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ABSTRACT: The accurate simulation of realistic biomembranes
is a long-term goal in the field of membrane biophysics. Efforts to
simulate increasingly complex lipid bilayers, consisting of multiple
lipid types and proteins, have been hindered by the shortcomings
of current force fields, both coarse-grained and all-atom, in the
modeling of protein—protein and protein—lipid interactions. Due
to the fundamental importance of protein dimerization to cellular
signaling and protein trafficking, the study of protein—protein
association and the related dimerization free energies has received
significant attention in both simulations and experiments. Detailed
comparisons of simulation results with NMR, crystallography, and FRET studies served as a test of the accuracy of the simulation
methods and provided insights into the underlying structural distributions and thermodynamic driving forces defining the
interactions. These comparisons have led to the conclusion that existing state-of-the-art simulation methods have failed to effectively
sample the equilibrium between associated and dissociated states, leading to inaccurate estimates of binding constants and
misrepresentation of the associated structural ensembles. Here, we discuss the drawbacks of previously used protocols and review
our systematic development of effective computational methods for enhanced sampling simulations that exhaustively sample the
native and non-native dimer conformations and provide precise estimates of the associated equilibrium binding constants. We
conclude by identifying the most important current challenges to the field that must be met in closing the gap between simulation
and experiment in the study of protein—protein association in the membrane.
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B INTRODUCTION While X-ray, NMR, and cryo-EM have contributed to our
Biomembranes play an essential role in defining cellular understanding of membrane protein structure, membrane
organization and function.'™ A typical biomembrane is protein complexes can exhibit significant structural fluctuation
composed of a variety of lipid molecules, asymmetrically and depend sensitively on the local membrane environment.'”
distributed between membrane leaflets, and contains a high Changes in local lipid composition, membrane thickness, the
concentration of proteins that occupy 15—30% of the membrane presence of cholesterol, and pH can induce significant structural
area.’" In such high concentrations, protein—protein inter- transformations. Moreover, the structures obtained from
actions play a crucial role. Lipid phase separation and specific experiments may represent one of the many possible functional
protein—protein and protein—lipid complexes result in a highly forms of a membrane protein complex.

heterogeneous membrane structure with distinct nanodomains, Informatics and physics-based approaches are routinely used
supporting cellular signaling and protein trafficking.™"* to model and simulate membrane proteins in complex
Membrane protein interactions also have considerable bio- membrane environments.'®~2° Recent advances in CPUs/

medical relevance, with G-protein-coupled receptors being an
obvious example, accounting for 30—40% of drug targets. "'
The interaction of membrane proteins has also been found to
play an important role in amyloid protein biogenesis, crucial to
Alzheimer’s disease.'® As such, the accurate quantitative
assessment of protein—protein association in membranes,
including characterization of the dimer ensembles and
estimation of the related equilibrium association constants, is =
an essential goal for cellular biophysics.

GPUs*"** and MD-specialized supercomputers,” as well as
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multiscale simulation approaches, combining all-atom and
coarse-grained models,”* have enabled the simulation of
increasingly complex environments. However, simulation of
protein—protein interactions in a complex biomembrane
environment remains challenging.

The systematic study of membrane protein association using
computation is typically performed using two approaches. (1)
The self-assembly approach has been used to investigate
spontaneous oligomerization of proteins by running multiple
independent trajectories or using directed simulations to
elucidate the thermodynamic driving forces that favor protein
association by computing the potential of mean force (PMF).
However, effective sampling of protein—protein interactions
that define the free energy of dimerization remains challenging.
(2) In most cases, umbrella sampling,** adaptive biasing force
method,”®”” replica-exchange molecular dynamics,”*~* gener-
alized-ensemble algorithms,”’ or metadynamics®*** methods
are used to calculate free energy surfaces for membrane protein
association.

