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ABSTRACT: The insulin receptor (IR) and the insulin-like growth
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N . \/;%/ f)\f T2 s St
factor-1 receptor (IGF1R) are homodimeric transmembrane glyco- Vasa = & N el
proteins that transduce signals across the membrane on binding of iV d &
extracellular peptide ligands. The structures of IR/IGF1R fragments in <y ! : ¢
apo and liganded states have revealed that the extracellular subunits of ¢ ;‘\'\ o ;
these receptors adopt A-shaped configurations to which are connected 1 \\,\ \\ ) Y
the intracellular tyrosine kinase (TK) domains. The binding of peptide ‘t ) G ' \\ )
ligands induces structural transitions in the extracellular subunits PAS S ;
leading to potential dimerization of transmembrane domains (TMDs) — .
and autophosphorylation in TKs. However, the activation mechanisms I R IG Fl R

of IR/IGFIR, especially the role of TMDs in coordinating signal-

inducing structural transitions, remain poorly understood, in part due to the lack of structures of full-length receptors in apo or
liganded states. While atomistic simulations of IR/IGF1R TMDs showed that these domains can dimerize in single component
membranes, spontaneous unbiased dimerization in a plasma membrane having a physiologically representative lipid composition has
not been observed. We address this limitation by employing coarse-grained (CG) molecular dynamics simulations to probe the
dimerization propensity of IR/IGF1R TMDs. We observed that TMDs in both receptors spontaneously dimerized independent of
their initial orientations in their dissociated states, signifying their natural propensity for dimerization. In the dimeric state, IR TMDs
predominantly adopted X-shaped configurations with asymmetric helical packing and significant tilt relative to the membrane
normal, while IGF1IR TMDs adopted symmetric V-shaped or parallel configurations with either no tilt or a small tilt relative to the
membrane normal. Our results suggest that IR/IGF1IR TMDs spontaneously dimerize and adopt distinct dimerized configurations.

B INTRODUCTION

Membrane proteins mediate numerous cellular functions

configurations with spatially separated TMDs."*™"” However,
upon ligand binding, the extracellular subunits of IR and

including signaling and transport.'~* A fundamental structural
element in these proteins is an a-helical transmembrane
domain (TMD) which spans the hydrophobic core of the cell-
membrane.”® TMDs contribute to the activation of mem-
brane-spanning receptors by facilitating conformational tran-
sitions.” Specifically, the dimerization of a pair of TMDs is an
important step in initiating signaling via receptor tyrosine
kinases (RTKs).”'°

Two key members of the RTK superfamily are the insulin
receptor (IR) and the type 1 insulin-like growth factor receptor
(IGF1R) that are homodimeric transmembrane glycopro-
teins.'”"" Each monomer in IR/IGFIR is comprised of an
extracellular @-subunit and a membrane-spanning f-subunit
containing a TMD flanked by juxtamembrane regions and
connected to an intracellular tyrosine kinase (TK) domain.”"”
The binding of insulin or insulin-like growth factors to the
extracellular subunits of IR/IGFIR results in autophosphor-
ylation in the cytog)lasmic TK domains and further down-
stream signaling.n’l‘ In the absence of ligands, the extracellular
subunits of IR and IGFIR adopt symmetric A-shaped
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IGFIR transition to I'- and T-shaped configurations with
TMDs located near each other.'*™*'

Despite an abundance of structural data on IR and
IGFIR,IS’M’ZO_‘?’4 the role of dimerized TMDs in the activation
of these receptors remains unclear due to the absence of a full-
length receptor structure containing TMDs.'”** However, the
solution structure of an isolated TMD has revealed a well-
defined oa-helical shape with predominantly nonpolar hydro-
phobic residues spanning the hydrophobic membrane layer
(Figure 1).” This structure indicates a kink at residues G960
and P961 in IR TMD which could be important for
dimerization and/or receptor activation.”'® The IGFIR
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Figure 1. Sequences and structures of IR/IGF1R TMDs. (A) A sequence alignment of the IR and IGF1R TMDs with conserved residues enclosed
in boxes. Bold letters signify residues embedded in the membrane and forming the transmembrane helix.'" (B) The structures of IR/IGFIR
TMDs”?” are shown in dark gray cartoons along with the modeled segments in light gray cartoons and with specific atoms/residues uniquely
colored (spheres, C,; blue spheres, negatively charged residues; magenta sticks, positively charged residues; violet sticks, polar residues; and orange

sticks, nonpolar residues).

TMD also adopts a well-defined a-helical structure with
nonpolar hydrophobic residues constituting the helix and a
kink formed at P941 (Figure 1).** Both TMDs contain three
positively charged residues near the C-terminus (IR: R980,
K981, and R982; IGF1R: R960, K961, and R962), which can
engage in salt-bridging interactions with the negatively charged
lipid head groups of the inner membrane leaflet (Figure 1),
thereby potentially anchoring the linkage motifs and further
guiding the movement of the intracellular kinase domains.”

