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A B S T R A C T

Single-point mutations in the transmembrane (TM) region of receptor tyrosine kinases (RTKs) can lead to ab-
normal ligand-independent activation. We use a combination of computational modeling, NMR spectroscopy
and cell experiments to analyze in detail the mechanism of how TM domains contribute to the activation of wild-
type (WT) PDGFRA and its oncogenic V536E mutant. Using a computational framework, we scan all positions in
PDGFRA TM helix for identification of potential functional mutations for the WT and the mutant and reveal the
relationship between the receptor activity and TM dimerization via different interfaces. This strategy also allows
us design a novel activating mutation in the WT (I537D) and a compensatory mutation in the V536E background
eliminating its constitutive activity (S541G). We show both computationally and experimentally that single-
point mutations in the TM region reshape the TM dimer ensemble and delineate the structural and dynamic
determinants of spontaneous activation of PDGFRA via its TM domain. Our atomistic picture of the coupling
between TM dimerization and PDGFRA activation corroborates the data obtained for other RTKs and provides a
foundation for developing novel modulators of the pathological activity of PDGFRA.

1. Introduction

The transmembrane (TM) domains of receptor tyrosine kinases
(RTKs), single-pass membrane proteins in charge of regulating cell di-
vision and growth, have been shown to play a crucial role in the di-
merization and activation of these receptors. Importantly, it is known
that even single-point mutations in RTK TM domains may cause a
number of severe disorders including human inherited diseases and
cancer [1,2]. Despite extensive experimental efforts, however, the
atomistic mechanism behind such effects is far from being fully un-
derstood.

In order to understand activation of RTKs by single-point mutations
at a detailed molecular level, we present here a systematic study of the
structural, dynamic, thermodynamic and functional effects of mutations

in the TM domain of platelet-derived growth factor receptor alpha
(PDGFRA), an RTK with essential roles in embryo development [3,4].
Importantly, PDGFRA is aberrantly activated in many neoplasms such
as glioblastoma, gastrointestinal stromal tumors and chronic eosino-
philic leukemia. Oncogenic activation of PDGFRA is caused by point
mutations, gene amplification, gene fusion or autocrine production of
the ligand [5] [4]. Indeed, we have previously shown that V536E
substitution in the PDGFRA TM domain is sufficient to constitutively
activate the receptor [6]. This mutation was identified in glioblastoma
patients in two independent studies [7,8]. Activation of wild-type PDGF
receptors requires dimerization induced by a dimeric ligand and con-
formational changes in the extracellular domain [9], but the exact
mechanism of how PDGFRA transmits signals across the membrane is
not known. It should, however, be added that the juxtamembrane
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domain between the TM helix and the kinase domain may also be cri-
tical for silencing the receptor in the absence of a ligand [5] [4].

In addition to being motivated by the intrinsic importance of
PDGFRA in different physiological and biomedical contexts, we use it
here as a model system to understand further the atomistic mechanism
of RTK activation by TM domains in general. Previously, we have
shown that the conformations of RTK TM domains are fine-tuned by the
lipid environment, while pathogenic single-point mutations in those
regions induce conformational rearrangements, affect dimerization
strength and potentially facilitate spontaneous activation of the re-
ceptors in the absence of ligands [10] [11]. Indeed, according to the
dominant view of the coupling between TM domain dimerization and
RTK activation, a conformational transition from a non-active TM di-
meric state (coexisting in a preformed ligand-free receptor dimer) to an
active one occurs upon ligand binding. This rearrangement provides an
allosteric signal for the formation of an asymmetric dimer of kinase
domains with a subsequent phosphorylation event in trans. Such a
mechanism has been proposed initially for ErbB2 receptor based on
modeling of TM dimer conformations [12], while the capability of
ErbB2 to form two different TM dimeric structures has further been
confirmed by NMR spectroscopy in membrane mimetics [13] [14]. A
similar mechanism has been suggested for another ErbB family
member, EGFR, based on a combination of mutagenesis, modeling and
NMR spectroscopy [15] [16]. A conformational switch between non-
active and active TM dimeric states has also been connected to the
activation of type I cytokine receptors – thrombopoietin receptor [17]
[18] and growth hormone receptor [19] [20]. Such a conformational
transition in the TM region is typically associated with the presence of
alternative well-defined dimerization motifs in the TM sequence, like in
the case of ErbB receptor family. In this regard, PDGFRA represents a
challenging model system since no obvious dimerization motifs (e.g.
glycophorin-like motifs) can be found in its TM sequence (Fig. 1a).
Moreover, no structural information exists for this receptor, but only its
homolog – PDGFRB (48% of identity in the TM region, Fig. 1a), for
which the TM dimeric conformation has been obtained by NMR [21]
and whose ligand-bound full-length organization has recently been
probed by negative-stain electron microscopy [22].

Here, we use a combination of computational modeling and ex-
periment in order to elucidate the contribution of TM domains to
PDGFRA activation in normal and pathological states. First, we scan all
possible functional amino-acid substitutions in the TM helix of the WT
PDGFRA and its V536E mutant using the PREDDIMER [23] based fra-
mework, in which mutational effects are related to the packing quality
of different reference states. Second, we experimentally test candidate
mutations, while controlling for specificity of predicted mutations by
“glutamate-screening” and mutagenesis in a constitutively active non-
TM mutant background. This is followed by the calculations of asso-
ciation free energies of WT and mutant TM dimers and a low-resolution
NMR analysis of the character of TM dimerization for WT, V536E and
compensatory V536E/S541G mutant. Finally, we use all-atom mole-
cular dynamics (MD) simulations in order to identify structural and
dynamical signatures of active and non-active TM dimer conformations
for the WT and the V536E mutant.

2. Material and methods

2.1. Identification of modulating mutations

To estimate quantitatively the packing quality of PDGFRA TM se-
quences, we have used a stand-alone version of the PREDDIMER web-
server (http://model.nmr.ru/preddimer/), which predicts 3D con-
formation of a TM dimer based on respective TM sequences and ranks
the predicted states according to an empirical scoring function (Fscor)
[23]. Here, this approach was used to scan the effect of single point
mutations in WT and V536E TM sequences (residues 525–549, Fig. 1a,
underlined) on helix packing in different dimeric states. We have

probed 18 types of amino-acid substitution (excluding the helix breaker
Pro and the covalent-dimerization promoting Cys) and each of the 25
and 24 positions of WT and V536E PDGFRA TM sequences, respec-
tively. For each of those sequences, we have predicted top-scoring left-
handed (among 3 possible helix-helix crossing angles (Ω): 40°, 45°, and
50°), right-handed (−40°, −45°, −50°) and near parallel conforma-
tions (−5°, 0°, 5°) for a total of approx. 8×103 different dimer con-
formations under consideration. Mutation effect was estimated ac-
cording to MUTSCORE value:

= − − −MUTSCORE RMS i WT RMS i MUT σ σ( , ) ( , ) { },i
Fscor Fscor

i
Fscor

ref
Fscor

where RMSFscor(i,WT) is the root-mean-square deviation of Fscor values
of dimer conformations for i substituted variant from the reference WT
ensemble; RMSFscor(i,MUT) is the root-mean-square deviation from the
reference V536E ensemble; σiFscor – standard deviation of Fscor values
in i-mutant ensemble; σrefFscor – standard deviation of Fscor values in the
reference dimer ensemble (WT or V536E). If an ith substituted variant is
more similar when it comes to packing to V536E than to WT, ΔRMSFscor

term will have a positive value and if this substitution also decreases
σiFscor of a dimer ensemble (makes it more redundant in terms of Fscor)
as compared to WT then −ΔσFscor also will add a positive value to
MUTSCOREi. Thus, high MUTSCOREi values in such a case indicate a
similarity between ensembles of the ith substituted variant and the
V536E mutant and suggest a potential activating effect of the ith sub-
stitution. For analysis of mutations in V536E, we have used -MUTSC-
OREi values.