The calculation of the binding free energy for transmembrane
protein association is of special interest due to its biological
significance. It also provides an excellent benchmark for
validating computational models against association constant
data obtained from experimental Forster resonance energy
transfer (FRET) assays. However, significant challenges remain
for existing enhanced sampling protocols designed to explore
thermodynamically relevant dimer structural ensembles for
comparison with eerriments. (1) The slow translational and
rotational diffusion™* of membrane proteins leads to slow
convergence in sampling all thermodynamically relevant
structures characterizing the dimerization equilibrium. (2)
Enhanced sampling methods based on increasing temperature
or softening interactions can lead to instability of the membrane.
(3) While FRET experiments can report on the absolute
proximity of two TM proteins, the relative orientation of the TM
proteins is uncertain. As such, it is unclear if the experiment
reports all dimer structures observed in simulation or a subset of
structures. (4) Finally, it is known that the labeled proteins,
modified to include donor and acceptor FRET pairs, can exhibit
different aflinities for lipid—protein interactions compared with
native proteins.

In this perspective, we survey current enhanced sampling
protocols used to study transmembrane protein dimerization.
We do not review the history of this field but rather focus on the
most recent developments of efficient enhanced sampling
protocols to exhaustively sample important dimer structures
and explore the convergence of association free energy
calculations. We conclude by highlighting the most important
questions for future studies.

B METHODS BASED ON A SINGLE COLLECTIVE
VARIABLE

Due to the rugged nature of biomolecular energy landscapes,
where multiple thermodynamically relevant substates may be
separated by high-energy barriers, the efficacy of direct
molecular dynamics is limited, and enhanced sampling is
needed. The efficiency of enhanced sampling in the study of rare
events typically relies on the proper choice of the reaction
coordinate. In the study of the dimerization of transmembrane
proteins, it is important to choose collective variables (CVs) that
connect the monomeric and dimeric states of the dimer and
facilitate the sampling of both native and non-native dimer
configurations to establish convergence. A converged proba-
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bility density along the CVs was then used to calculate the
binding constant of the TM dimer.

Glycophorin A (GpA) transmembrane protein homodimer
has been extensively studied using various enhanced sampling
methods.”>™*" The most obvious choice of a single CV for
sampling TM protein dimerization is the center-of-mass
distance between two helices (D). Henin et al. studied the
dimerization of GpA in a dodecane medium using D, as a
reaction coordinate with the adaptive bias force method.* They
reported the free energy of dimerization for GpA to be —11.5
kcal/mol using the all-atom CHARMM?27 force field.

An alternative single CV is the distance-root-mean-squared
displacement (D, ) defined as the change in dimer structure
(X) from a reference dimer structure (X*) and has also been
widely used in the study of TM helix dimerization.
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where d(x, xj) is the distance between atoms i and j in dimer
configuration X. In practice, an experimental structure obtained
from the PDB is used as the reference configuration X and a
D, iq value closer to zero indicates that the dimer configuration
(X) is more similar to X",

Best and co-workers investigated GpA homodimerization in a
POPC bilayer using the CHARMM36 force field.”” They
performed replica-exchange umbrella sampling (REUS)* along
D, q to study the dimerization equilibrium. The PMF along
D,,.q showed no stable dimeric state of GpA. They further
proposed a reparametrization of the CHARMM?36 force field by
reducing the protein—lipid Lennard-Jones (L]) interactions to
match the experimental binding constant results.

Chipot and co-workers employed a so-called geometric route
to simulate the dimerization of GpA and reported the
dimerization free energy to be —10.7 kcal/mol in a POPC
bilayer using the CHARMM36m force field.** In this approach,
the protein helices were progressively separated by restraining
their orientational and conformational degrees of freedom to
accelerate convergence of the PMF. However, implementing
this protocol can be challenging for systems with multiple
thermodynamically relevant binding poses in the dimer
conformational ensemble.

