant shift of the G380R mutant dimer TMD relative to the bilayer so as to enable 

interactions of the arginine sidechain with lipid head group phosphates.

Introduction

Receptor tyrosine kinases (RTKs) are single pass membrane proteins. They have a 

extracellular ligand-binding ectodomain, a α-helical single transmembrane domain (TMD), 

and an intracellular kinase domain (1). They form dimers within the membrane, and a 

number of NMR structures of TMD dimers in membrane-like environments have been 

determined (2–8). However, in the absence of a high resolution structure for an intact RTK, 

important aspects of the conformational dynamics of the TMD dimers in relation to 

signaling remain unknown.
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Many RTKs are important in the context of human disease. The fibroblast growth factor 

receptor 3 (FGFR3) is of particular interest as a G380R mutation in its TMD is the 

underlying cause of ~99% of cases of achondroplasia, the most common form of human 

dwarfism (9). Although the genetic basis for achondroplasia has been known for nearly two 

decades the molecular mechanism of pathology remains uncertain. FGFR3 is a negative 

regulator of bone growth and there is experimental evidence for increased signaling by the 

mutant receptor (10). It is thus of interest to understand the effects of the G380R mutation 

on the behavior of the TMD dimer at a fundamental biophysical level.

The free energies of dimerization, as measured by FRET in a POPC lipid bilayer for wild-

type and G380R TMD peptides, match one another within the bounds of experimental 

uncertainty (11) indicating that perturbation of dimerization propensity per se is unlikely to 

be the key effect of this particular mutation. Significantly, neutron diffraction and oriented 

circular dichroism indicate a 5 Å ‘vertical’ shift of the G380R mutant peptide relative to the 

centre of a lipid bilayer (12). Thus there is an apparent conceptual disconnect between the 

significant shift in position relative to the lipid bilayer and the unperturbed association free 

energy of the mutant FGFR3 TMD, which merits further investigation. Importantly, recent 

experimental evidence indicates that a different pathogenic mutation of FGFR3, A391E, 

leads to an increase in dimer stability (-1.5 kcal/mol) independent of whether the FGFR3 

TMDs are studied in isolation or with their large ectodomains attached (13). This supports 

the validity of studying the interactions of FGFR3 TMDs in isolation in order to better 

understand the conformational dynamics of the more complex intact receptor. It also 

indicates that some mutations may act via changing dimer stability whilst other mutations 

may perturb TMD dimers in a different fashion.

There have been a number of NMR studies of TMD dimers from a range of RTKs including 

e.g. the ErbB receptors (2–5) and the EphA receptors (6, 7). These have revealed a variety of 

packing modes and motifs. Furthermore, a combination of experimental (14, 15) and 

computational (1, 16) approaches have recently emphasized the importance of the multiple 

modes of interaction of TMDs within dimers as playing a key role in signaling by RTKs 

(17). A recent NMR structure of the FRFR3 TMD dimer (8) in a detergent (DPC/SDS) 

micelle environment, which reveals a helix packing mode dominated by an extended 

hydrophobic heptad, has been interpreted in the context of mapping of the location of 

pathogenic mutations as suggesting a putative alternative helix interface which is formed 

upon receptor activation.

Molecular dynamics (MD) and related simulations are able to provide insights into TMD 

dimerization, both of model systems such as glycophorin (GpA e.g. (18–21)), and of RTKs, 

especially ErbBs (e.g. (14, 16, 22, 23)). To date, relatively short time scale (50 ns) atomistic 

simulations have been performed on FGFR3 TMDs, with selection of starting configurations 

from a Monte Carlo search in a simplified implicit bilayer model (24), suggesting multiple 

packing modes for the TMD helices within the dimer.

Here we study the dimerization of FGFR3 TMD constructs over extended (µs) time scales 

using coarse-grained (CG) MD simulations (25). This approach has been previously used to 

successfully model GpA (26) TMD dimerization, providing results consistent with high-
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resolution experimental structures and mutagenesis results. Representative TMD dimers 

formed in these CG simulations are refined by atomistic (AT) MD simulations, providing a 

multiscale approach to FGFR3 TMDs, as used in e.g. previous studies of integrin TMD 

dimers (27). We focus on the G380R mutation and compare FGFR3 wild-type, heterodimer, 

and mutant homodimer TMDs in terms of both helix-helix and protein-lipid interactions. 