2.2. Modeling of 3D conformations for TM dimers

For each of the considered PDGFRA variants (WT, I537G, L534G,
I537D, V536E, V536/A529I, V536/I540D, V536/S541G), we have
predicted ensembles of their dimeric conformations using the PREDD-
IMER web-server [23] in the Ω angles range of (−60°:60°) and have
selected among them three top-scoring conformations for further mo-
lecular dynamics simulations (see Table S1 for details). Glutamic and
aspartic acids have always been considered in the protonated state
(neutral).

Next, we combined different simulation protocols depending on a
particular modeling task. To rank the free-energetically different dimer
configurations, we used a previously optimized protocol for united-
atom GROMOS force field and flexible 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) bilayer, which is closer to the membrane mi-
micking media used in NMR. To study the dynamics of individual states
at the best possible resolution, we used an all-atom Amber force field
and switched to 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) as it approximates the plasma membrane more realistically.

2.3. Calculation of dimerization free energy from molecular dynamics (MD)
simulations

All MD simulations were performed using the GROMACS 4.5
package [24], the united atom GROMOS96 force field (43a2x para-
meter set) and SPC water model [25]. Simulations were carried out
using an integration step of 2 fs and imposed 3D periodic boundary
conditions. A twin-range (10/12 Å) spherical cutoff function was used
to truncate van der Waals interactions. Electrostatic interactions were
treated using the particle-mesh Ewald summation (real space cutoff
10 Å and 1.2 Å grid with fourth-order spline interpolation). MD simu-
lations were carried out in an isothermal-isobaric (NPT) ensemble with
a semi-isotropic pressure of 1 bar and a constant temperature of 315 K.
The pressure and temperature were controlled using a V-rescale ther-
mostat [26] and a Berendsen barostat [27] with 1.0 and 0.1 ps re-
laxation parameters, respectively, and a compressibility of
4.5× 10−5 bar−1 for the barostat. Protein, lipids and water molecules
were coupled separately. Bond lengths were constrained using LINCS
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Fig. 1. Computational design of activating mutations in WT and
compensatory mutations in V536E. a) Sequence alignment for TM
domains (underlined) of PDGFRA and PDGFRB. b) A schematic il-
lustration of the modeling framework. A bar chart depicts absolute
changes in the dimer packing score of WT (open bars) and V536E
(black bars) for a transition from the left-handed to the near-par-
allel conformation (L - > r/l), and from the near-parallel con-
formation to the right-handed one (r/l - > R). c) Mutagenesis
roadmaps for WT and V536E. Top scoring values in each panel are
highlighted in green. MUTSCORE values below 0.1 are not shown
for clarity. The residues forming the dimerization interface I (see
Fig. 3c for details) are highlighted in bold.
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[28].
The initial configurations of the simulated systems were obtained by

inserting a dimeric conformation of TM helices with flanking N- and C-
terminal polar residues (residues 523–551, Fig. 1a) into a pre-equili-
brated lipid bilayer comprised of 128 DMPC molecules using the genbox
utility from the GROMACS package. The latter procedure leads to the
removal of a number of lipid molecules (10−20) to form an appro-
priate pore. Water molecules were added to the simulation box, and
waters placed in the bilayer interior were removed. The systems, thus
prepared, were equilibrated by energy relaxation via 50000 iterations
of the steepest descent minimization followed by heating from 5 K to
315 K during a 50 ps MD run and a 5 ns MD run at 315 K with fixed x-
and y-positions (the bilayer is oriented orthogonal to the z-axis) of the
peptide atoms to compensate for the bilayer distortion. Finally, pro-
duction MD runs of 50 ns were carried out for each system.

Potential of mean force (PMF) profiles for each dimer were calcu-
lated as a function of inter-helical distance. The distance between the
centers of mass was considered as a reaction coordinate r. In total, 32
windows were taken for the umbrella sampling with r varying from 7.0
to 22.5 Å. A set of reference structures was obtained by translating
monomers in the membrane plane along the line connecting their
centers of mass. The initial structure for each window was generated
using a 50 ns MD equilibration (with the same protocol as mentioned
before), where positions of the monomers were fitted to the reference
structure. The 50 ns production MD runs were carried out in each
window with a harmonic force constant of 10 kJmol−1 Å−2. The first
5 ns of each MD trajectory were designated as final equilibration and
were not included in the subsequent analysis. The total PMF profile of
the dimer association was calculated by integrating the mean force< F
(r)> , where F(r) is the projection of the total force on r vector [29].
Error estimation for each run was done by dividing the MD trace into 5
parts, which were used for an independent generation of the profiles.

2.4. All-atom long-term MD simulations

MD simulations were performed using GROMACS 4.5 package [24]
and Amber99SB-ILDN force-field [30] with lipid parameters (Slipids)
[31] and TIP3P water model [32]. The initial configurations of the si-
mulated systems were obtained by inserting dimer conformation into a
pre-equilibrated lipid bilayer comprised of 200 POPC molecules using
the genbox utility from the GROMACS package. After this step was
complete, the system was energy minimized and subjected to an MD
equilibration over 30000 steps using a 0.5 fs time step and 250000 steps
using a 1 fs time step. Finally, production runs of 200 ns were carried
out for all systems using a 2 fs time step. A twin-range (10/14 Å)
spherical cut-off function was used to truncate van der Waals interac-
tions. Electrostatic interactions were treated using the particle-mesh
Ewald summation (real space cutoff 10 and 1.2 Å grid with fourth-order
spline interpolation). MD simulations were carried out using 3D peri-
odic boundary conditions in the isothermal−isobaric (NPT) ensemble
with an isotropic pressure of 1.013 bar and a constant temperature of
310 K. The pressure and temperature were controlled using Nose-Ho-
over thermostat [33] and a Parrinello-Rahman barostat [34] with 0.5
and 10 ps relaxation parameters, respectively, and a compressibility of
4.5× 10−5 bar−1 for the barostat. Protein, lipids and water molecules
were coupled separately. Bond lengths were constrained using LINCS
[28].

2.5. MD analysis

All analyses were done using utilities from the GROMACS 4.5
package [24] and Linux scripts specially written for this purpose. Par-
ticularly, the following structural parameters of a dimer were calcu-
lated using GROMACS utilities: root-mean-square deviation from the
starting configuration and a reference MD trajectory (RMSD, g_rms), a
cumulative rotation angle of helices with respect to each other

(g_helixorient), distances between terminal atoms, W549 and K550 re-
sidues (g_dist). An average number of van-der-Waals lipid contacts for
each protein residue was calculated using g_dist with an applied 3.5 Å
cut-off for any interatomic distances between the two moieties. The
same protocol was used for calculations of helix-helix interface contacts
within a dimer. Evolution of the crossing angle between TM helices (Ω)
during MD was calculated with the utilities specially written for this
purpose. The conformational entropy of each individual lipid molecule
was calculated using quasi-harmonic (QH) approach as described
elsewhere [35]. The characteristic dynamics of different dimer states
were extracted using calculations of eigenvectors from mass-weighted
variance-covariance matrices obtained for MD distribution of x-,y-,z-
atomic degrees of freedom (g-covar). Scalar products between the first
eigenvector components corresponding to Cα-atoms of TM helices were
calculated. For visualization of the TM dimer dynamics, conformations
corresponding to the extremes along the first eigenvectors as well as 8
intermediate states were extracted from MD trajectories (g_anaeig). All
structures were visualized using Pymol [36].