The coarse-grained MARTINI model*** has also been used
to study GpA homodimerization. Marrink and Sengupta
performed umbrella sampling (US) along D,,,, and reported a
dimerization free energy of GpA to be —9.1 kcal/mol in a DPPC
bilayer.*® They also demonstrated the disruptive effect of the
T87F mutant and triple mutants of the glycine zipper (GXXXG)
motif by comparing the computed PMF for the dimerization of
the mutants with that of wild-type GpA. Sansom and co-workers
studied GpA homodimerization in a POPC bilayer by
performing REUS along D, using the MARTINI force
field."” They also calculated the association free energy of the
EphAl dimer by performing US along the center-of-mass
distance between the glycine zipper motifs using the MARTINI
force field."® The study showed that EphAl forms a dimer
stabilized by interactions mediated by glycine zipper motifs.
Tieleman and co-workers studied the association of the
WALP23 homodimer in DMPC, DPPC, and DOPC bilayers,
computing the PMF for dimer association along D, using US.
They reported that the association of WALP23 has no free
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Figure 1. (a) Side view of the membrane bilayer containing a transmembrane protein homodimer and the representation of the homodimer onto the
xy-plane. (b) Potential of mean force (PMF) for the association of GpA along D, and D,,,.4. Density of dimer conformations on the xy-plane obtained
from analyzing the minima of the PMF along (c) D, and (d) D, The experimental structure is represented by the red dot. (e) Two-dimensional
(2D) PMF for the association of the GpA homodimer calculated using umbrella sampling along the xy-projection of the center-of-mass distance
between two helices. The restrained helix is centered on the xy-plane, and the COM”*-Gly79 vector of the restrained helix was aligned to the positive x-
axis and shown by the black arrow. (f) PMF along D,,,, and the projection of the PMFs obtained alon§ D, eq and 2D US onto D,,,,. This figure is
generated using data from a previously published study that employed the MARTINI v2.2 force field.®

energy barrier and is enthalpically favorable while noting that the
association is entropically favorable only in a bilayer with
significant hydrophobic mismatch.*’

In an attempt to overcome the overstabilization of protein
oligomers in the MARTINI v2 force field, Vattulainen and co-
workers computed PMFs sampling over D, for the
homodimerization of EphAl and ErbB1.°° They suggested a
reduction in the scale of the protein—protein LJ interactions.
Using a complementary approach, we addressed the over-
stabilization of protein dimers in the MARTINI v2 force field by
enhancing the scale of the protein—lipid L] interactions.”’ We
showed that the reparameterized MARTINI model can
reproduce the experimental dimerization free energies of GpA,
EphAl, C99, and RR-FGFR3 dimers while maintaining the
original interaction modes between two helices unaffected.

In the following sections, we elaborate on the methodological
developments conducted by our group in the study of
transmembrane protein association. Due to the extensive
study performed on GpA homodimerization, it is considered
an ideal system for benchmarking new methodologies. Many of
our proposed protocols for studying the TM homodimer were
performed on GpA. However, we have also demonstrated the
versatility of our proposed methods through their application to
a variety of other TM homodimers.

B ENHANCEMENTS THROUGH SAMPLING OVER
TWO COLLECTIVE VARIABLES

We studied the dimerization of GpA using the one-dimensional
reaction coordinates D, and D,,4.°” The reference structure
of GpA used to inform D,y was derived from PDB ID 1AFO.>
Umbrella sampling simulations were performed to obtain the
PMFs. The coarse-grained MARTINI v2.2 force field was used
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for the simulation of the protein-embedded lipid bilayer. A
detailed description was provided in a previous study.’” The free
energy landscape along D, 4 contains three minima compared
to one minimum observed along D, (Figure 1b). The free
energy difference of the most stable homodimer configuration
compared to the dissociated state of the protein was found to be
—9.4 and —9.3 kcal/mol along D, and D, 4, respectively. The
characteristic and absolute values of free energy surfaces agree
with the previously published results.*”

The lateral movement of the helices in a membrane bilayer
can be visualized as the movement of the protein in a plane (xy-
plane) perpendicular to the membrane normal (z-axis). A
schematic representation of the TM homodimer projected onto
the xy-plane is shown in Figure 1a. We analyzed the minimum of
the PMF to have a better understanding of the conformational
ensembles of dimers sampled during the simulation along D,
and D, .

To understand the interaction pattern of the homodimer, one
of the helices was centered on the xy-plane. The COM”’-Gly79
vector of the centered helix was aligned to the positive x-axis, and
the probability density of the second helix is shown as a
colormap on the xy-plane, where COM”’ is defined as the
center-of-mass of 77—81 residues. Gly79 is the first glycine
residue of the GpA glycine zipper motif. Therefore, the density
observed along the positive x-axis indicates an interaction
mediated by the glycine zipper motif. The probability density of
dimer conformations obtained from simulation along D, and
D, sq showed that the sampling is restricted only to the native
interaction (glycine zipper motif) of GpA (Figure 1). Given
these observations, there are two possibilities to consider: (1)
The glycine zipper motif interaction is the only favorable
interaction predicted by the MARTINI v2.2 force field or (2)

https://doi.org/10.1021/acs.jpcb.5c04286
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the native interaction is one of the important structures;
however, the other relevant structures are not sampled properly.