It was proposed earlier that TMDs had a passive role in
insulin signaling by simply anchoring the receptor to the
membrane.”® However, further studies suggested that TMD-
TMD interactions in the dimerized state also stabilized the
active conformation of IR*%* It was also shown that
substituting the TMD in IR for the TMD of glycophorin A
inhibited insulin action.* Additionally, mutations (IR: G960A,
P961A, and V965D; IGFIR: V952E) in the IR/IGF1R TMDs
or removal of TMDs were shown to affect downstream
signaling and negative cooperativity in the receptors.40_43
Several studies have also proposed that TMDs could dimerize
in the inactive basal state of the receptor and dissociate upon
ligand binding.**~* Furthermore, a yo-yo model of receptor
activation indicates that the kinase domains are released from
an initially constrained position on ligand binding.*” Thus,
further understanding of the dynamics and interactions
underlying the TMD dimerization is necessary to fully
comprehend the receptor signaling mechanism.””

Molecular dynamics (MD) simulations have been proposed
and used as a tool to validate or supplement structural data as
well as to provide atomistic insights into the conformational
dynamics of IR and IGFI1R.'”***™>7 MD simulations have
also been used to characterize membrane proteins and their
interactions with lipid molecules in the membrane.”®* " These
studies have highlighted that the lipid composition modulates
spatial configurations of transmembrane proteins and affects
their dimerization process. MD simulations have also been
utilized to characterize the orientation of the monomeric IR
and IGFIR TMDs in a lipid bilayer.36’48 These atomistic
simulations showed that the membrane-embedded residues of
TMDs maintained an a-helical fold while exhibiting a tilt
relative to the membrane. In one of these studies,”® MD
simulations were conducted with IR and IGFIR TMD
monomers embedded in several distinct membranes showing
that the spatial orientation of TMDs is also influenced by the
lipid composition, similar to other membrane proteins.éo_é2
Furthermore, the dimerization process of IGFIR TMDs was
probed using MD simulations which suggested that TMDs can
form a dimer with interactions via a conserved proline
residue.””

However, observing spontaneous TMD dimerization in a
relatively larger membrane-protein system remains a challeng-
ing undertaking using atomistic MD simulations, even with
modern supercomputing hardware.”*"® Therefore, various
enhanced sampling techniques and special-purpose hardware
have been utilized to characterize the dimerization process of
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Figure 2. CG modeling and system setup. (A) CG models of IR TMDs (red spheres) and IGFIR TMDs (blue spheres) superimposed on the
corresponding all-atom structures (white cartoons) with residues spanning the membrane highlighted in darker color spheres. (B) The initial CG
lipid bilayer was subjected to equilibration and production simulations. Lipid head groups and tails are shown as uniquely colored spheres and
points, respectively. Water molecules in the simulation domain are represented as a blue volumetric surface. (C) Side-view snapshots of simulation
domains of CG IR TMDs embedded in a lipid bilayer (lipid tails are omitted in snapshots shown) in each distinct initial orientation (labeled O1
through OS). The setup for simulations of CG models of IGFIR TMDs was similar to those of IR TMDs.

TMDs in membranes by more efficiently samplin§ the
conformational space of membrane-protein systems.”~*~%
These methods often require predefined collective variables
and biasing forces to probe slower biophysical processes such
as dimerization.®””°

A promising alternative approach is to coarse-grain (CG) a
protein/membrane system by reducing the number of degrees
of freedom while preserving the chemical properties of the
system.”>”"”> This approach often enables simulations of
larger biomolecular systems and captures processes occurring
at longer time scales, which are usually inaccessible to all-atom
MD simulations.”””" ™" Specifically, CG MD simulations have
been applied to characterize the dimerization of TMDs in
other proteins, further highlighting the importance of lipid
composition and the ability of CG simulations to capture the
complex behavior of dimerization in membranes.®>”*~7°

Therefore, we developed CG models of IR/IGF1R TMDs to
probe their spontaneous dimerization in a plasma membrane
representative of a physiologically relevant lipid composi-
tion.”"”””® Since the orientations of TMDs relative to the
membrane or to each other in the full-receptor context have
never been experimentally resolved, we initiated simulations by
embedding TMDs in the membrane in several distinct
orientations to obtain a broader conformational mapping
during their dimerization process. The dynamics of TMD
dimerization were then investigated via a total of 300 us CG
MD simulations. Briefly, we discovered that TMD molecules
can spontaneously associate irrespective of their initial
orientations or sequences, signifying that IR/IGFIR TMDs
display a natural tendency to dimerize in the plasma
membrane. Upon dimerization, IR TMDs preferentially
adopted X-shaped configurations with a ~30° tilt relative to
the membrane, while IGF1IR TMDs preferentially adopted V-
shaped or parallel configurations with no significant tilt relative
to the membrane.