2.6. PDGFRA constitutive activation in vivo

Experiments were performed essentially as described [6] [37].
PDGFRA mutants were generated using the Quickchange mutagenesis
kit (Stratagene) and fully sequenced. Porcine aortic endothelial (PAE)
cells were transfected using Turbofect (Life Technologies) with the in-
dicated PDGFRA mutant together with a luciferase reported gene con-
trolled by STAT transcription factors (GRR) and a constitutive β-ga-
lactosidase reporter. The ratio between the luciferase and the β-
galactosidase activities was calculated for each condition and normal-
ized to the control (vector transfected cells). PDGFRA mutants were
stably transfected in Ba/F3 cells. Cells were selected in the presence of
G418 and IL-3 and sorted by flow cytometry. Cell proliferation was
assessed in the absence of IL-3 (control) or in the presence of PDGF-BB
for 24 h, using a tritiated thymidine incorporation assay. Cells stimu-
lated with IL-3 were proliferated to the same extent (data not shown).
For Western blot experiments, transfected Ba/F3 cells were washed and
cell lysates were analyzed using anti-phospho-Y694-STAT5, anti-
STAT5, anti-phospho-S473-AKT or anti-AKT (Cell Signaling Technolo-
gies).

2.7. Expression and purification of WT and mutant PDGFRA TM fragments
for NMR experiments

The plasmid constructs were based on the pGEMEX-1 vector
(Promega). PDGFRA gene fragment was amplified by PCR with flanking
primers. A 6 His tag followed by a thrombin site was inserted upstream
to the gene. Amplicon was hydrolyzed by BamHI and HindIII re-
strictases, the sites of which are located at the 5′- and 3′-ends of the
PDGFRA gene, respectively, and then ligated with the vector pre-
liminary subjected to the hydrolysis by the same restrictases. DNA of
the selected clones was sequenced within the insertion.

E. coli Rosetta(DE3)/pLysS cells were transformed by the pGEMEX/
PDGFRA plasmid and cultivated at 37°С on LB medium for 5 h. Cell
culture was diluted into M-5052 autoinduction medium (0.5% glycerol,
0.05% glucose, 0.2% lactose) [38] to the final OD550 equal to 0.1 and
incubated for 24 h at 37 °C and 300 rpm.

Cells were centrifuged and pellet lysed in 30ml of buffer A con-
taining 50mМ Tris-HCl pH 8, 4М urea, 0.25М NaCl, 1% laur-
oylsarcosine, 10mМ β–mercaptoethanol, 0.1 mМ phenylmethylsulfo-
nylfluoride. Suspension was sonicated 7 times for 30 s with 5min pulses
in ice bath and centrifuged at 15000 g for 20min. Then the supernatant
was applied on Ni-sepharose column preliminary equilibrated with
buffer A. Column was washed with buffer B (the same as buffer A, but
without urea) for removing urea and buffer C (the same as buffer B but
with supplemented with 1% triton X-100) for detergent exchange.
Target protein was eluted with buffer E (the same as buffer C but with
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250mM imidazole). Hydrolysis of the hybrid protein was carried out at
room temperature; 25 NIH activity units of thrombin per 1mg of hybrid
protein were added and the mixture was incubated for 16–20 h. Protein
was precipitated with the Triton X-100 detergent by addition of 15 vol
% of the trifluoroethanol thus separating from the thrombin left soluble
in the water phase. Precipitate of the target protein and detergent was 2
times washed out of detergent with acetone and solubilized in 0.5%
lauroylsarcosine for subtractive chromatography on Ni-high perfor-
mance sepharose. Unbound protein was reprecipitated with tri-
chloroacetic acid with the subsequent 3-times acetone washing. The
precipitate was solubilized in the trifluoroethanol-water mix (2/1 vo-
lume ratio) and used for incorporation into the micelles or lyophilized
for storage.

2.8. NMR experiments

The 15N-labeled wild-type and mutant PDGFRA TM fragments were
incorporated into dodecylphosphocholine (DPC) micelles with an ef-
fective detergent/protein molar ratio (D/P) varied from 70 to 1000 at
total detergent concentrations varied from 16 to 200mM. The peptide's
powder was first dissolved in 1/1 (v/v) trifluoroethanol-water mixture
with addition of DPC, then kept for several minutes in an ultrasound
bath and lyophilized. After that, the dried 15 N-labeled samples were
dissolved at pH 5.0 in 250 μl of a buffer solution, containing 30mM
Na2HPO4, 15mM citric acid, 0.15 μM sodium azide, and 5% D2O. The
pH value of 5.0 has been chosen to ensure that the TM ionogenic side
chains of mutant PDGFRA TM fragments are protonated and uncharged,
allowing peptide penetration through the membrane mimetic particle
[39]. In order to ensure uniformity of the micelle size, several free-
ze–thaw cycles were carried out at each D/P point, followed by soni-
cation until the sample became transparent. The 1H/15N-TROSY NMR
spectra [40] were acquired for a detection of an oligomeric state and
conformation of the 15N-labeled wild-type and mutant PDGFRA TM
fragments in the membrane-mimicking DPC micelles at 40 °C on
600MHz AVANCE III spectrometer (Bruker BioSpin) equipped with the
pulsed-field gradient triple-resonance cryoprobe. Partial signal assign-
ment was made based on the NMR spectra of the selectively labeled
PDGFRA WT fragments containing 15N-labeled T, K, or W amino acids,
as well on the characteristic chemical shifts and signal broadening ty-
pical for the residues situated either in TM helix embedded into a mi-
celle or in water-exposed, flexible juxtamembrane regions [41] [16].

3. Results

3.1. Design of activating and compensatory TM mutations in WT and
V536E backgrounds

To identify mutations that could modulate dimerization of PDGFRA
TM domains, we have used an automated, self-consistent computational
framework. Specifically, we have modeled PDGFRA TM dimer con-
formations using our previously developed PREDDIMER algorithm
[23], which reconstructs ensembles of dimeric states based on TM se-
quences. Previously, we have proposed that PDGFRA TM dimer can
form right-handed and left-handed conformations, whereby the latter is
similar to the NMR structure of the PDGFRB TM dimer [6]. Here, we
perform an in silico scan of each of the 25 and 24 positions in WT and
V536E PDGFRA TM sequences, respectively, and analyze the potential
effect of all possible single amino-acid substitutions on the dimer geo-
metry and its packing quality. For each sequence, we predict the top-
scoring left-handed (L), right-handed (R) and near parallel conforma-
tions (r/l), resulting in ca. 8× 103 different dimer conformations in
total. To assess the effect of a given mutation, we define a scoring
function (MUTSCORE), which accounts for the change in the hetero-
geneity of the thus defined dimer ensembles upon mutation and the
similarity of packing quality of the resulting conformations with respect
to the reference WT and V536E ensembles. In these high-throughput

calculations, we use the packing quality as a proxy for the association
strength of TM monomers. Note that the heights of the barriers separ-
ating different states are also important to consider, but here we focus
exclusively on the thermodynamic aspects of the problem at hand i.e.
population differences in equilibrium. Thus, our scoring function for
mutation screening is based on the idea that conformational ensembles
of the TM dimer, whereby multiple states exhibit similar association
strengths, may be characterized by facile transitions between them and
subsequent spontaneous activation, while in the case of the ensembles
where the dimer exists in a single predominant state, such transitions
would require additional energy input [11]. For example, transitions
between L and r/L dimeric states require a similar level of packing re-
arrangement in both WT and V536E dimers, while r/l to R transition
requires a larger packing perturbation for the WT than the mutant
(Fig. 1b). Altogether, MUTSCORE identifies the position and the type of
mutations, which decrease the heterogeneity of the packing quality of
mutant conformations with respect to the reference WT ensemble and
change in these values towards V536E. Oppositely, compensatory mu-
tations in the V536E background (eliminating its unwanted activation)
increase the heterogeneity of the ensemble and make the ranking of
states similar to the WT. Note that the scoring function for PDGFRA TM
has an absolute maximum value of 0.7 and the values above 0.3 are
among the top 10% of the obtained scores in both cases.