To further explore GpA homodimerization, we calculated a
two-dimensional free energy surface along the xy-projection of
the relative COM—COM distance of the TM helices.”> The
COM”-Gly79 vector of one helix was restrained to the positive
x-axis, allowing the other helix to rotate without any restriction.
A detailed description of the calculation of 2D PMF using US is
provided in a previous study.”” The 2D PMF obtained for GpA
using the MARTINI v2.2 force field is shown in Figure 1le, where
the restrained helix was centered on the xy-plane.

The two-dimensional PMF identifies multiple thermody-
namically relevant substates in the homodimer ensemble,
including the native homodimer, stabilized by interaction
facilitated by the glycine zipper motif, and non-native
homodimer structures. Although the native homodimer
conformation was found to represent the global free energy
minimum, there exist other thermodynamically relevant non-
native conformations. Comparison of the 2D PMF with the
results derived from the 1D PMF demonstrates that incomplete
sampling was achieved by using D, or D4 as CVs. The
restricted sampling obtained from the 1D US results in a biased
free energy surface, leading to an overestimation of the binding
free energy (Figure 1f). Apparent convergence of the free energy
surface may also be observed in the US simulations along D,
and D, due to the overly restricted sampling of the native
dimer conformation.

We further characterized the interaction between GpA helices
by studying the spontaneous aggregation of dimers and multiple
helices in independent unbiased simulations.””> We observed
similar interaction patterns as predicted by the 2D PMF. The
GpA helices were found to associate by interacting through both
native and non-native contacts in unbiased simulations.

B NEED FOR SAMPLING OVER THREE COLLECTIVE
VARIABLES

Building on the concept of TM helix movement in the xy-plane,
we recently progosed a protocol using metadynamics (3D
metadynamics).”> We studied TM protein homodimerization
using three collective variables, defined as the x-projection and y-
projection of the center-of-mass distance between two helices
and the crossing angle between the helix vectors (Figure 2). The
3D metadynamics protocol was used to study the dimerization

Restrained
helix

y-projection

x-projection

of D,
Crossing com

angle

Figure 2. Schematic representation of three CVs used in the 3D
metadynamics protocol: the wx-projection and y-projection of the
center-of-mass distance between two helices and the interhelical
crossing angle.

of GpA in POPC, EphAl in DLPC, and WALP23 in POPC and
DOPC using the MARTINI v3 force field. Following a similar
approach as 2D US, the angular motion of one helix was
restrained by applying a harmonic potential between the COM*-
ResX vector and the positive x-axis, where COM? is defined as
the center of mass of X — 2 to X + 2 residues. Gly79, Gly554, and
Alall were used as ResX in the case of GpA, EphAl, and
WALP23, respectively. A detailed description of the 3D
metadynamics method is provided in a previous study.”

Projection of the 3D PMF onto the xy-plane is shown in
Figure 3. The restrained helix was centered on the xy-plane, and
the COM*-ResX vector of the restrained helix was aligned to the
positive x-axis and is shown as a black arrow. Multiple hotspots
were observed on the xy-plane for GpA and EphAl,
demonstrating multiple interaction sites on the helix, whereas
one predominant hotspot observed for WALP23 suggests a
more specific interaction. We also compared the 3D PMF results
obtained from the metadynamics calculations with the 2D US
calculations. The PMF obtained from the 2D US was found to
capture similar interaction sites and predict the same
dimerization free energies, Figure 4.

In a recent study, Ito and Sugita used four collective variables
defined as the interhelical distance, crossing angle, and the two
Crick angles between TM helices to study the dimerization of
GpA and the C-terminal fragment of the amyloid precursor
protein (APP-C99) in an implicit membrane using the
CHARMM36m all-atom force field.*' They employed bias-
exchange adaptively biased molecular dynamics (BE-ABMD)
along four CVs and reported multiple important dimer
configurations for both GpA and APP-C99. These findings
validate our earlier observations regarding the role of multiple
thermodynamically significant minima in the dimer-state
ensemble.