B MATERIALS/EXPERIMENTAL DETAILS
Coarse-Grained Modeling. IR and IGFIR TMDs. We

obtained the initial atomic coordinates for the human
construct IRg4o_gg3 containing the TMD (hereafter referred

to as IR TMD) from the first frame of the NMR structure
(PDB code 2MFR).” Furthermore, we modeled the tertiary
structure of the human construct IGFIRy g o¢; containing
TMD (hereafter referred to as IGFIR TMD) using the
MODELLERv9.20.”” We used the structure of the IR TMD
(PDB code 2MFR)” as a template during model building using
the homology modeling approach.®” We aligned the sequences
for IR and IGFIR TMDs (Figure 1A) and generated 200
models of IGFIR-TMD using the MODELLER. We selected
the best model based on the lowest discrete optimized protein
energy (DOPE) score (Figure 1B).”' We further generated CG
models for IR and IGF1R TMDs from the corresponding all-
atom structures using the MARTINI force-field version 2.2
(Figure 2A).71’77’82

Plasma Membrane. We used the MARTINI builder in the
CHARMM-GUI**** tool to construct a CG bilayer lipid
membrane (20 nm X 20 nm X 4 nm) containing 1600 lipids
(800 lipids per leaflet). The composition of the lipid bilayer
was set to mimic the biological composition of a plasma
membrane with the outer leaflet containing a mixture of 360
cholesterol molecules, 248 POPC lipids, 136 POSM lipids, and
56 POPE lipids while the inner leaflet contained 328
cholesterol molecules, 168 POPE lipids, 120 POPC lipids,
80 POPS lipids, 72 POSM lipids, and 32 POPI lipids. We
solvated the lipid membrane with 15312 polarizable CG water
molecules while keeping the membrane domain free of water
molecules. We ionized the system with 314 Na* and 202 CI~
ions at a salt concentration of 150 mM (Figure 2B).

After generating the solvated and ionized membrane system,
we equilibrated it according to the following simulation
protocol. In the first step, we performed an energy
minimization for 5000 steps using the steepest-descent
algorithm with a force tolerance of 100 kJ mol™ nm™. In
the second step, we performed equilibration for 10 ns in the
NVT ensemble and using the Berendsen thermostat with a
coupling time of 0.1 ps and a temperature of 300 K, which was
followed by equilibration in the NPT ensemble for 100 ns
using the Berendsen barostat at 1 atm pressure. During initial
equilibration steps, we applied harmonic restraints (k = 1000
kJ mol™' nm™?) on the polar beads in the lipid heads (namely
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ROH and PO4 beads of cholesterol and other lipids,
respectively). Then, we performed a simulation without
restraints in the NPT ensemble for 2 us with a time step of
25 fs (Figure 2B). During the simulation without restraints, we
maintained the temperature at 300 K and the pressure at 1 atm
using the V-rescale thermostat and the Parrinello—Rahman
barostat, respectively. The resulting equilibrated membrane
model was then used to conduct further simulations with
TMDs embedded into it, as described below.

System Setup and Simulation Details. To study the
dimerization of TMDs within the plasma membrane, we
generated separate systems with a pair of IR/IGF1IR TMDs
embedded in an equilibrated lipid bilayer in five distinct
orientations, such that the N-terminus and the C-terminus of
IR/IGF1IR TMDs were directed toward the outer and inner
leaflets, respectively (Figure 2C). In each system, IR/IGF1R
TMDs were placed at a distance of 25 A computed between
the closest residues in a pair of TMDs. After embedding TMDs
in the membrane, we deleted lipids located within 4 A of these
domains to remove any steric clashes. The resulting CG IR and
IGF1R TMD systems contained ~50000 and ~58000 CG
beads, respectively (Table 1).

Table 1. Details on Simulation Systems”

orientation IR/ system size A (4 Q production

IGF1R (beads) (nm)  (deg) (deg) length (us)
o1 50822 72 45 0 30 (10 us X 3)
o1 58464 72 45 0 30 (10 us X 3)
02 51159 3.5 45 0 30 (10 us X 3)
02 58403 3.5 45 0 30 (10 us X 3)
03 50330 24 45 45 30 (10 us X 3)
03 58408 2.4 45 45 30 (10 us X 3)
04 50895 3.5 45 0 30 (10 us X 3)
04 58459 3.5 45 0 30 (10 pus X 3)
0s 48940 3.1 0 0 30 (10 us X 3)
05 58505 3.1 0 0 30 (10 pus X 3)

“For each orientation of IR/IGF1R TMDs, listed are the system size,
inter-center-of-mass distance (dyy;) between a pair of TMDs, initial
tilt (0), and crossing (Q) angles. The metrics for IGFIR TMDs are
shown in bold.

For each system of IR/IGFIR TMDs, we conducted three
independent 10-us-long production CG MD simulations
(Table 1). Additionally, we conducted three independent -
us-long CG MD simulations of the monomeric IR/IGFIR
TMDs embedded in an equilibrated lipid bilayer in the OS
orientation. All CG MD simulations were conducted in the
NPT ensemble with a 25 fs time step. The coordinates from
each simulation trajectory were saved at every 50 ps. The
temperature and pressure were maintained at 300 K and 1 atm
with V-rescale thermostat and Parrinello—Rahman barostat. A
nonbonded cutoff of 11 A was used for both Coulombic and
van der Waals interactions. The periodic boundary conditions
and semi-isotropic pressure coupling was used across all CG
MD simulations. Beyond the cutoff for Coulombic inter-
actions, the dielectric constant was set to 2.5. All simulations
were conducted using the GROMACSv2020.4% software
package combined with the MARTINI force-field version 2.2
which resulted in the overall 300 us data set (Table 1).”"7"%
The analyses of all trajectories were carried out using the tools
in GROMACS®® and Visual Molecular Dynamics (VMD)
software.*

Conformational Metrics. Back-mapping of CG Models.
We followed a procedure developed by Wassenaar et al.*” to
convert representative structures from CG simulations into
atomistic models to obtain additional insights about the
atomic-scale processes from CG simulations.