Interestingly, the mutations predicted as “activating” for the WT
display a defined pattern with regard to the type of amino-acid sub-
stitutions and their position in the helix (Fig. 1c). Specifically, most of
them affect the prominent aliphatic patch in the middle of the helix
(L532-I540), which is responsible for the dimerization via the heptad
motif along one possible dimerization interface (termed here “interface
I", with positions in Fig. 1c given in bold characters; see also Fig. 3c).
Moreover, such mutations involve a limited repertoire of amino acids:
Asp, Gly, Ser, Glu, Gln, Arg and Thr, ordered here with respect to the
number of possible positions. Similar substitutions in the TM domain
are known to be responsible for constitutive activation and pathological
effect in different RTK members (ErbB [42] [13] [43] [44], FGFR [41],
etc) and typically derive from single nucleotide substitutions in the
receptor gene. In contrast to the WT, the mutations predicted as “de-
activating” for the V536E display some tendency to be outside of in-
terface I (see below).

3.2. Experimental validation of predicted mutations in cells

To validate the above approach, we have first selected three mu-
tations in the vicinity of V536, that exhibit different values of the
scoring function and are among the most likely substitution types (see
above): I537D (0.7), I537G (0.5), L534G (0.3), with the scoring values
given in the parentheses. We have tested the ability of these mutants to
activate PDGFRA signaling by using a luciferase reporter assay that is
sensitive to STAT transcription factor activation (Fig. 2a). To confirm
these results, we have transfected the mutated receptors into Ba/F3
cells, a classical model system for testing proliferation induced by on-
cogenes [6] [45] (Fig. 2b). A cell population expressing similar levels of
receptors was obtained after selection in the presence of G418 and cell
sorting according to receptor expression. Constitutive signaling in these
cells was further confirmed by a Western blot analysis using specific
antibodies that recognize activated STAT5 and AKT (Fig. 2c, d). Based
on these results, we have identified a new activating mutation I537D,
which resembles the phenotype of the V536E oncogenic mutant ac-
cording to all three experiments. Other tested WT mutants (I537G and
L534G) display no effect (Fig. 1c, Fig. 2). As an additional control for
specificity of the prediction, we performed “glutamate-screening” by
introducing Glu at one of the four positions upstream and downstream
of V536. Some of these mutants showed a weak activity in the luciferase
test, while none of them stimulated Ba/F3 cell proliferation. Also, no
evidence of constitutive signaling was found for most of the Glu-mu-
tants by Western blot, except with V536E, used as a positive control,
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and V533E, which induces Akt phosphorylation (see Fig. S1 for details)
and was also predicted to have an effect in MUTSCORE calculations
(Fig. 1c). Altogether, activities of the tested WT mutants correspond
well to the predictions of our computational framework, with the most
important outcome being the identification of a novel activating mu-
tation I537D.

Using an analogous approach, we next validated our computational
predictions in the case of compensatory mutations for V536E. We se-
lected V536E/S541G as a mutation with a relatively high score (0.5)
and two mutations with lower scores upstream and downstream of
V536, lying on the same face of the TM helix (Fig. 3c): A529I (0.2) and
I540D (< 0.2). In the three assays described above, the double mutant
V536E/S541G behaved similarly to the WT receptor, indicating that the
mutation eliminated constitutive activation (Figs. 1c and Fig. 2).
Among other tested substitutions, I540D mutation reduced cell pro-
liferation and signaling significantly, albeit to a lesser extent as com-
pared to S541G. The A529I mutation had no significant impact on the
luciferase activity and cell proliferation, but exhibited a decreased
ability to activate AKT (Fig. 2). To determine whether S541 works
specifically in the V536E background, we introduced the same muta-
tion in the WT and in another oncogenic mutant D842V, which affects
the kinase domain activation loop and is recurrently found in gastro-
intestinal stromal tumors (GIST) [45]. We observed that S541G (pre-
dicted to have no activating effect in WT) also reduces the ability of the
wild-type receptor to signal and stimulate cell growth, while the re-
lative effect is less dramatic as compared to that in the V536E back-
ground (Fig. S2). By contrast, this substitution did not significantly
affect the activity of the D842V oncogenic mutation, suggesting that
this kinase domain mutation alleviates the requirement for a specific

TM domain conformation. We compared the three predicted top-
scoring conformations of S541G to those of WT (Fig. S2d). While the L
and R conformations of the two dimers associated via interface I are
almost identical, the r conformations deviate from each other by 0.2 nm
in backbone root-mean-squared deviation (RMSD). Thus, S541G forms
a more compact r dimer conformation due to tighter helix packing via
an alternative dimerization interface (“interface II”, Fig. 3c, see below).

3.3. Mutations change association strength at different dimerization
interfaces

To analyze in detail the thermodynamics of the dimerization process
of the WT and the mutant PDGFRA TM domains via different interfaces,
we have employed a previously established modeling framework [10]
[11] [46] that combines a relaxation of dimer conformations predicted
by PREDDIMER using atomistic MD simulations in an explicit mem-
brane environment (DMPC), followed by the potential of mean force
(PMF) calculations (see Methods for details). In particular, for the
variants with normal (WT, V536E/S541G, I537G and L534G) and in-
creased activities (V536E, I537D, V536E/A529I, V536E/I540D), we
have selected the three top-scoring conformations according to the
PREDDIMER packing score in the Ω angle range of (−60°:60°) and
obtained their dimerization free energies. This has resulted in ap-
proximately 40 μs of total MD statistics. Although DMPC bilayer is
much more dynamic and adaptable environment than the cellular
membrane, it gives an opportunity to derive free energies for the dimer
association along different interfaces that are less affected by particular
membrane properties [10], such as hydrophobic thickness [21] and in
this sense approximates better the membrane mimetics used in solution

Fig. 2. Validation of the predicted mutations in cell experiments. a) PAE cells were transfected with the indicated PDGFRA mutant together with a luciferase reported
gene controlled by STAT transcription factors. The luciferase activity was normalized to the control (vector) condition. The average of three independent experiments
is shown. The indicated receptor construct was stably transfected in Ba/F3 cells. b) Cell proliferation was assessed in the absence of IL-3 (control) or in the presence of
PDGF-BB for 24 h, using a tritiated thymidine incorporation assay. Cells stimulated with IL-3 proliferated to the same extent (data not shown). Ba/F3 cell lysates were
analyzed by Western blot with anti-phospho-STAT5 (c) or anti-phospho-AKT (d) antibodies. The p-STAT5 band is indicated with an arrow.
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NMR experiments (see below).
According to the calculated free-energy data (see also Table S1 for

details), the lowest energy state of the WT dimer (Fig. 3a) corresponds
to the L conformation, while r and R conformations differ from it (11.3
and 35.3 kJmol−1

, respectively) and from each other (24.0 kJmol−1)
by substantial free-energy gaps. In contrast, the V536E mutation
equalizes different dimer conformations with respect to their associa-
tion free energies (Fig. 3a) with the substantially reduced free-energy
differences for L to r (5.5 kJmol−1), r to R (5.0 kJmol−1), and L to R
(10.5 kJmol−1) transitions (for a detailed description of the free-energy
ranking of dimer conformations for WT and different mutants see S1
Text). This mutation also in general weakens the association strength of
the TM dimer. A similar effect was experimentally observed for the
V664E TM mutation in the Neu receptor [47].