Significantly, our simulations of the wild-type TMD reveal a predominant packing mode 

which corresponds to the activated state proposed by Bocharov et al. (8).

Materials and Methods

CG Simulations

Coarse-grained simulations (Table 1) were performed in GROMACS 4.0.x (28) using a 

previously described (25) local version of the MARTINI forcefield (29–31), which employs 

an approximate 4:1 mapping of heavy atoms to representative particles. The CG simulations 

were conducted at 323 K with separate temperature coupling for protein, lipid and solvent 

using the Berendsen thermostat (32). Timesteps of 40 fs duration were used with frames 

written every 400 ps. Coulomb and VDW interactions were shifted to 0 between 0-12 Å and 

9-12 Å, respectively. Semi-isotropic pressure coupling was performed using the Berendsen 

algorithm with a 1.0 ps time constant, 5 × 10-6 bar-1 compressibility, and 1.0 bar reference 

pressure. Replicate simulations employed different starting velocity seeds. Final simulation 

box sizes varied slightly, with approximate dimensions 10.5 nm × 10.5 nm×11.5 nm. WT, 

WT/G380R heterodimer, and G380R homodimer systems had slightly different 

compositions with approximately 330 POPC molecules, 6400 water molecules, and a small 

number of neutralizing Cl- ions.

The TMDs were modeled as ideal α-helices. The initial separation between the TMD helices 

in the CG simulations was ~55 Å (see Figure 1A), the same value used in previous GpA CG 

simulations (26), and outside the 12 Å long-range interaction cutoff for this forcefield. The 

initial systems with separated helices were generated by 200 ns simulations, in which POPC 

bilayers were self-assembled around position-restrained protein TMDs, as described 

previously (33).

Atomistic Simulations

Initial AT simulation systems were generated from representative CG TMD dimer structures 

using our CG2AT protocol as described previously (34). Representative average structures 

were obtained using the g_cluster module of GROMACS. The resulting AT system was 

energy minimized and equilibrated (duration 1 ns) with a position restraint on protein Cα 

atoms (force constant = 10 kJ/mol/Å). Unrestrained simulations were performed with a time 

step of 2 fs and a total duration of 100 ns per simulation. Semi-isotropic pressure of 1 bar 

was applied using a Parinello-Rahman barostat (35) and the temperature was maintained at 

323 K with a Berendsen thermostat (32). Electrostatic interactions were modeled using a 

particle-mesh Ewald summation (cutoff distance 10 Å, also used for van der Waals 

interactions). The bond lengths were restricted using the LINCS algorithm (36). GROMACS 

4.5.4 (28) was used in combination with the GROMOS96 43a forcefield (37).
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Trajectory analysis and visualization

CG-MD trajectories were exposed using the MDAnalysis library (38), and parsed using in-

house Python code detailed in the algorithm descriptions provide in the Supporting 

Information. AT-MD trajectories were analyzed using the GROMACS 4.5.4 (27) tools. 

Visualization was performed with VMD (39).

Results and Discussion

TMD Dimerization

We performed ensembles of 5 µs duration dimerization simulations for wildtype (WT) and 

mutant (see Table 1) FGFR3 TMD helices and for (control) GpA TMDs, with the two TMD 

monomers initially separated by ~55 Å in POPC bilayers (Figure 1). As previously seen for 

GpA (26), there was stochastic variation in the time required for initial dimer formation (SI 

Figure S1), corresponding to the use of random initial velocities (consistent with a 

Maxwellian distribution at the stated temperature) for each simulation within an ensemble. 

There did not seem to be any substantial difference in the time to dimer formation between 

the FGFR3 WT, WT/G380R, and G380R simulations, although much larger ensembles 

(typically of 100 or more simulations) would be needed to more accurately explore any 

differences in dimerization times. In many simulations one helix wanders substantially 

within the bilayer plane before dimer formation relative to the other helix (Figure 1C). Thus 

the stochastic dimerization times and substantial translational (and rotational) motions of the 

helices relative to one another within the bilayer plane are consistent with a simulation 

protocol that is not biased towards formation of a particular dimer interface. Both the GpA 

and the FGFR3 TMDs formed stable dimers in our CG simulations, with no observations of 

subsequent dissociation of the helices. Indeed, atomistic (14) simulations of the related 

EGFR TMDs indicate that extended (>10 µs) simulations are likely to be needed to observe 

TMD dimer dissociation events. We examined the bilayer thickness around the TMDs (SI 

Figure S2) and although a small degree of thinning (1 to 2 Å) was observed adjacent to the 

FGFR3 TMDs this was the same before and after dimerization, suggesting that the bilayer 

thickness is unlikely to have a major effect on dimerization.