Interhelical Distance (dy). We calculated the interhelical
distance between the centers-of-mass of two TMD helices (IR:
residues 953 through 979; IGFIR: residues 937 through 959)
across all CG MD simulations. According to this metric, the
range of distances between dimerized IR/IGF1R TMDs in the
X-shaped/V-shaped configurations was 1—1.3 nm and in the
parallel configuration was 0.8—1 nm. Therefore, we defined the
dimerized state when TMDs were located within 1.3 nm of
each other.

Tilt (6) and Crossing () Angles. We defined the tilt angle
(6) of each TMD helix (IR: residues 957 through 979; IGF1R:
residues 937 through 959) with respect to the membrane by
computing the angle between the vector projected along the
TMD helical axis and the vector normal to the membrane
surface. Furthermore, we defined the crossing angle (Q)
between each TMD pair by computing the angle between two
vectors projected along the axis of each TMD helix. The tilt
and crossing angles were calculated across all CG simulations
initiated from five distinct TMD configurations and used to
obtain the probability distributions of 8 and €, respectively. In
the monomeric IR/IGFIR TMD simulations, only the tilt
angle analysis was performed.

Root Mean Squared Fluctuation (RMSF). We calculated
the RMSF per residue based on the protein backbone atom
(name BB) to characterize the flexibility of each TMD residue.
The RMSF values were averaged over three independent CG
simulations for simulations initiated from each initial
orientation.

Free Energy Calculation. We estimated the free energy
change along 6 following the histogram method previously
used to characterize the dimerization process of trans-
membrane proteins.éz’88 The free energy estimate is given by
U = —kT In[P(0)] where kg is Boltzmann’s constant, T is the
temperature, and P(6) is the probability of observing a value of
0. The free energy estimates were averaged over three CG
simulations for each receptor orientation. This procedure was
repeated for calculating the free energy change along Q.

Cluster Analysis. We performed the cluster analysis using
the GROMACSv2020.4* software following the clustering
algorithm by Daura et al.*” We extracted dimerized states from
all CG simulations and clustered them based on similarity
using the RMSD cutoff of 0.9 nm.

Dimerization Interface Analysis. We analyzed the dimeri-
zation interface by computing averaged distances between the
centers-of-mass of each residue pair in the TMD helices. Based
on the interhelical distance analysis, the coordinates of
dimerized TMD configurations were saved.

B RESULTS

Spontaneous Dimerization of IR/IGF1IR TMDs. To
study the dimerization process of TMDs, we inserted a pair of
IR or IGFIR TMDs in an equilibrated CG model of the
plasma membrane in five distinct orientations (Figure 2C;
Table 1). Three independent CG simulations (each 10 us
long) were conducted for each initial orientation of a pair of
TMDs (Table 1). We used the inter-center-of-mass distance
between a pair of TMD helices as a metric to monitor the
formation of a TMD dimer (dyy; Figure 3). An increase in the
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Figure 3. Dimerization of TMDs. (A, B) The uniquely colored traces
of the interhelical distances (dyy;;) vs simulation time highlight the
dimerization of IR/IGFIR TMDs for each CG simulation. The light
gray rectangle in each plot marks distances below 1.3 nm indicating
dimerized configurations. Insets in each plot highlight a schematic
representation of the dominant dimerized state of each pair of IR/

IGFIR TMDs: X-shaped (IR) and V-shaped or parallel (IGFIR).

dyyyy value signifies that TMDs diffused away from each other
while a decrease signifies that TMDs moved toward each

other. Across all CG simulations, we observed that each TMD
initially diffused in the membrane plane with the diffusive
search leading to an encounter with the other TMD to form a
dimer (Figure 3). Despite the initial diffusion of IR/IGF1R
TMD monomers away from each other (dyy up to 8 nm)
across several simulations, these molecules could still diffuse
closer and spontaneously dimerize under 10 ps time scale
(Figure 3). Upon dimerization, TMD molecules maintained a
stable dimeric state for the remainder of each simulation
without any transient dissociation (Figure 3). Thus,
independent of their initial orientations, spontaneous dimeri-
zation of TMDs was observed in all simulations within the 10
us time scale.

Furthermore, we measured the interfacial buried surface area
(BSA) between a pair of TMD molecules to assess the
interaction interface between TMDs in dimerized config-
urations (Figure S1). We observed an increase in BSA from the
initial value of zero when the interhelical distance between
TMDs was in the range of 3 to 4 nm (Figure S1). The BSA
increase was due to the interactions formed between the N-
termini of TMDs which tend to initiate TMD association
across various IR and IGF1R simulations (Figure S2). As the
interhelical distance decreased to values below 1.3 nm, BSA
increased to values ranging between 8 nm® and 24 nm’
signifying the association of TMD molecules (Figure S1).
Upon dimerization, IR and IGF1R TMDs displayed distinct
modes of helical packing, with IR TMDs predominantly
forming X-shaped configurations and IGF1IR TMDs forming
either V-shaped or parallel configurations (inset; Figure 3).