We classify the dimer conformations according to their association
interfaces using a helical wheel projection of the TM helix (Fig. 3c).
Analysis of MD relaxation trajectories for the top-scoring conformations
of 8 TM variants shows that most of them form dimers between two
well-defined, nearly opposite faces of the helix, which are depicted in
green (interface I) and red (interface II), respectively. In the WT, the L
and R dimers associate via interface I, while the r dimer associates with
interface II (Fig. 3a, c). Interestingly, V536E helices undergo dimer-
ization, where r and R conformations swap interfaces as compared to
the WT dimer. In particular, the V536E L and r conformations associate
via interface I, while the R conformation is formed by the opposite sides
of helices (interface II). Moreover, their free-energy ranking is promi-
nently different from the WT (Fig. 3b). Thus, spontaneous transition to
interface I R conformation (green bar) is restricted in WT by a free-
energy penalty. In contrast, V536E r dimer associating via the interface
I is energetically not too distant from the dominant L state. For other
variants of V536E, we also observe that the presence of the favorable
interface I, R (or r) dimer conformations in the ensemble corresponds to
constitutive activation of the receptor (Fig. 3b). The I537D activating
mutation in the WT perturbs the dimer ensemble more strongly as

compared to the V536E mutation due to the introduction of an addi-
tional H-bond between D537 and S541 (Fig. S3), which stabilizes
conformations with interface II (L) and the mixed I/II ones (l). The
right-handed I537D dimer with the interface I is the most stable among
other tested variants, although it is separated by a significant free en-
ergy gap from the left-handed ones. Such a difference between V536E
and I537D at the ensemble level can potentially explain the fact that,
although the latter mutation mimics activation of the oncogenic one,
the level of activation is smaller (Fig. 2). The Gly mutations in the WT
also display a common trend in that they stabilize conformations with
interfaces where they introduce a glycophorin-like dimerization motif.
Namely, these are interface II conformations in L534G (Fig. 3b) and
mixed I/II conformations in I537G (Fig. 3b, two-color bar). The L534G
and I537G mutants, however, display no favorable dimerization via
interface I, which can potentially explain the absence of constitutive
activation for these mutants. Finally, the S541G mutation in the V536E
background, in addition to restricting the left-to-right transition, also
eliminates any favorable conformations with interface I.

3.4. Activating and compensatory mutations directly modulate TM
dimerization according to fingerprinting NMR spectra

To probe the direct effect of TM mutations on PDGFRA TM domain
dimerization and validate the modeling data, we have acquired 1H/15N-
heteronuclear NMR spectra in membrane-mimicking dodecylpho-
sphocholine (DPC) micelles for three 15N-labeled recombinant frag-
ments corresponding to TM fragments of WT, V536E, and V536E/
S541G variants (see Methods for details). While high-resolution NMR
data were out of scope of the present study, we have managed to per-
form partial assignment of the signals from N- and C-terminal peptide
residues for the obtained NMR spectra (see Methods for details). These
fingerprinting spectra clearly demonstrate that all tested PDGFRA TM
fragments adopt mostly a helical conformation having the characteristic
dispersion from 7.5 ppm to 9.0 ppm for the 1H-chemical shifts of the

Fig. 3. MD-derived association free energies for the three top-scoring predicted TM dimer conformations of PDGFRA WT and mutants. a) A free-energy diagram for
the WT and V536E ensembles. b) Association free energies for all modeled conformations. Constitutively active PDGFRA variants (Fig. 2) are marked with a star. “R”
and “L” indicate right-handed and left-handed dimers, respectively. “r” and “l” indicate near-parallel dimer arrangement in the right-handed and left-handed area,
respectively. c) The helical-wheel representation of the PDGFRA TM helix and the top view of WT L dimer. Alanine, aliphatic and tryptophan residues are shown with
orange circles of different shades. Polar serine and threonine residues are shown with blue circles. Green and red lines depict subsets of interface I and interface II
helical sides participating in the dimerization, respectively. Helices are shown in cartoon representation, where key residues are shown with sticks and green and red
colors correspond to interface I an II, respectively. In panels a) and b) green and red colors correspond to interface I and interface II dimers, where dark and bright
tones depict left-handed and right-handed arrangements, respectively. Dimers with mixed I/II interfaces are shown with two colors, respectively.
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amide groups (Fig. 4, Fig. S4). Using 3 different detergent-to-peptide
ratios (D/P: 1000, 200, and 70), we observe concentration-dependent
signal perturbations (doubling, broadening and shifting) in the NMR
spectra of the fragments. Thus, 1H/15N-TROSY NMR spectrum of WT at
D/P=1000 mostly resembles monomeric signals, while decreasing the
D/P ratio leads to broadening and shifting of the NH cross-peaks due to
a perturbation of the WT TM fragment structure. Such stepwise per-
turbation can be caused by increased self-association of the TM helices
in the micelles saturated by the peptide (Fig. 4b), as is typical for
weakly dimerized/oligomerized TM domains of different proteins [41]
[16,48]. Low dimerization of WT at high D/P ratio is also in line with
SDS-PAGE experiments, where the WT TM fragment exists preferably in
a monomeric state (Fig. S4a). On the basis of these data, we conclude
that the association of the WT TM fragments at a lower D/P ratio po-
pulates a dimeric state, whereby the NMR signals coming from both the
N-terminal part of the peptide (NεH R522, NH T520 and T526) and the
C-terminal part (NεH W549, NH W549, NH K550, NH K552) appear to
be affected by self-association that may indicate near-parallel ar-
rangement of the WT dimer corresponding to the predicted r con-
formation (Fig. 3a). It is interesting that in this conformation W549 and
K550 can form a cation-pi interaction pair (see below) that can be re-
lated to wide-range shifts of NH K550 cross-peaks upon titration.

According to the fingerprinting NMR spectra and SDS-PAGE
(Fig. 4a, c, Fig. S4a), the V536E mutation strongly affects conforma-
tional behavior and self-association of TM helices. First, even at the D/P
ratio of 1000, the 1H/15N-TROSY NMR spectrum of the V536E mutant
displays a tendency to strongly self-associate as can be concluded from
the comparison of its spectrum with that of the WT. Particularly, self-
association leads to broadening and doubling of most of the NH cross-
peaks. The character of the V536E spectra also suggests slower con-
formational exchange as compared to the WT, which is also illustrated
by the presence of a stable V536E dimer band in the SDS-PAGE ex-
periment (Fig. S4). For the assigned signals, we observe the effect in
both N- (NεH R522, NH T520 and T526) and C-terminal parts (NεH and
NH W549, NH K550, NH K552). While NεH and NH W549 peaks be-
come broader as compared to the WT, the signals of NH K550, already

at the D/P ratio of 1000, are located near the position of those in the
WT spectra at low D/P ratios (Fig. 4a) and do not display significant
changes upon decreasing the D/P ratio (Fig. 4c). At the same time, the
signals of NH K552 are split into two distinct peaks indicating the
presence of at least two discrete states in the ensemble (Fig. 4a, c). The
occupancy of the dimeric state is increased from 40% at the D/P ratio of
1000 to 56% at the D/P ratio of 200. Further, we speculate that the
spectrum of V536E at the high D/P ratio corresponds not only to
monomer-dimer transitions, but also captures the presence of another
dimeric state with an alternative interface. Decreasing the D/P ratio
leads to an even more prominent oligomerization and populates an
alternative state, which is reflected in the diffuse shape of the spectra
(Fig. 4c). Importantly, at the D/P ratio of 70, two independent peaks
corresponding to NH K552 merge, potentially indicating the presence of
higher oligomers (e.g. tetramers, see below) comprising different dimer
conformations and/or the appearance in the ensemble of an additional
dimeric state. We should mention that in contrast to the WT, both
mutants display a strong tendency to oligomerize even in SDS-PAGE,
where we detect bands not only for dimers, but also for oligomers of
different sizes (Fig. S4a). In particular, a compensatory mutation S541G
seems to potentiate the oligomerization of V536E, which results in the
noisy character of its spectrum even at the D/P ratio of 1000 (Fig. S4c,
d). Although it is difficult to interpret the spectra of the double mutant
without additional information, it is clear that the S541G mutation
almost completely depletes the additional NH K522 signal at 8.2/
126.5 ppm for the 1H-/15N-chemical shifts for all tested D/P ratios and
also narrows the signals of NεH and NH W549, and NH K550 as com-
pared to V536E (Fig. S4c, d, Fig. 4c). For the latter one, we attribute
these signals at the high D/P ratio to the R dimer, where helices un-
dergo dimerization via interface II of the C-terminal part of the peptide
(Fig. 3c) engaging S541 and W549 into inter-helical contacts. An al-
ternative dimer state for V536E at the high D/P ratio seems to be re-
lated to dimerization via the interface I. Particularly, the wider range of
shifts observed in the V536E for NH T526 peaks as compared to the WT
suggests a potential contribution of this interface I residue to the di-
merization. At the D/P ratio of 70, the two alternative dimers can

Fig. 4. Oligomerization in vitro. Overlaid 1H/15N-heteronuclear NMR spectra: a) WT and V536E at detergent/protein (D/P) ratio of 1000; b) WT at different D/P
ratios; c) V536E at different D/P ratios.
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arrange into higher oligomers, e.g. a putative tetramer, where the R
dimeric conformation (interface II) represents a core, while additional
helices are bound to this dimer via interface I engaging E536 for inter-
helical contacts, resulting in the formation of two additional L dimers
(Fig. S4b).