Having confirmed the formation of stable dimers in an unbiased fashion in our simulations, 

we have analyzed the properties of the dimer configurations in detail. Our control GpA 

TMD dimers in POPC bilayers consistently exhibited right-handed helix crossing angles 

(Figure 2A), as previously reported for GpA simulations in DPPC (19, 20, 26), and 

consistent with experimental NMR structures of the GpA TMD (40, 41). In contrast, the 

FGFR3 TMD helices did not show a strong preference for a left-or right-handed helix 

packing, instead exhibiting bimodal distributions of crossing angles. There is a slight 

preference for left-handed helix packing for wild-type FGFR3 relative to WT/G380R 

heterodimer and G380R mutant homodimers. The bimodal distribution may result from 

FGFR3 helices adopting different crossing angles as they oscillate closer or farther apart in 

the dimer, although the helix crossing angles appear to be largely independent of the closest 

approach distance of the helices (Figure 2B), with a bimodal distribution at a single optimal 

distance. The FGFR3 helices thus form stable dimers but exhibit a broad range of helix 

crossing angles suggestive of a ‘looser’ interface than in e.g. GpA. To probe their relative 
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motions in the bilayer, the correlation coefficients for the z coordinates of the geometric 

centers of each helix were calculated before and after dimer formation (SI Figure S3). As 

expected, helix displacement motions were not correlated before dimer formation, but were 

strongly correlated after a dimer was formed. Significantly, GpA exhibits a more strongly 

correlated dimer motion (R = ~0.8) than all of the FGFR3 TMD dimers R = ~0.6). This is 

consistent with e.g. TOXCAT studies (42) suggesting the GpA TMD dimer is more stable 

than that of FGFR3. Given the somewhat weaker correlation of translation motion of FGFR3 

helices within the dimer and the bimodal helix crossing angle distribution, we decided to 

examine the nature of the helix dimer interface more closely.

To identify the predominant residues within a (dynamic) interface, we calculated the 

normalized probability for each residue Cα on either helix to be in the top five closest 

interhelix contacts over the whole ensemble of simulations. To test this approach, the 

analysis was first performed on the GpA simulations. G79, G83, and T87 were identified as 

predominant contacts (SI Figure S4). Since these three residues have previously been 

identified as experimentally crucial interfacial contacts (see e.g. (43)), this analytical 

approach may confidently be applied to predict interfacial residues in the FGFR3 TMD.

Residues G370, A374, S378 and G382 (which form three consecutive small-x3-small 

motifs) and also R397 stand out as important contacts from FGFR3 wild-type, heterodimer, 

and mutant homodimer simulations (Figures 3 and 4A), and other candidates are spaced at 

3-4 residue intervals, consistent with identification of a helical interface. It is noteworthy 

that residues 380 and 391, involved in achondroplasia and Crouzon syndrome respectively 

(44), do not feature prominently in the closest contacts in FGFR3 dimer configurations. This 

is consistent with the lack of effect of the G380R mutation on dimerization propensity (11). 

G370, which is prominent in the closest contacts, is mutated to Cys in type 1 thanatophoric 

dysplasia, which is much more severe than achondroplasia and normally neonatal lethal 

(45). Thus, phenotype severity may, at least in part, reflect the proximity of the point 

mutation to the dimer interface. Furthermore, G370 was recently identified at the dimer 

interface by site specific infrared dichroism (46), and the propensity for disulfide formation 

in FGFR3 follows the trend C370 > C371 > C375 (47). Interestingly, R397, which is one of 

the top three major FGFR3 contacts we identify, is part of the CRLR C-terminal tetrapeptide 

which, if removed, increases the dimerization propensity of FGFR3 to match that of GpA 

(46).