Additionally, we computed the RMSF per residue to assess
the flexibilities of TMD residues across all CG simulations
(Figure S3). We observed that residues embedded in the
membrane (IR: 1953 through L979; IGFIR: 1937 through
H959) were less flexible in comparison to residues in the rest
of the structure (Figure S3). These observations are consistent
with prior atomistic simulations of IR TMDs which showed
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Figure 4. Dimerized configurations and packing modes of IR/IGF1R TMDs. Side-view snapshots of the averaged structures (cartoon) from two
largest clusters of the dimerized states derived from CG simulations of (A) IR and (B) IGF1R TMDs. The residues in the interface are labeled and
shown as sticks except G960 (IR) and G950 (IGF1R) which are shown as spheres. The names of conformational clusters (C1 and C2) and their

sizes (%) are labeled. See also Figure S4.
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Figure S. Orientations and energetics of dimerized TMDs. (A) A schematic highlighting the vectors used in defining 6, (B) probability
distributions of §, and (C) the potential of mean force (PMF) highlighting free energy change (kcal/mol) as a function of €. In panels B and C, the
traces from CG simulations of IR and IGFIR TMDs are shown in red and blue, respectively. (D) Snapshots showing dimerized TMD
configurations corresponding to various values of @ labeled ® through ® in panel C with gray dashed lines highlighting the approximate thickness of

the membrane. See also Figure S6.

decreased RMSF values for residues embedded in the
membrane in comparison to the solvent-exposed residues,
signifying that the CG models capture the conformational
behavior observed in atomistic simulations of IR/IGF1R
TMDs.”” Overall, CG simulations demonstrated spontaneous
self-association of IR/IGFIR TMDs independent of their
initial orientations or differences in their sequences.

Packing Modes of IR/IGF1R TMDs. We characterized the
dimerization interfaces by identifying dominant dimerized
configurations via an RMSD-based clustering analysis (Figures
4, S4).89 In simulations of IR TMDs, two largest conforma-
tional clusters comprising ~80.8% of all sampled conforma-
tions, displayed the formation of X-shaped configurations
(Figure 4A). A key difference between the X-shaped
configurations was the orientation of the N-terminal motifs
(residues 940 through 953) which influenced the location of
the intersection point between two TMDs, thereby inducing
tilted configurations of TMDs relative to the membrane and to
each other (Figure 4A). In both clusters, the intersection point
between IR TMDs was located near the kink formed by G960
and P961 residues (Figure 4A). Additionally, nonpolar
residues from each TMD helix engaged in interhelical
hydrophobic interactions, namely through the residues G960,
P961, F964, F966, and F968 (Figure 4A). For IGF1R TMDs,
we observed the formation of either a V-shaped configuration
(C1; Figure 4B) or a tightly packed parallel configuration (C2;

Figure 4B) which were distinct from the X-shaped
configurations adopted by a pair of dimerized IR TMDs.
The V-shaped configuration also exhibited parallel helical
packing with a kink in TMDs near the P941 residue but the N-
terminal motifs were intercalated between the TMD helices,
thereby rotating residues N932 through 1947 away from each
other (Cl; Figure 4B). Overall, hydrophobic interactions
defined the TMD-TMD interface in the dimerized states
irrespective of the receptor type or initial configuration.

Additionally, the clustering analysis showed the formation of
several smaller-sized clusters (Figure S4). Specifically, IR
TMDs adopted parallel configurations which in total
constituted ~17.1% of dimerized configurations (C3 and C4;
Figure S4A). These parallel configurations differed from each
other by their relative orientation with respect to the
membrane. However, these clusters likely represent inter-
mediate dimerized configurations of IR TMDs, given the
relatively smaller sizes of these clusters. A small cluster having
6.3% of total configurations was also observed in simulations of
IGF1R TMDs, highlighting another parallel configuration (C3;
Figure S4B). A key feature of this cluster was the presence of
interactions between the N-terminal motifs of IGF1IR TMDs
which were absent in the C2 cluster.

Furthermore, we characterized the interfaces formed upon
dimerization using the residue-contact-map analysis based on
distances between the residue pairs (Figure SS). We observed
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that IR TMD dimers showed a wider distribution of residue
pairs in close contact with each other, as indicated by their off-
diagonal placement in the contact maps, also signifying the
asymmetric helix—helix interface in IR TMDs (Figure SSA).
On the contrary, we observed that IGFIR TMD dimers
predominantly exhibited residue pairs at or near the diagonal
in the contact maps, corresponding to a symmetric helix—helix
interface (Figure SSB). Furthermore, TMDs for both IR and
IGF1R showed tighter residue contacts near the N-termini
(Figure SSB), suggesting that residues from the N-termini
assist in stabilizing TMDs in the dimerized configurations.