We note that in the space defined by the two Crick angles,
each homodimer conformation is represented twice, leading to
redundant sampling. To reduce this redundancy and achieve
faster convergence, the interhelical distance and two Crick angle
CVs can be replaced with the xy-projection of the COM distance
between two helices. This is the approach taken in our 3D
metadynamics protocol, where one helix is restrained at the
origin. It would, however, be of interest to investigate the
performance of BE-ABMD as an alternative to metadynamics, as
well as any relative advantage provided by the introduction of a
fourth CV.

In addition to calculating dimerization free energy, another
aspect of studying homodimerization of proteins using an
enhanced sampling protocol is to identify the important dimer
conformations. Several experimental studies have characterized
the TM protein homodimer structures. X-ray crystallography**
and NMR spectroscopy’>*® experiments have established that
the GpA homodimer is stabilized by the glycine zipper motif
interaction, forming a right-handed helical structure. Arseniev
and co-workers studied the EphAl dimer in lipid bicelles using
NMR spectroscopy.”® The predominant EphAl homodimer
structures involved a glycine zipper motif interaction to form a
right-handed helix. Several computational studies have also
characterized the homodimer structural ensemble of GpA,*”'
EphAl ;% WALP23,*® and RR-FGFR3.”' However, in most
cases, the simulations were found to be trapped in an energy
minimum, resolving only one representative dimer conforma-
tion.

To identify the crossing angle distribution characterizing the
homodimer ensembles, we projected the 3D PMF onto the

https://doi.org/10.1021/acs.jpcb.5c04286
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from a previously published study using the MARTINI v3 force field.®
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crossing angle and D, (Figure 3). The energy minima on the
free energy surface predicted that GpA and EphAl form stable
homodimer structures with three different average crossing
angles, while WALP23 predominantly forms right-handed
helical structures. Buck and co-workers also studied GpA and
EphAl homodimers using the MARTINI v3 force field and
observed three conformational ensembles characterized by
different average crossing angles.”’

The 3D metadynamics protocol also resolves the residue-level
interactions that contribute to the specific helicity of the
homodimer (Figure S). Different hotspots on the xy-plane can
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be linked to distinct residue-level interactions. To identify the
interactions leading to a particular handedness, a density profile
on the xy-plane can be obtained by averaging over the 3D PMF
corresponding to that specific crossing angle region. We
identified three different conformations leading to the L1 cluster
of GpA, with one conformation in each L2 and R cluster (Figure
5). Additionally, we identified two conformations leading to the
L cluster of EphAl and one conformation in each R2 and R1
cluster. The glycine zipper motif was found to play an important
role in the formation of right-handed helical structures in both
GpA and EphAl, as predicted by experimental studies. WALP23

https://doi.org/10.1021/acs.jpcb.5c04286
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Figure 5. Projection of the 3D PMF obtained from the 3D metadynamics for the association of (a) GpA, (b) WALP23, and (c) EphAl homodimers
along the crossing angle using the MARTINI v3 force field. The names of the structural clusters (L or R) were assigned based on the average crossing

angle distribution. The interhelical contacts observed in each cluster are shown as schematics. This figure is generated using data from a previously
published study.*

forms right-handed helical structures with interaction mediated
by the Ala9-Alal3-Alal7 motif, as also indicated by the major
hotspot on the xy-plane was observed along the negative
direction of the director vector defined as the COM''-Alal1l
vector (Figure 3c).

The results obtained from the 3D metadynamic calculations
were compared to unbiased simulations. The association of
GpA, EphAl, and WALP23 was studied by using a self-assembly
approach through multiple independent unbiased simulations.
Although establishing equilibrium association—dissociation
events from unbiased simulations proved challenging, stable
homodimer conformations were identified. Similar intermolec-
ular interactions were observed in the unbiased simulations, as
predicted by the 3D metadynamics simulations. Taken together,
the results demonstrate that the 3D metadynamics method
exhaustively samples the homodimer structural ensemble and
can identify thermodynamically relevant conformations con-
tributing to the equilibrium association constant.

variables using the input descriptors obtained from the
molecular dynamics trajectory.”°> The SPIB protocol opti-
mizes the representation of the important states of biological
rare events onto the collective variable space using the time delay
as a hyperparameter.