Alternative Dimer Interfaces

The biological and experimental correlations with our candidate FGFR3 dimer interface 

residues are encouraging. However, the identification of a small set of major dimer contact 

residues does not explain how FGFR3 dimers can exhibit both left-and right-handed helix 

crossing angles. To explore the possibility of alternative dimer interfaces, one helix in each 

simulation was fixed to a reference structure and positional probability of the second helix in 

this reference frame determined (Figure 3). This analysis reveals a primary dimer interface 

for FGFR3 WT, heterodimer, and mutant TMDs. Importantly, a secondary dimer interface 

progressively begins to appear for the heterodimer and is most pronounced in the mutant 

homodimer simulations. Interestingly, tracking dimer configuration in this fashion as a 
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function of simulation time revealed that there are discrete periods within a simulation when 

the dimer adopts one of the two interfaces along with a clear transition point from one 

interface to the other, rather than e.g. a continuous switching between the two interfaces 

(Figure 5). There is however considerably more motion about the secondary interface, which 

is consistent with a dimer configuration of lower stability.

Further analysis of the motion of helix 2 relative to the (fixed) helix 1 reveals a correlation of 

the polar angle (θ) defining the relative position of helix 2 within the bilayer plane with 

interhelix crossing angle (Ω; SI Figure S5). Thus the primary dimer interface (I1 in Fig. 3) 

exhibits a bimodal helix crossing angle about zero degrees while the secondary dimer 

interface (I2 in Fig. 3) observed in the FGFR3 heterodimer and mutant homodimer exhibits 

a predominantly right-handed helix crossing angle. Using the value of θ as a means to 

classify dimer interfaces across all FGFR3 trajectories, we repeated the dimer interface 

contact analysis for the classified trajectories and discovered a striking loss of interfacial 

symmetry at G370, which is a prominent contact for both helices at the primary interface but 

only for one at the secondary interface (Figure 4BC). The secondary dimer interface also 

loses symmetry at the important R397 contact.

The presence of a secondary dimer interface in FGFR3 mutant heterodimer and mutant 

homodimer configurations suggests that rearrangement of these TMDs may be a component 

of the molecular mechanism of pathology in achondroplasia. The rearrangement, a rotation 

of one helix relative to the other, may provide a gain of function to the attached intracellular 

kinase domains. Indeed, changes in helix packing within TMD dimers (48) have been 

suggested as possible activation mechanisms in e.g. recent combined experimental and 

computational studies of EGFR (1, 14) activation and on the basis of computational studies 

of FGFR3 dimers (24). Furthermore, the oncogenic V664E TMD mutation in Neu (i.e. the 

rat homologue of ErbB2) prevents conformational switching between the active and inactive 

states (49). Thus, the plasticity of the TMD helix dimer interfaces in RTKs seems likely to 

play a key role in conformational switching underlying receptor activation.

The G380R Mutation and Bilayer Interactions

Our results indicate that the G380R mutation promotes adoption of a secondary interface, 

even though this residue is located opposite interfacial residues. Furthermore, experimental 

studies have indicated that the G380R mutation leads to a translation of the TMD along the 

bilayer normal (12). To further explore the structural and functional implications of this 

mutation we have examined the protein-lipid interactions and the positions of WT and 

mutant TMD dimers relative to the bilayer. Calculation of the average TMD dimer position 

relative to the bilayer normal (z-position) suggests that in the CG simulation the G380R 

mutant induces a translation of ~4 Å along the bilayer normal towards the upper (i.e. 

extracellular) membrane leaflet. Clustering of structures from a second CG simulation 

ensemble with shorter durations but higher repeat number (see Table 1) yielded 

representative structures for the primary interface (I1) TMDs of WT and G380R FGFR3 

(Figure 6AB). The representative structure for the FGFR3 G380R dimer (Fig. 6B) shows 

that both of the R380 sidechains are directed towards the upper membrane leaflet where they 

are able to interact with the negatively charged phosphates of the lipid head groups. These 
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representative CG structures were converted to the corresponding atomistic models (34) in 

order to run short (0.1 µs) atomistic simulations (see Table 1). The final frame of the 

atomistic WT simulation represents a stable dimer, fully integrated into the lipid bilayer 

(Figure 6C). The primary dimer interface (I1) observed in the CG simulations is maintained. 