Relative Orientations of TMDs and Energetics of
Dimerization. We further assessed the spatial orientations of
TMD monomers and dimers relative to the membrane normal
using a commonly defined tilt angle (0) for transmembrane
proteins (Figure 5A).>”**%* In simulations of IR and IGFIR
TMD monomers, we observed the @ distributions to be in the
range of values between 0° and 45°, and between 0° and 30°,
respectively (Figure S6A). Furthermore, the 6 distributions for
IR TMD dimers (Figures SB, S6B) showed the range of values
between 0° and 50°. The range of @ values observed in our
simulations of IR TMD monomer and dimer were similar to
each other and to the previously reported tilt angle values
(between 0° and 50°) computed based on atomistic MD
simulations of IR TMD monomers, thereby in agreement with
our results.***”** However, for IGFIR TMD in both
monomeric and dimeric states, we observed that the 6 values
ranged between 0° and 30° (Figures 5B, S6A, C), indicating a
lower tilt (relative to the membrane normal) of IGF1R TMDs
in comparison to IR TMDs. Prior simulation work of the
monomeric IGFIR TMD reported the tilt angle to be in the
range of 10° to 40°,*" similar to the values observed in our
work. The distributions of € as a function of dyy (Figure S7)
indicated that even upon dimerization (dyy < 1.3 nm), IR/
IGF1R TMDs adopted configurations with tilt angles similar to
their dissociated (dyy > 4 nm) and monomeric states (Figure
S6A). Thus, dimerization of TMDs did not significantly
constrain their propensities to tilt relative to the membrane
(Figures S6A, S7).

We used the probability distributions of 8 from simulations
of the dimeric state to estimate the free energy change of
dimerization of IR/IGFIR TMDs. This metric has been
previously utilized in CG simulations to quantify the free
energy change of transmembrane protein dimerization and
showed good agreement with all-atom models.”** We
observed lower free energy values for 20° < 6 < 40° with
the lowest free energy value corresponding to a free energy
minimum at @ = 30° (Figure SC). At this free energy
minimum, IR TMDs adopted various X-shaped configurations
with slightly altered 6 values (Figure SD). However, for IGF1R
TMDs, lower free energy values were observed between 0° and
20° without a prominent free energy minimum (Figure 5C).
The IGFIR TMD helices adopted either a parallel
configuration (label 1; Figure SD) or V-shaped configurations
(labels 2 and 3; Figure SD). Thus, IGFIR TMDs could adopt
lower free energy configurations having 0° < 6 < 20° (Figure
5C).

In addition to assessing the orientations of TMDs relative to
the membrane, we computed the crossing angle (Q) to
characterize the relative orientation of TMDs with respect to
each other in the dimerized states (Figure S8A). This is also a
commonly used metric for characterizing helical packing in
membrane-protein simulations.”*”>”° 'We observed that Q

fluctuated between 0° and 35° (IR TMDs) and between 0°
and 15° (IGF1R TMDs) in all CG simulations (Figure S8B).
Thus, Q data showed that IR/IGF1R TMDs adopted either a
parallel (Q = 0°) or slightly tilted (0° < Q < 15°)
configurations relative to each other (Figure S8B). However,
IR TMDs further adopted configurations with € > 15° which
resulted in X-shaped configurations (Figures 4A, SD). Thus,
dimerized IR TMDs adopted conformations which were more
inclined relative to each other than the helices in the dimerized
IGFIR TMD configurations.

The free energy profiles as a function of £ showed that in IR
TMDs,  ranged between 0° and 30° with the free energy
profile having no significant free energy minimum (Figure
S8C). The shapes of the free energy profiles as a function of
and Q signify that IR TMDs favored tilted configurations
relative to the membrane while predominantly adopting X-
shaped configurations (Q > 0°) or forming parallel
configurations relative to each other (Q = 0°) (Figure S8C).
For IGF1R TMDs, we observed € ranging between 0° and 15°
with a free energy minimum near Q = 0° (Figure S8C). Thus,
IGF1R TMDs favored a parallel configuration relative to each
other while adopting either a perpendicular (6 = 0°) or slightly
tilted V-shaped configurations (Figure SD) relative to the
membrane normal.

The distributions of Q (Figure S9) showed that as IR TMDs
approached each other, the range of values for € increased in
comparison to the values at greater separation distances,
signifying conformational rearrangements during the formation
of the X-shaped configurations (Figures 44, SD). However, the
dimerization of IGFIR TMDs either did not alter the
distributions of Q or slightly increased € by ~10°, signifying
a higher probability of parallel helical packing in comparison to
IR TMDs (Figure S9). Thus, IR TMDs were more dynamic
upon dimerization with a higher propensity to form X-shaped
configurations while IGF1IR TMDs were less tilted relative to
each other, thereby forming V-shaped or parallel configu-
rations.

B DISCUSSION

Elucidating the role of TMD dimerization is a crucial step in
understanding the mechanisms of activation of IR and
IGFIR." It remains poorly understood if the initial A-shaped
apo configuration of the extracellular IR domain is a
crystallographic artifact resulting from the absence of TMDs
or there are other contributing factors.'” In this work, we
conducted CG simulations of a pair of IR and IGF1R TMDs to
probe the spontaneous dimerization process in a membrane
having a lipid composition representative of the plasma
membrane. Importantly, the lipid composition of the plasma
membrane has been shown to influence the conformations and
orientations of various transmembrane proteins,éz’75 including
monomeric and dimeric IR/IGF1IR TMDs through the
application of all-atom and CG MD simulations.’>** There-
fore, we designed CG membrane models with the lipid
composition of the plasma membrane,”" which has not been
used in previous simulation studies of IR/IGFIR
TMDs.”>***”** The thickness of our CG membrane was
~40 A, which embodied the entire hydrophobic trans-
membrane regions (~36 A) of the utilized IR/IGFIR TMD
fragments.