3.5. V536E mutation introduces a hinge and slows down TM dimer
dynamics

To investigate the characteristic dynamics of individual dimeric
states that could contribute to the allosteric signal transduction upon
PDGFRA activation in the case of the WT and the V536E mutant, we
have performed extensive all-atom MD simulations of the respective
three top-scoring dimer conformations in a POPC bilayer (see Methods
for the details). In contrast to the rather fluid DMPC used for relaxation
and free energy calculations of TM dimers (see above), POPC is sup-
posed to mimic better the cell membrane. According to the MD data, all
WT dimer conformations are found to be relatively more dynamic and
structurally heterogeneous as compared to V536E. Thus, backbone
RMSD values (Fig. S5a, b) of WT states exceed 0.3 nm in the course of
simulations, while for both the L and R V536E dimers the deviations
remain below 0.25 nm and only the near-parallel conformation deviates
more significantly from the start. Such an effect has a direct structural
explanation: E536 (protonated in MD simulations), when residing on
the dimer interface (interface I), can form very stable intermolecular
van-der-Waals contacts with neighboring V533 and I540 as well as
hydrogen bonds with a Glu from another helix (Fig. S6). These addi-
tional contacts, which are absent in the WT, constrain dynamics in the
mutant dimer. For the near-parallel models of the WT and the V536E
mutant (initially right-handed, hereinafter r/l), we observe a re-
arrangement to the left-handed conformations (the Ω angle time series,
Fig. S5c, d). Whereas for the V536E r/l conformation these rearrange-
ments seem to be rather reversible with multiple forward-and-back,
right-to-left transitions, this transition displays an irreversible character
in the case of the WT. The r/l conformation of V536E becomes similar
to the L states during MD (Fig. S7a, b), corroborating the above results
showing the redundancy of the V536E dimeric ensemble and small
energy gaps between the r/l and the L states. In contrast to the mutant,
the near-parallel conformation of the WT transits to the left-handed
state distinct from the L dimer (Fig. S7a, b). The observed dynamics of
the dimer is modulated by its interaction with the POPC lipid en-
vironment, where the exposed dimer surface and geometry predefine
the character of protein-lipid interactions. The total MD-averaged
number of such lipids varies between the WT dimer states as follows:
16.1, 13.7, and 18.5 molecules for the L, r/l and R conformations, re-
spectively (Fig. S8a). For the mutant dimer, these values are more si-
milar: 15.5, 15.6, and 16.3 molecules, respectively. Interestingly, we
observe that polar residues exposed to the lipid matrix (particularly
S541) form the most prominent lipid interaction sites (Fig. S8a). From
the entropic point of view, arresting of lipids and slowing down of their
dynamics by a TM dimer should have an unfavorable thermodynamic
effect similar to the hydrophobic effect in water that can be quantified
using the calculation of quasi-harmonic (QH) conformational entropy
for the lipid molecules (see Methods). In contrast to the mutant, where
both of the interface I conformations have a similar entropic effect on
lipids, the WT L and R conformations are prominently different with
regards to this parameter (Fig. S8b). The latter WT dimer displays the
strongest unfavorable entropic effect among the other states.

3.6. Displacement of C-termini in the TM dimer is constrained by the
“cation-pi lock”

Internal dimer dynamics and geometry affect the mutual position of
its N- and C-termini (for details see S2 text). Particularly, the dynamics
of the C-termini in the TM PDGFRA dimer is shaped by the interaction
between the C-terminal residues, e.g. W549 and K550 (Fig. 5a). The

latter ones are conserved in different PDGFRs (e.g., in PDGFRB, where K
swaps its position with the neighboring Q, Fig. 5b) and can potentially
form stable intermolecular cation-pi interactions in the low-dielectric
membrane environment [49] [50]. The possibility to form such cation-
pi pairs depends on the dimerization interface: in both WT and V536E,
only dimers associated via the interface II are able to form short-dis-
tance intermolecular pairs between the aforementioned residues
(Fig. 5a). Thus, the average MD distances for the two Lys-Trp pairs in
the WT r/l conformation are 0.66 ± 0.12 nm and 0.72 ± 0.32. Simi-
larly, such interactions are enabled in the V536E R conformations,
where the corresponding distances are 0.65 ± 0.15 and
1.14 ± 0.14 nm, respectively. Although cation-pi interactions are
weaker in the mutant dimer, in both cases the assembly of such a “Lys-
Trp lock” for the interface II results in constrained dynamics of the C-
termini. Interestingly, neighboring aromatic and basic residues in the C-
terminal part of the TM region can also be found in a number of RTKs
from the same group of the human “kinome” [51] (Fig. 5b). Such pairs
(e.g. Lys/Trp and Lys/Tyr) are particularly enriched in the RTK type III
subfamily (also known as PDGF receptor family) that may indicate their
functional importance for constraining some particular TM dimer con-
formations via the cation-pi lock.

3.7. V536E mutation reshapes the dynamic modes of the TM dimer

We have analyzed the dominant dynamics of different dimeric states
using calculations of the first and the second eigenvectors of mass-
weighted MD-derived variance-covariance matrices [52] and have ex-
tracted in this way information about the TM dimer motion in the sub-
terahertz frequency range, corresponding to picosecond collective dy-
namics of lipid chains [53]. The obtained correlation maps for Cα-atom
components of the first eigenvector capture a unique pattern of con-
certed motions within the dimer (Fig. 5c, d, Fig. S10). For example, we
observe large amplitude motions along the first eigenvector in all states
for the WT (Fig. S10), where periodic intensity patterns (correlated/
anticorrelated motions with periodicity of approx. 4 residues) corre-
spond to a rotation of the helices (see also Fig. S9 and S3 Text). Note
that rotation of TM helices inside the lipid bilayer is generally re-
strained by the environment and, to be sampled at a certain level of
completeness, would require a much longer simulation, going even
beyond the microsecond range (see e.g. [54]). Here, we observe just
partial and rather reversible rotations of helices which do not lead to
substantial dimer rearrangement and switch between dimerization in-
terfaces, and should be considered as “breathing” of a given dimer
conformation. Apart from just the rotation of the helices, the TM dimers
can exhibit a mixture of different types of motion. For instance, for the
WT r/l dimer, where we detect a transition between right- and left-
handed configurations (Fig. S5c) in addition to the rotation of helices,
the “butterfly” pattern in scalar-product maps points to a scissor-like
movement of the helices (Fig. S10). Surprisingly, the characteristic
dynamics of the mutant dimer seems to be prominently different from
that of the WT. Thus, mutant dimeric states demonstrate a less-corre-
lated character of large-amplitude motions. Except for the R con-
formation, we do not observe any prominent rotation signatures for
other mutant dimer conformations (Fig. S10, Fig. S9). The difference in
dynamic patterns is particularly remarkable for similar interface WT (R)
and mutant dimer conformations (r/l). In the WT dimer, the helices
rotate with respect to each other in a gear-like manner (Fig. 5c, Movies
S1, S2) corresponding to a large-amplitude movement of the dimer C-
termini and transitions of the dimer through an asymmetric arrange-
ment. In the case of the mutant, the dynamic mode is a mixture of
scissor-like movements with respect to the central hinge (E536-E536)
and helices bending in the C-terminal part (Fig. 5d, Movies S3, S4),
while the helices seem to be less synchronized in the central part as
compared to the WT.