The final snapshot of the G380R mutant homodimer clearly shows the vertical translation of 

both Arg380 residues (Figure 6D), such that these sidechains interact with the phosphate 

headgroups of the upper leaflet. This ‘snorkelling’ effect of basic amino-acid sidechains in 

the hydrophobic membrane environment has been widely discussed in terms of stabilizing 

TMD localization within bilayers (see e.g. (50)) and also has been suggested to regulate 

signaling across the membrane by integrins (51). Comparing the movements of WT and 

G380R dimers relative to the membrane normal reveals an approximate difference in z 

position of ca. 5.5 Å (SI Figure S6), i.e. just a little more than in the CG simulations, and 

consistent with the different resolutions of the two methods. This agrees well with the 

displacement of the TMD in the mutant by 5 Å revealed by neutron diffraction studies (12). 

The TMD helices also tilt relative to the bilayer in the AT-MD simulations, such that helix 

tilt angle for WT simulation reached an average of ~33°whereas the tilt of the corresponding 

G380R simulation reached an average of ~42°. However, more extended AT simulations 

may be needed to obtain reliable estimates of tilt angle distributions (52).

In the WT TMD dimer both of the R397 residues are located close to the lipid headgroup 

phosphates of the lower (inner) leaflet (Figure 6E). This enables the two R397 residues of 

adjacent helices to remain close to one another. This interaction is in agreement with our 

CG-simulations, suggesting that R397 plays an important role in (lipid mediated) TMD 

dimer formation (Figure 4A). Furthermore, our AT-simulations confirm that both R399 

residues reside in the cytoplasm and that both C396 residues are not involved in the dimer 

interface (Fig 6E).

Interestingly, concomitantly with the 5.5 Å translation induced by the G380R mutant, the C-

terminal residues (i.e. C396RLR399) are pulled towards the core of the bilayer (Figure 6F). 

Consequently, the R399 sidechains occupy energetically favorable positions at the 

membrane-water interface which are occupied by the R397 residues in the WT TMD dimer. 

Intriguingly, the R397 residues are moved closer towards the membrane center (resulting in 

some degree of local thinning of the bilayer) which forces them to adopt a more 

‘snorkelling’ conformation in order to retain the interaction of the guanidinium group with 

the lipid phosphates. This destabilizes the intermolecular R397/R397 interaction, resulting in 

more asymmetric rearrangement of the C-terminal region in which the C396 residues now 

form the main TMD dimer interaction. These findings support the suggestion derived from 

experimental data, that conformational changes at the CRLR tetrapeptide may serve as a 

conformational switch between different sates of activation/inactivation of the kinase (46).

Conclusions

Overall, our results reveal the presence of multiple possible FGFR3 TMD dimer interfaces, 

with their relative propensities influenced by the presence of point mutations. In the case of 

the G380R mutation, interactions of the arginine sidechain with lipid bilayer phosphates 

may play a role in shifting propensities. Interestingly, our observation of an asymmetric 
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secondary interface was also reported for the G380R FGFR3 TMD on the basis of combined 

Monte Carlo / atomistic MD simulations (24).

It is important to consider possible methodological limitations. It is recognized that CG 

simulations provide an approximation to more detailed, all atom treatments of helix/helix 

interfaces. However, recent studies suggest that the combined use of CG and subsequent 

atomistic simulations can accurately reproduce e.g. the NMR structure of the integrin TMD 

heterodimer (27). In part this is because multiple CG simulations allow exploration of a 

greater range of conformational and helix-packing space than would equivalent AT 

simulations on their own. Furthermore, comparison of atomistic (18) and CG (19, 20) 

simulations of glycophorin A dimerization suggest that the two methods yield comparable 

free energy profiles for the dimerization process. A further limitation is the use of a single 

simple phospholipid species in our simulations. Studies on e.g. GPCRs have shown how 

lipid composition may influence receptor association and function (53) and this is likely to 

also be of importance for the TMDs of receptor tyrosine kinases (23). Thus in future studies 

it will be important to include consideration of the multiple lipid species present in cell 

membranes, and their likely interactions with both the transmembrane and juxta-membrane 

domains of the FGFR3. However, it is likely that a full consideration of such lipid 

interactions and their influence on TMD dimerization will require more detailed 

characterization and comparison of energy landscapes of helix dimerization (22) which in 

turn is likely to require the use of enhanced sampling protocols (see e.g. (54)), even when 

using CG simulations.

One aspect which may benefit from future investigations is that of the kinetics of TMD 

association and dissociation. Recent atomistic (14) simulations of EGFR TMDs show that 

simulations longer than 10 µs are needed to observe TMD dimer dissociation events. 