To observe unbiased and spontaneous dimerization of
TMDs, we initiated long time scale (10 ws) CG MD
simulations with multiple independent initial orientations in
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dissociated configurations of TMDs. On conducting CG MD
simulations of both IR/IGFIR TMDs, we observed their
spontaneous and unbiased dimerization independent of their
initial orientations. Upon dimerization, IR/IGF1IR TMDs
stably maintained their associated states. Thus, CG simulations
showed that TMD molecules can spontaneously dimerize
without any external bias, indicating their natural propensity
for self-association.

The residue-fluctuation RMSF analysis showed that the
helical motifs of TMDs (IR: 1953 through L979; IGF1R: 1937
through H959) were more rigid than the residues in the
termini that are exposed to the solvent, as also suggested in
prior all-atom simulations of IR TMDs.*” Furthermore, the
flexible residues from the N-termini were observed to facilitate
dimerization across all systems, signifying their potential
importance in the dimerization process, especially in bringing
the type-III fibronectin (FnIII-3) domains closer to each other.
Upon dimerization, the N-terminal residues from the opposite
TMDs continued interacting with each other, contributing to
the stability of the dimeric configuration and potentially
stabilizing the overall extracellular domains of IR/IGFIR.

We also calculated the tilt and crossing angles (6 and Q) to
characterize the spatial orientations of TMDs relative to the
membrane normal and to each other, respectively. Based on
the tilt angle analysis, we observed that both IR and IGF1R
TMDs were tilted relative to the membrane normal while IR
TMDs adopted configurations with higher tilt values than
IGFIR TMDs. Specifically, the free energy profiles showed
that the tilt angle was confined between 20° and 40° for IR
TMDs with the most favorable configuration at & ~ 30°.
IGF1R TMDs were tilted between 0° and 20° without any
significant free energy minimum. Several prior structural
studies'”*>*" have proposed that IR TMDs might occupy
tilted configurations upon dimerization which is in agreement
with our results. However, the relatively low resolution of cryo-
EM maps in the transmembrane region of IR hinders the
accurate modeling of this motif.'"**%*! Additionally, prior
simulation work>®*® of monomeric IR/IGFIR TMDs
indicated that these TMDs could adopt configurations with a
wide range of tilt angles confined between 0° and 50°. We also
observed the propensity of dissociated TMDs (dyy > 4 nm) as
well as of monomeric TMDs to adopt a broad range of tilted
configurations (IR: 0° to 50°; IGFIR: 0° to 30°), thereby in
agreement with prior computational work of monomeric
TMDs (IR: 0° to 50°; IGFIR: 10° to 40°).%%37

The crossing angle (€2) analysis demonstrated that IR
TMDs were prone to adopting various X-shaped config-
urations with a broad distribution of € values. Furthermore,
these configurations were preferentially adopting a tilted
configuration relative to the membrane normal according to
the free energy analysis. IGF1R TMDs on the contrary favored
V-shaped and parallel configurations while either adopting
perpendicular configurations or slightly tilted configurations
relative to the membrane (Q < 15°). Overall, the analysis of 6
and Q suggested that IR TMDs were more dynamic than
IGF1R TMDs with a broader range of possible € and €2 angles.
IR TMDs adopted X-shaped configurations in the dimerized
state while IGFIR TMDs adopted V-shaped or parallel
configurations.

Currently, no structural data are available for the dimerized
states of IR or IGF1R TMDs. Prior NMR work suggested that
IR TMDs in their oligomeric forms in micelles could adopt
various configurations with different interfaces.”” In our work,

the conformational clustering analysis revealed that dimerized
IR TMDs predominantly adopted X-shaped configurations.
The interfacial residue contact maps further showed that IR
TMDs predominantly formed asymmetric helix—helix inter-
faces, signifying that IR TMDs altered their orientations
relative to each other prior to adopting an optimal dimeric
configuration with the N-terminal residues engaged in a lateral
helical packing mode. Additionally, we observed hydrophobic
interactions among residues G960, P961, F964, F966, and
F968 in the helix—helix interface of dimerized IR TMD
configurations. These residues are located at or near the kink
formed by the G960 and P961 residues in IR TMD helices,
which is a common structural feature across various trans-
membrane proteins.”>~”* The IR TMDs exhibited an a-helical
shape in the X-shaped configuration which was in agreement
with prior computational data which showed that IR TMDs
maintained their a-helical folds throughout all-atom MD
simulations.”***