We used the DeepLDA and SPIB protocols to derive
collective variables to effectively study the association/
dissociation equilibrium of GpA and WALP23 homodimers in
a POPC bilayer.”® The collective variables using the DeepLDA
and SPIB protocols were derived by using data obtained from
extensive unbiased simulations. The free energies of dimeriza-
tion of GpA and WALP23 obtained from the simulation along
the DeepLDA- and SPIB-derived CVs were found to be similar
to those obtained from the 3D metadynamics simulations
(Figure 6). Additionally, we characterized the thermodynami-
cally relevant homodimer conformational ensembles by
projecting the data obtained from simulations along the CVs
derived from DeepLDA and SPIB protocols onto the xy-plane
and onto the crossing angle and D, Simulation along
DeepLDA- and SPIB-derived CVs was found to sample similar
homodimer conformational ensembles as predicted by the 3D
metadynamics simulations. This study further validates the
effectiveness of our intuition-based collective variables in the
study of protein—protein association in membranes.

B APPLICATION OF THE
MACHINE-LEARNING-BASED PROTOCOLS

Recent developments in machine-learning-based protocols for
identifying collective variables have significantly improved the
study of biological rare events. Parrinello and co-workers have
used deep linear discriminant analysis (DeepLDA) to study the
aldol reaction and rotational transition of alanine dipeptide.’
The DeepLDA protocol uses deep learning techniques to
perform a nonlinear transformation of input descriptors that
separate the data into different classes along the collective
variable space, optimized by linear discriminant analysis.”’
Tiwary and co-workers have developed the state predictive
information bottleneck (SPIB) protocol to identify collective

B CONNECTING COMPUTATIONS WITH
EXPERIMENTAL RESULTS

Several experiments have been performed to quantify the
dimerization free energy of the TM homodimers. Fleming et al.
reported the free energy of dimerization of GpA to be —9.0 kcal/
mol in pentaoxyethylene octyl ether (C4Es) detergent.* They
also reported the mole fraction standard state dimerization free
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Figure 6. Potential of mean force (PMF) for the association of GpA and
WALP23 homodimers along D, obtained from the 3D metadynamics
simulations and the simulations along the DeepLDA- and SPIB-derived
CVs. This figure is generated using data from a previously published
study using the MARTINI v3 force field.”®

energy of GpA to be —7.0 kcal/mol in the same detergent.’® The
free energy of dimerization in SDS detergent was found to be
—4.5 to —5.5 kcal/mol.®® Nash et al. studied a de novo design of
TM helix with the GpA TM domain motif in Escherichia coli
inner membrane and reported the dimerization free energy to be
—7.5 keal/mol.°® Hong et al. used a steric trap method to study
the dimerization of GpA in POPC and reported the free energy
of dimerization to be —12.1 kcal/mol.”” Hristova and co-
workers studied residues 75—98 of the GpA TM domain in
different plasma membranes and found the free energy of
dimerization to be —3.4 to —4.0 kcal/mol using a FRET
assay.”>®” Artemenko et al. reported the dimerization free
energy of EphAl to be —3.7 kcal/mol in a DMPC liposome
using a FRET assay.”” Sanders and co-workers studied the C99
domain of the amyloid precursor protein in a POPC/POPG
lipid vesicle using electron paramagnetic resonance (EPR) and a
FRET assay, reporting the dimerization free energy of —3.2 kcal/
mol.”* Hristova and co-workers studied the FGFR3 homodimer
in POPC and reported the free energy of dimerization to be —2.7
kcal/mol”® using a FRET assay. They also studied ErbB1 TM
domain dimerization in DLPC using FRET and reported the
dimerization free energy to be —2.5 kcal/mol.”® The
dimerization free energy values of different TM homodimers
obtained from previous computational and experimental studies
are tabulated in Table 1.