To understand how characteristic dynamics differs in the known
active and non-active TM dimer states, we have also performed the
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above analysis for the recently published MD simulations in the POPC
bilayer (200 ns long) of the NMR-derived TM dimer conformations of
EGFR [55] with the helices associated via their C– (non-active, b1C)
and N-terminal regions (active, b1N) [15] [16] (Fig. S11a). The cal-
culated concerted motions in b1N and b1C conformations show that
these two states are prominently different in their characteristic dy-
namics (Fig. S11b). In the first case, a periodic intensity pattern cor-
responds to a rigid-body gear-like rotation of the helices (see also
Fig. 5c, Movies S1, S2), while in the second case the only observed
correlated motions correspond to the separation of the N-terminal re-
gions. Importantly, in agreement with our all-atom simulations, the
recent coarse-grained MD simulations of the EGFR TM dimer have
shown how a combination of helix rotation and scissor-like motion
(pivot) can shape the switch between active and non-active dimeric

states [56].

4. Discussion

4.1. Contribution of TM dimerization to WT PDGFRA activation

In contrast to ErbB family receptors, the TM domain of WT PDGFRA
lacks a well-defined polar (glycophorin-like) dimerization motifs
(Fig. 1a). This suggests that the PDGFRA WT TM helices dimerize
mostly through packing of aliphatic side-chains at the interface, which
in turn results in multiple rotationally related states in the left- and
right-handed Ω angle regions. Our analysis shows that such dimeriza-
tion occurs via two distinct interfaces (I and II), with hybrid packing
also possible (Fig. 3c). Moreover, our results show that the interface I

Fig. 5. Dynamics of WT and V536E TM dimers in POPC membrane. a) Distributions of W549-K550 distances in different dimer conformations. Colors correspond to
dimerization interfaces (for details, see the caption for Fig. 3). b) Alignment of TM+ juxtamembrane sequences for RTKs from the same group [51]. The members of
RTK type III family are highlighted in bold. Neighboring aromatic and basic residues in C-terminal part are given with orange and blue characters, respectively. c-d)
Characteristic dynamics of TM dimers. Concerted motions in WT R (c) and V536E r/l (d) dimers delineated by the covariance analysis of 200 ns MD trajectories in
POPC membrane. 2D maps of scalar products of Cα-atom projections of the first eigenvector (left panels) onto dimer conformations (right panels) representing the
extremes of movements along the first eigenvector. Positive and negative values of scalar products depict, respectively, pairwise correlation and anticorrelation
between directions of Ca-atoms displacement along the first eigenvector. Helices are shown in molecular surface representation, while green and red patches depict
the position of V536 and E536, respectively. Cyan arrows depict the direction of movements. See also movies S1-S4 for visualization of the movements in the
corresponding dimer conformations.
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and II dimers differ in the characteristic dynamics of TM helices, which
is responsible for allosteric signal transmission between the receptor's
extracellular and kinase domains. Such ligand-induced symmetric or
asymmetric rearrangements and scissoring of the TM helices required
for downstream signal transmission have been detected recently in
another class of membrane receptors - sensor histidine kinases [57]. In
the case of PDGFRs, binding of two PDGF molecules to corresponding
receptor sites leads to a dimerization of extracellular and TM regions of
the receptors and an asymmetric dimerization of their kinase domains,
as shown for PDGFRB using negative-stain electron microscopy imaging
[22]. While the resolution in this experiment did not allow for a precise
definition of the configuration of TM domains in the full-length ligand-
bound PDGFRB dimer, the authors fitted the NMR structure of the
PDGFRB left-handed TM dimer [21] to the electron density corre-
sponding to the TM dimer and detergent molecules. This analysis has
shown that in the activated receptor, the TM helices adopt an ar-
rangement in which the N-termini remain close to each other. As we
have demonstrated before, PDGFRA is able to form a dimer in the li-
gand-free state [6]. This, in turn, suggests that the TM dimer con-
formation present in the apo state likely rearranges in response to the
mechanical input of ligand binding (Fig. 6).

According to MD data on EGFR, its active TM dimer (b1N) displays
a specific dynamic mode characterized by a rotation of helices, which is
absent in the non-active state (b1C, Fig. S11). The dynamic behavior of
the b1N dimer, together with a higher level of lipid perturbation than

for b1C [55], indicates that the former EGFR conformation may be
metastable. This would diminish a spontaneous transition to the b1N
state facilitating respective asymmetric association of kinase domains
due to rotation of the helices and their arrangement into a transient
asymmetric dimer. A comparison of MD data for the PDGFRA dimer
conformations with the EGFR reference suggests that the PDGFRA WT
interface I R dimer closely resembles the EGFR active dimer in geo-
metric terms, but also when it comes to its dynamics and lipid inter-
actions (Fig. 5c, Fig. S8, Fig. S11). In WT, spontaneous transition to R
conformation is restricted by a significant free-energy penalty (Fig. 3a),
where the dominant state of the dimer corresponds to the interface I L
conformation and a switch to the R state also requires transition
through the near-parallel r/l state with the interface II. Dimerization
along the latter interface provides an arrangement, whereby W549 and
K550 can form interacting cation-pi pairs (Fig. 5a). Indeed, the per-
turbation of NεH, NH W549 and NH K550 NMR signals upon dimer-
ization of the WT TM domains (Fig. 4b) can be related to the interaction
between these residues. We speculate that this “Lys-Trp lock”, can
provide an additional level of control of spontaneous activation, since it
imposes physical constraints the displacement of C-termini (Fig. S5g,
h). Such interactions between neighboring aromatic and basic residues
could also shape activation via TM domains in other RTK members with
similar sequence organization, such as in particular the RTK type III
subfamily (Fig. 5b). Hence, in order to release the C-termini and give
them sufficient freedom for rearrangements of the downstream kinase
domains, the PDGFRA TM dimer should switch to the interface I con-
formation (Fig. 6). From this perspective, we cannot absolutely exclude
the possibility that the WT L state (interface I) also facilitates the re-
quired arrangement for activation of the kinase domains. However, as
this conformation typically corresponds to the low-energy states in
ensembles of PDGFRA variants with negligible basal activity (WT,
V536E/S541G) and as its dynamic modes lack a concerted rotation of
the helices seen in the “genuine” active R conformation (or b1N dimer
of EGFR), it probably corresponds to a partially active state, which
would potentiate the low level of constitutive activation (Fig. 2). For
example, such a state is found among rotationally related conforma-
tions of the TM dimer of thrombopoietin receptor [17]. Another pos-
sibility is that the left-handed interface I PDGFRA dimer, albeit en-
ergetically favorable and present in the PDGFRB TM dimer [21],
represents a configuration, which is only formed by isolated TM do-
mains, but not as a part of the full-length receptor.