Experimental observations of e.g. dimerization of a model TMD peptide (55) or refolding of 

bacteriorhodopsin (56) suggest timescales in excess of 1 sec. Clearly a complete 

characterization of the mechanism of TMD association and dissociation by simulations will 

require enhanced sampling procedures e.g. metadynamics (57).

It is informative to compare our model of the FGFR3 TMD dimer with the structure revealed 

by NMR studies of the dimer in detergent (DPC/SDS) micelles (8). In the NMR studies a 

different interface, involving an extended hydrophobic heptad motif, is seen. However, in 

relating the NMR structure to pathogenic mutations, the authors of the NMR study (8) 

suggest the existence of an alternative packing mode involving a Gx3G (or rather a small-x3-

small) sequence motif formed by residues G370-x3-A374-x3-S378-x3-G382. This is the 

motif seen in our primary interface (Fig. 4B) for the WT TMD. Thus comparison of the 

NMR and the current simulation studies reinforces the suggestion that the FGFR3 TMDs 

may be able to adopt different packing modes, with changes in environment (e.g. bilayer vs. 

micelle) or in interactions with the ectodomains (within the intact receptor) able to drive 

switching between them. In particular, it seems likely that the primary packing mode 

mediated by a Gx3G motif may correspond to an activated state of the receptor both in terms 

of the effects of some pathogenic mutations located at this interface, and by comparison with 

the proposed activated state structure of the EGFR TMD dimer, as discussed in more detail 

in (8).
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The presence of multiple interaction modes of TMDs is an emergent theme for a number of 

RTKs, and is likely to reflect the looser interactions between these helices than within the 

canonical tight binding interface of the GpA TMD dimer. This is likely to be of functional 

importance, allowing a RTK TMD dimer to form a ‘multi-state switch’ which can be 

regulated by extracellular and intracellular interactions of the intact receptor. In particular, it 

seems that interactions of the intramembrane and juxtamembrane (JM) domains, with one 

another (14) and with lipids (15), are likely to modulate the intrinsic TMD interactions. Our 

atomistic simulations indicate that the G380R mutation induces a movement of the receptor 

dimer towards the outer membrane leaflet resulting in a rearrangement of the C-terminal 

CRLR residues. Whether this effect plays a role in the mechanism of pathogenesis of 

achondroplasia by triggering larger scale structural changes of the JM domains may be 

probed in future simulation studies (58). Furthermore, the G380R mutation has been 

observed to cause a delay in FGFR3 down-regulation (59), possibly caused by altered 

interactions of the JM domain with intracellular components of this process (60).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A: Initial (t = 0) and final (t = 5 µs) configurations of a WT FGFR3 CG simulation showing 

the two helices as Cα traces in red and blue with the bronze spheres corresponding to a 

surface representation of the phosphate particles of the lipids. Other lipid and solvent 

particles are omitted for clarity. B: The Cα helix-helix approach is shown as a function of 

time for the same WT FGFR3 CG simulation as in A. C: The relative motion of the centroid 

of helix 2 (blue) in the reference frame of the centroid of helix 1 (red) is shown for the same 

FGFR3 WT CG simulation as in A,B. Coordinates of helix 2 are plotted every 10th frame of 
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the simulation (i.e. every 4 ns) in the xy plane (which is approximately equivalent to the 

bilayer plane). The approximate size of the simulation box in the xy plane is shown in green.
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Figure 2. 
A: Helix crossing angle (Ω) distributions for the merged (see Table 1) FGFR3 WT (blue), 

FGFR3 WT/G380R heterodimer (red), FGFR3 G380R homodimer (green), and GpA 

(control, black) simulations. Every 25th frame (i.e. every 10 ns) of the constituent 

trajectories was parsed and included in the histograms only if the helices were dimerized (10 

Å interhelix centroid distance cutoff). B: The helix crossing angle (Ω) vs. Cα helix-helix 

approach distribution is shown for the FGFR3 WT simulations, using an ascending blue to 

yellow to red heatmap.
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Figure 3. 
A-C: The positional probability of the geometric center of helix 2 relative to helix 1 in the 

xy plane is shown as a non-linear (ascending: blue to yellow to red) heat map for the FGFR3 