The free energy of dimerization (AG) can be calculated from
a surface free energy defining the homodimer association. The
PMF obtained from 2D US or 3D metadynamics calculations
can be projected along the D, coordinate. The resulting PMF
along D, can be integrated to obtain the dimerization free
energy: >0 81

Kp=~x2Z

f " e AWOIKT g,
2 Ay Jo

AG = —RTInK, (2)

where AW(r) is the PMF along D, An entropic factor
correction, kzTIn(r), is added to AW(r) to account for the
increasing area accessible to dimers as r increases. A distance
cutoff r, is chosen, beyond which the PMF reaches a plateau.
The standard reference area A, is typically set to 1 nm” The

factor % is added as a symmetry factor in the case of a

homodimer.
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Following Fleming’s approach,”> Marrink and co-workers
related the association constant to the mole fraction standard
free energy45

K, =KL
D XZAO
AGy =AG + RT In—+
24, (3)

where AGy is the mole fraction binding free energy and 4; is the
area per lipid. The mole fraction standard free energy for the
homodimerization of different protein homodimers is shown in
Table 2. The correction typically leads to changes in AG on the
order of kyT.

A computational protocol for studying the TM homodimer
should efficiently calculate dimerization free energy and identify
important dimer contacts. 3D metadynamics is proven to be an
ideal protocol as it exhaustively samples the conformational
ensemble of TM homodimers, providing a converged estimation
of the dimerization free energy. It is found to be more efficient
than 2D umbrella sampling along the xy-projection of the
relative COM distance between two helices. A converged
estimation of the dimerization free energy obtained from the
simulation can be compared to experimental results. Accurate
knowledge of the free energy of dimerization is essential for
parametrizing a force field and understanding the mechanism of
membrane protein interactions.

We note that a minimum of 800 s of simulation is required to
obtain a converged two-dimensional PMF using US along the
xy-plane (2 ps/umbrella). In contrast, an 80 us simulation is
sufficient to obtain a converged one-dimensional PMF along the
Deom Or Dyoq CVs (4 ps/umbrella). However, only a restricted
set of dimer conformations is sampled along D, or D, .
Compared with the US approach, a converged PMF can also be
obtained after approximately 100 s of simulation using the 3D
metadynamics protocol. Similarly, metadynamics along machine
learning-derived CVs can yield a converged PMF within 100 us
of simulation. However, a drawback of using machine learning-
derived CVs is the computational cost associated with
calculating an extensive set of descriptors at each time step,
especially when compared to intuition-driven CVs.

B FUTURE DIRECTIONS

Characterizing TM Homodimer Structures Using All-
Atom Models. The study of TM protein dimerization has
mainly been explored using coarse-grained models. The all-atom
force field has not yet been effectively validated for the study of
single-pass TM helix association. Some studies have attempted
to use all-atom models to explore protein dimerization; however,
there have been significant variations in reported dimerization
free energy values for the same system using the same force field.
Our proposed method, employing a 3D metadynamics
approach, was validated using the MARTINI coarse-grained
force field. However, it is straightforward to implement the
method in future applications using all-atom model simulations.
The successful implementation of the method could lead to the
characterization of thermodynamically relevant homodimer
structures and the evaluation of the dimerization free energies
for TM homodimers. The results can be compared with
available experimental data to either solidify or propose
necessary calibrations for the all-atom force fields.

Bridging the Gap between Computational and
Experimental Studies. Achieving the goal of establishing a

https://doi.org/10.1021/acs.jpcb.5c04286
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Table 1. Dimerization Free Energy of Different Protein Homodimers Reported in Previous Studies