4.2. Effect of TM mutations on the formation and dynamics of PDGFRA TM
dimers

The association free energy of TM dimer conformations depends on
direct protein-protein interactions, but also on the lipid environment
[10] [35] [58]. Thus, L and R WT dimer conformations with the same
interface, but different geometry, display different lipid perturbation
effects (Fig. S8). According to both modeling and NMR data, the WT TM
dimer ensemble is characterized by a single dominant state (Fig. 3a,
Fig. 4b). On the other hand, the V536E substitution at interface I results
in a redundant ensemble of the mutant dimer, displaying strong self-
association in micellar environment (Fig. 4c, Fig. S4a). Namely, this
mutation leads to an equilibrium, between active (interface I) and non-
active (interface II) TM dimeric states (Fig. 3a) and thus facilitates
spontaneous transitions between them and subsequent receptor acti-
vation (Fig. 2, Fig. 6). In addition, the Glu mutation also affects dy-
namics of individual states. For instance, the gear-like rotation of WT
helices (Movie S1, S2) is not detected in conformations with a mutated
interface I (r/l and L). In the WT, the aliphatic TM residues (re-
presenting “gear-teeth”) are only able to form “transient” van-der-
Waals contacts with the neighbors. On the other hand, polar Glu re-
sidues at the interface can form more stable electrostatic contacts
(particularly, hydrogen bonds) with each other and the neighboring
residues (Fig. S6), thus making the interface I more “sticky”. Therefore,

Fig. 6. Contribution of the TM domains to PDGFRA activation and its mod-
ulation by TM mutations. In WT ligand-free receptor dimer TM domains (cy-
linders) adopt near-parallel interface II (shown with red color) conformation,
which locks the receptor in the inactive state. Binding of PDGF (yellow ovals) to
the extracellular domains (violet blobs) pushes the TM dimer into the interface I
(shown with green color) right-handed conformation, which transmits an al-
losteric signal to the downstream kinase domains (green blobs). Activating
interface I mutations (V536E) allow spontaneous transitions between inactive
interface II and active interface I TM dimers that may generate sufficient im-
pulse to activate the kinase domains independently of the PDGF binding to the
receptor. Interface II mutation S541G depletes “active” dimer conformations
via stabilization of the “locked” interface II dimers that has dramatic effect for
the constitutively active V536E.

A.A. Polyansky et al. BBA - General Subjects 1863 (2019) 82–95

92



the V536E mutation constrains the TM dimer and introduces a me-
chanical hinge in the middle of the dimer that changes its dynamic
mode into scissor-like movement (Movies S3, S4). The latter mode
enables easy transitions between mutually similar L and r/l states of the
mutant dimer (Fig. S5). This, in turn, could generate a sufficient im-
pulse to enable an active arrangement of kinase domains independently
of PDGF binding (Fig. 6). Interestingly, the levels of spontaneous and
ligand-induced activation are indistinguishable for the most con-
stitutively active variants (Fig. 2): either the redundancy of the TM
dimer ensemble potentiates both spontaneous activation and transitions
within the ligand-bound receptor, or activation of the mutant always
occurs independently of the rearrangements of extracellular domains.
The latter possibility is supported by the fact that the S541G mutation
at interface leads to stronger inactivation effect in V536E background
as compared to WT and another constitutively active variant D842V, in
which spontaneous activation does not rely on modulation of TM di-
merization (Fig. S2). While the V536E/S541G functional phenotype is
similar to that of WT according to functional assays (Fig. 2), the en-
sembles of TM dimer conformations of the two are rather different
according to both modeling and NMR (Fig. 3b, Fig. S4). Thus, in-
troduction of Gly at the interface II stabilize a dominant left-handed
state with contacts in this region, while no favorable right-handed
states for the double mutant could be identified. We observe a similar
effect for other modeled Gly-mutants (L534G, I537G), where associa-
tion becomes favorable for the mutated interface (Fig. 3). A lack of
right-handed states of V536E/S541G with interface I dimerization in-
dicates that they become too unstable, and can hardly form sponta-
neously. This could also explain a prominent reduction in both ligand-
induced and constitutive activation of V536E/S541G as compared to
both WT (Fig. 2b) and its less active S541G variant (Fig. S2). Note that
the S541G mutation reducing WT activity also affects only interface II
dimer conformation (Fig. S2), where it enables tighter contacts between
helices. This results in shorter distances between the C-termini, thus
enabling stronger interaction between W549 and Lys550. Interestingly,
the WT r/l dimer converges to a similar conformation in our simulations
as the dominant left-handed state of V536E/S541G, with a backbone
RMSD of 0.23 nm (Fig. S7c). At the same time, V536E/S541G and the
WT differ prominently in their oligomerization ability (Fig. S4). While
WT is not prone to oligomerization, introduction of the polar Glu mu-
tation in the middle of the TM region potentiates the formation of
oligomeric states (Fig. S4b). There, the lipid environment forces the
helices to form additional complexes in order to shield the entropically
unfavorable interactions with the exposed Glu as in the V536E R state
or the V536E/S541G dominant L state (Fig. S8, Fig. S7c). The tendency
of the WT to avoid oligomerization, which differs from the mutants
with a polar Glu in the middle of the TM helix, may partially explain
why PDGFRA receptor is not targeted by the E5 papillomavirus onco-
genic protein, as is known for its homolog PGDFRB. The key difference
of the TM domains of these two receptors is the presence of an addi-
tional polar residue T545 in PDGFRB (near the position 536 in
PDGFRA, Fig. 1a), which is important for the interactions of E5 with the
preformed TM dimer [59]. Recently, different oligomeric TM states
(tetramers, hexamers) have also been proposed for the PDGFRB/E5
heterocomplex [60]. Moreover, formation of oligomers of a higher
order than dimers, which we observe in vitro for PDGFRA TM frag-
ments containing the V536E substitution, may represent an important
phenomenon with potentially direct implication for the abnormal
constitutive activation of the mutant receptor. The latter requires fur-
ther investigation and validation in vivo.

Altogether, the effect of TM mutations in PDGFRA results from an
interplay between the chemical nature of mutations in question and
their position. However, since TM dimers correspond to ensembles of
conformations, the exact effect of mutations is difficult to predict
without analyzing representative conformations. Glu screening illus-
trates this idea well. While interface II mutations exhibit an expected
neutral effect, only one out of 5 interface I mutations, V536E, results in

real activation and V533E give some intermediate effect (Fig. S1). Here,
we should mention that at the interface I position 537, only Asp dis-
plays an activation effect, while Glu and Gly, which both should pro-
vide a strong perturbation as compared to native Ile, do not. Moreover,
mutagenesis data indicates that TM sequence of PDGFRA is quite robust
to perturbations of the normal receptor activation by random sub-
stitutions. At the same time, our simple strategy to scan for mutations
using MUTSCORE calculations displays a good agreement with the
experiment. While this straightforward approach requires further im-
provements to make it fully quantitative and capable of accounting for
factors other than TM dimer ensemble redundancy, it does provide a
rational framework for designing TM mutations if no structural in-
formation is available and, especially, if some reference mutations are
already known.

5. Conclusion

Our analysis suggests that the structural and dynamic organization
of the PDGFRA TM dimer ensembles is crucial for a spontaneous switch
between active and non-active receptor states. However, it is difficult to
conclude the same for ligand-induced activation since none of the
tested mutations turn the receptor completely off, although they still
induce dramatic changes in the dimerization of TM domains. Therefore,
we speculate that in the normally functioning receptor the TM dimer
represents a rather passive channel for allosteric signal transmission,
while in the constitutively active receptor it assumes a more active role.
Further modeling and biophysical studies of allosteric signal propaga-
tion in the full-length receptor should clarify this possibility.
Importantly, the strong tendency of the oncogenic V536E mutant to
oligomerize suggests a way to design a potential modulator for elim-
inating or reducing the level of pathological activity of the receptor via
direct interaction with its TM domains. For design of such a modulators,
we would consider the V536E R dimer conformation as a potential
target. The arrangement of TM helices in this conformation allows for a
formation of tetrameric structures, where additional TM helices can
associate with the preformed dimer via the mutated interface I (Fig.
S4b). If the latter interactions can stabilize the inactive dimer state, this
would potentially lead to switching-off of the pathogenically active
receptor. Thus, the most obvious candidate for modulating the V536E
mutant receptor can just be its isolated TM helix. Albeit in a reverse
manner, such a strategy would resemble the mechanism of activation of
PDGFRB receptor by its TM domain interactions with papilloma virus
E5 oncoprotein, an exogenous modulator optimized by natural selec-
tion.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbagen.2018.09.011.
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