WT (A), FGFR3 WT/G380R heterodimer (B), and FGFR3 G380R homodimer (C) 

simulations. To generate these maps each frame of a simulation is aligned by RMSD fitting 

of helix 1 onto the configuration of that helix in the first frame of the FGFR3 wildtype 

simulations. D: Representative structure of the WT helix dimer, corresponding to the 

maximum probability in A. The Cα of key residues forming the predominant interfacial 
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contacts (G370, A374, and R397; see main text and Figure 4) are shown as red and blue 

spheres, whilst the disease-related residues G/R380 and A391 are shown in purple. The 

bilayer phosphate particles are shown as bronze spheres (surface representation). E: 
Representative structures of the G380R mutant homodimer, corresponding to the two peaks 

in probability I1 (E) and I2 (F) in C.
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Figure 4. 
A: Normalized frequency of occurrence for a residue to be in the five closest contacts 

between helices. A dimer is defined as when the interhelix (Cα particle) separation is within 

7 Å over all the CG simulations of an ensemble. Results are merged for both helices 1 and 2 

of the wild-type (red), heterodimer (green) and G380R mutant homodimer (blue) 

simulations. B: Normalized frequency of occurrence for a residue in the five closest contacts 

between helices (defined as when the interhelix (Cα particle) separation is within 6 Å) for 

the primary (I1 in Fig. 3) interface showing helix 1 and 2 in red and black respectively. C: 
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Normalized frequency of occurrence for a residue in the five closest contacts between 

helices in the secondary (I2 in Fig. 3) interface. The vertical red arrows indicate residue 

G380.
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Figure 5. 
Position of the geometric center of helix 2 (red) relative to helix 1 (black) in the xy plane as 

a function of time (the vertical axis). This is shown for representative simulations from the A 
GpA and B FGFR3 G380R mutant homodimer ensembles. For the G380R simulation the 

green rings indicate the primary (I1) and secondary (I2) interfaces (see Fig. 3 and text).
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Figure 6. 
A, B: Representative models corresponding to the primary helix/helix interface (I1 in Fig. 3) 

for the wild-type (A) and G380R homodimer (B) CG simulations. The Cα backbone is 

coloured in cyan. The closest contact residues are shown as grey spheres and disease-related 

residues (Y373, G380 and A391) as blue spheres. The two dashed lines indicate the 

approximate position of the phosphate particles of the CG lipid bilayer. The horizontal 

arrows indicate the residue at position 380, G in the wild-type and R (red) in the mutant.
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C,D: Atomistic simulations of the wild-type (C) and G380R mutant (D) homodimer helix 

dimers starting from the structures shown in A and B respectively. The final frames of the 

100 ns AT-MD simulations are shown. The phosphorus atoms of the lipids are shown as 

bronze spheres. In C the G380 atoms are shown; in D the R380 sidechains forming 

‘snorkelling’ interactions with lipid phosphates are shown in bond format and highlighted 

with red circles.

E,F: Detailed view of protein-lipid interactions at the inner membrane leaflet. The atoms of 

C396, R397 and R399 are shown as spheres, coloured according to atom type. The bronze 

surface represents the position of the membrane phosphate particles. In the WT simulation 

(E) The C396RLR399 residues are located around the phosphate periphery whereas the 

G380R mutation (F) pulls those residues towards the membrane core, resulting in a rotation 

of the C-terminal TMD section.
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Table 1

Summary of Simulations

TMDs Force-field Duration

FGFR3

WT CG, modified MARTINI† 10 x 5 µs * and 20 x 1 µs**

WT/G380R CG, modified MARTINI 10 x 5 µs*

G380R CG, modified MARTINI 10 x 5 µs* and 20 x 1 µs**

WT AT‡ 0.1 µs

G380R AT 2 x 0.1 µs

GpA (control)

WT CG, modified MARTINI 5 x 5 µs

*
These simulations are the basis of the main analysis shown in Figures 1 to 4. The sequence used was as previously employed in (10) with the 

G380 residue in bold: RRAGSVYAGILSYG380VGFFLFILVVAAVTLCRLR.

**
These simulations were used to generate representative structures from which to initiate the atomistic simulations. The sequence employed was: 

DEAGSVYAGILSYG380VGFFLFILVVAAVTLCRLR.

†
The modified MARTINI forcefield is as described in (25).

‡
Atomistic simulations were run using the GROMOS forcefield (37) gromos43a1.
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