Previous structural studies of a monomeric IR TMD in
micelles highlighted the presence of a kink formed at G960/
P961 residues.”'® Furthermore, G960A and P961A mutations
in IR TMDs resulted in an altered helical configuration of a
monomeric IR TMD in micelles.*” Based on these studies, it
has been proposed that a kink at G960/P961 residues could
increase the flexibility of the IR TMD, thus allowing it to alter
its configuration for optimal dimerization. Our observation of
the X-shaped configuration of dimerized IR TMDs with an
intersection point near the G960/P961 kink further suggests
that these residues could act as pivot points for TMD
molecules to rotate into an optimal conﬁguration, thereby in
agreement with prior experimental work.”'”** Based on the
cryo-EM  structures of the extracellular IR region it was
proposed that the fibronectin domains FnlIII-2/FnlII-2" and
FnlII-3/FnllI-3" were conformationally flexible, thereby
allowing them to switch between distinct states.'”'*™*' To
undergo these transitions, the linkages between FnlIII-3
domains and TMDs should also be flexible. In the X-shaped
configuration observed in our simulations, flexible linkages
between the TMDs and the extracellular domains of IR would
not sterically block each other and could potentially bring the
Fnlll-3 domains closer to each other, as observed in various
experimental structures.'*™' In several cryo-EM struc-
tures,””>® the C-terminal (membrane-proximal) residues
from two Fnlll-3 domains are separated by ~15—18 A
which is close to the values observed in the X-shaped
configurations of IR TMDs (C1: 11.5 A; C2: 13.6 A; Figure
4). Furthermore, the crystal structure of the IR TK domains
which included additional juxtamembrane (intracellular)
residues showed that the juxtamembrane motifs were oriented
in a trans configuration across the TK domains.'””® Our
conformational clustering analysis of IR TMD simulations also
demonstrated the formation of the X-shaped configuration
with the juxtamembrane residues located across from each
other.

IGF1R TMDs adopted different dimerized configurations in
comparison to IR TMDs, forming a more symmetric helix—
helix interface with either a V-shaped configuration or a tightly
packed parallel configuration. Thus, the dimerization mecha-
nism of IGF1R TMDs could be different from the dimerization
mechanism of IR TMDs. Specifically, the kink at P941 was
preserved in the V-shaped dimerized configuration of IGF1R
TMDs. This kink oriented the helical segment of IGFIR
TMDs away from each other, which generated a bent
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configuration and provided additional space for the N-terminal
motifs to intercalate between the TMD helices. Previous
biochemical studies of a monomeric IGF1R TMD reported the
formation of a bent structure near the kink, which is consistent
with our observation.””*° Furthermore, while IGF1IR TMDs
were not as tilted relative to the membrane and to each other
as IR TMDs, the N-termini in IGFIR TMDs were not
sterically overlapping with each other. Thus, due to the
structural kink introduced by the P941 residue, the N-terminal
motifs adopted spatially closer configurations which could
potentially induce conformational rearrangements in the FnlIII-
3 domains, bringing them to a more compact conﬁguration
and assisting in the transition of IGF1R into the activated state.
The distance between the C-terminal residues (membrane-
proximal) of Fnlll-3 domains in one of the cryo-EM
structures”® of IGFIR is reported to be ~12 A, which is
close to the distance value between the N-terminal residues
(extracellular) in the C1 configuration of IGFIR TMDs
observed in our work (14.4 A). Additionally, in another cryo-
EM structure of IGFIR," the distance between the C-terminal
residues of FnlIl-3 domains is ~27 A which is close to the
distance value between the N-terminal residues in the C2
configuration of IGFIR TMDs (22.2 A). Thus, IGFIR TMD
configurations observed in our simulations are potentially
capturing the experimentally observed conformational behav-
ior of IGFIR.

Overall, IR and IGF1R TMDs showed natural propensities
of dimerization into distinct configurations which could
potentially stabilize ligand-bound receptor configurations or
facilitate conformational transitions in IR/IGFIR from their
inactive states into active states. The kinks at G960/P961 (IR)
and P941 (IGFIR) residues could further assist these
conformational transitions by providing structural flexibility
to alter the orientations of TMDs and bringing the FnlII-3
domains closer. Therefore, our work showed that CG
modeling is a useful tool to study a complex biophysical
process involving dimerization of transmembrane domains,
which provides enhanced insights into their role in the
activation of tyrosine kinase receptors of the insulin family.

B CONCLUSION

The role of TMD dimerization in the signal transduction
mechanism of IR and IGFIR remains poorly understood,
mainly due to the lack of structural details of the full-length
receptors. In this work, we used CG MD simulations to probe
the dimerization process of IR/IGFIR TMDs in a plasma
membrane representative of physiologically relevant lipid
composition. Since the initial orientation of TMDs relative
to the plasma membrane in the context of the full-length
receptor is not known, we embedded these TMD molecules in
the membrane in several distinct orientations, aiming to
broaden the conformational mapping of TMD dimerization.
We observed spontaneous dimerization of TMDs independent
of their initial orientations and the TMD sequences without
any transient dissociation, signifying that IR/IGF1R TMDs are
susceptible to forming a dimerized configuration even in the
absence of the extracellular receptor domain. Furthermore, IR/
IGFIR TMD association was facilitated by the N-terminal
residues, potentially signifying their important role in bringing
the FnlII-3 domains from the extracellular fragment of IR/
IGFIR toward each other. TMD spatial orientation analysis
revealed that both IR and IGF1IR TMDs remained tilted
relative to the membrane normal with IR TMDs being more

tilted in comparison to IGF1R TMDs. Upon dimerization, IR
TMDs predominantly adopted X-shaped configurations, while
IGF1R TMDs predominantly adopted V-shaped or parallel
configurations with a small tilt relative to the membrane. Both
of these configurations preserved the kinks at G960/P961 (IR)
and P941 (IGFIR) residues which contributed to the
formation of distinct dimerized TMD configurations. These
dimeric configurations of TMDs could potentially stabilize
ligand-bound receptors and further assist in transitioning to
their active states.
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