protein/sequence methods/force field free energy of dimerization (kcal/mol) medium
Gp A3
Computational
residues 73—95 CHARMM?27 —11.5% dodecane
residues 69—97 CHARMM36m -10.7*° POPC bilayer
residues 69—97 CHARMM36 (rescaled) —-3.0 to —3.8" POPC bilayer
residues 70—96 MARTINI -7.5% DPPC bilayer
residues 70—96 MARTINI —6.7 DLPC bilayer
residues 70—96 MARTINI 6.6 DOPC bilayer
TM domain MARTINI v2 —-9.1% DPPC bilayer
residues 69—97 MARTINI v2 —8.4Y POPC bilayer
residues 69—97 MARTINI v2 -9.3% POPC bilayer
residues 69—97 MARTINI v2 -7.5% POPC bilayer
residues 69—97 MARTINI v3 -5.9% POPC bilayer
TM domain MARTINI v3 -3.1% DLPC bilayer
residues 69—97 MARTINI v3 -7.0% POPC bilayer
Experimental
TM domain ultracentrifugation -9.0% pentaoxyethylene octyl ether (CgEs)
TM domain sedimentation equilibrium -7.0 pentaoxyethylene octyl ether (C4Es)
TM domain sedimentation equilibrium —4.5 to =5.5 sodium dodecyl sulfate (SDS)
De novo design of GpA TM domain motifs GALLEX assay -7.5% Escherichia coli inner membrane
TM domain steric trap —12.1¢ POPC bilayer
residues 75—98 FRET —3.4 to —4.0%%% plasma membrane
EphA1*°
Computational
residues 542—572 MARTINI v2 -14.3% DPPC bilayer
residues 536—573 MARTINI v2 —7.1%° DLPC bilayer
residues 544—572 MARTINI v2 -7.7° DLPC bilayer
residues $36—573 MARTINI v3 —4.7% DLPC bilayer
residues 544—572 MARTINI v3 -3.8% DLPC bilayer
Experimental
residues $44—572 FRET -3.77° DMPC bilayer
WALP23
Computational
MARTINI -2.97 Di-C18:2PC
MARTINI v2 —-4.8" DOPC bilayer
MARTINI v3 -2.9% POPC bilayer
MARTINI v3 -2.6" DOPC bilayer
MARTINI v3 -32% POPC bilayer
MARTINI v3 -2.6% DOPC bilayer
Experimental
(AALALAA), FRET -3.07 Di-C18:1PC
C9973
Computational
residues 22—55 MARTINI v2 -9.1°! POPC—POPG bilayer
Experimental
full length FRET -327 POPC—POPG bilayer
FGFR3"
Computational
residues 367—399 MARTINI v2 -10.3"" POPC bilayer
Experimental
residues 367—399 FRET -2.77° POPC bilayer
ErbB1”’
Computational
residues 634—677 MARTINI v2 -9.4%° DLPC bilayer
residues 634—677 MARTINI v3 —24% DLPC bilayer
Experimental
KKKSIATGVVGALLLLLVVALGIGLEMKKK FRET -2.587 DLPC bilayer

force field capable of predicting realistic interprotein contacts
and interaction energies is a central goal for the field. A
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membrane protein force field relies primarily on two types of
experimental data: (1) Partition coefficients of amino acids in
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Table 2. Dimerization Free Energy (AG) and Mole Fraction
Standard Free Energy (AGy) of Different Protein
Homodimers Obtained from the 3D Metadynamics Protocol
Using the MARTINI v3 Force Field

temperature ap AG AGy
protein (lipid) (K) (nm?)  (kcal/mol) (kcal/mol)
GpA (POPC) 310 066 —70+01 —77+0.1
EphAl (DLPC) 303 0.59 —-3.8+0.1 —45=+0.1
WALP23 (POPC) 310 066 —32+02 —39+02
WALP23 (DOPC) 310 069 —26+01 —32+0.1

water and membrane bilayers, which are relatively easy to
reproduce in computer simulations. (2) Free energy of
dimerization and contacts between TM helices in the
membrane, which are challenging to interpret. The pattern of
contacts between two membrane proteins can be understood
from structures obtained from X-ray crystallography and NMR
experiments. The free energy of TM protein association is
primarily derived from experimental association constants
obtained from FRET assays. Considering that for the
dimerization of GpA, arguably one of the most extensively
studied protein homodimers, the reported values of the free
energy of dimerization vary from —3.4 to —12.1 kcal/mol.

Focusing solely on data obtained from FRET assays
commonly used to study several TM homodimers, differences
in results can be ascribed to variations in the length of the TM
helix studied, variations in the membrane bilayer composition,
and the use of different fluorescence labels. While some FRET
studies were conducted in complex membrane environments,
most of the studies were performed in simple bilayer
environments composed of one or two types of lipids. In
computer simulations, replicating the protein sequence used in
experiments and modeling a single or bicomponent lipid bilayer
are straightforward. However, the impact of the donor and
acceptor labels used in FRET studies has not been quantified
through MD simulations. These fluorescence labels may
influence both native and non-native homodimer conforma-
tions, thereby affecting the dimerization free energy. A more
precise comparison between computer simulations and
experimental results can be achieved by explicitly modeling
these fluorescence tags onto the protein helices (Figure 7),
representing an important area for future study.
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