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Abbreviations KOR kappa-opioid receptor
SHT 5-hydroxytryptamine (serotoVolume 9nin) LSD lysergic acid diethylamide
DHA Docosahexaenoic acid MD molecular dynamics
DLPC 1,2-dilauroyl-sn-glycero-3-phosphocholine NMR nuclear magnetic resonance
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine PC phosphatidylcholine
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine PE phosphatidylethanolamine
DOPE 1,2-dioleoyl-sn-glycero-3- POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine phosphocholine
DynA DynorphinA SASA solvent accessible surface area
EPR electron paramagnetic resonance SDPC 1-stearoyl—2—docosahexaenoyl—sn—glycero-3—
FRET forster resonance energy transfer phosphocholine
GPCR G-protein coupled receptor ™ transmembrane segment
KET ketanserin
Glossary species with unpaired electrons, and can be applied to study

Atomic force microscopy A high-resolution experimental

technique that probes the surface of specimens using a
cantilever system, and can be applied to map out protein
structure at the level of single molecules.

Channel open probability The probability of the channel
being in the open state, a key observable for ion channels in

patch clamp experiments.
Electron paramagnetic resonance An experimental

spectroscopic technique that allows observation of specific

quantum mechanical magnetic properties of chemical

lipid association of membrane proteins.

Forster resonance energy transfer A mechanism
describing non-radiative energy transfer between two
chromophores.

G-protein coupled receptor Seven-transmembrane
domain receptors that sense molecules outside the cell and
activate inside signal transduction pathways and, ultimately,
cellular responses.
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Hydrophobic mismatch The difference between the
hydrophobic thickness of a transmembrane segment and
the bulk hydrophobic thickness of the lipid bilayer.
Molecular dynamics A computational method

that solves Newtonian mechanics to simulate the
dynamics of an N-body system, and may be applied to
simulate the dynamics of membrane-protein systems at
the atomistic level.

Nuclear magnetic resonance An experimental
spectroscopic technique that allows the observation of
specific quantum mechanical magnetic properties of
atomic nuclei with non-zero spin, which can be applied

For a long time, the cell membrane was considered to be no
more than a passive structure that compartmentalized the cell.
However, this perception has been challenged by increasing
evidence that the lipid environment modulates the function
and organization of the membrane proteins."? This evidence
comes from a range of biophysical and biochemical experi-
ments, encompassing spectroscopic, imaging, patch clamp
and other techniques.>” Many observations of the effect of
the lipid membrane on protein function have been largely
explained in terms of the energy cost due to hydrophobic
mismatch between the membrane and the protein.”® The
purpose of this chapter is to present a computational frame-
work for quantifying hydrophobic mismatch-induced mem-
brane remodeling and corresponding energetics, along with
illustrative applications of the methodology to specific mem-
brane-protein systems.

9.12.1 Evidence for Role of Lipid Environment for

Membrane Protein Function

We begin by presenting some of the findings regarding the role
of the lipid membrane in membrane protein function, largely
focusing on the specific biological systems and findings that
we believe will help the reader to better establish the biolo-
gical context of the illustrative applications discussed in sec-
tion 9.12.4.

9.12.1.1 Lipid Environment and G-Protein Coupled
Receptors (GPCRs) — Receptor Activation and

Oligomerization

Overwhelming evidence indicates that the activity and orga-
nization of GPCR proteins are regulated at various spatial
scales, and involve different membrane components. For
example, experimental evidence suggests that many GPCRs
function with different efficacy when localized in cholesterol-
enriched lipid domains, or rafts.’~"" Furthermore, ligands for
certain GPCRs, such as cannabinoid and opioid receptors, are
membrane soluble, e.g., the well-known AMS841 ligand for
cannabinoid CB-2 GPCR,'*'* and Dynorphin A for the
kappa-opioid receptor (KOR).'*'*> As these ligands have an
ability to interact directly with cell membranes before they
reach their host receptor,'? the critical question is: how do
membrane components and cholesterol modulate the

to study the transfer of magnetization within the

protein and between the protein and the first shell

of lipids.

Residual mismatch The hydrophobic mismatch between
the hydrophobic thickness of a transmembrane segment
and that of the adjacent deformed lipid bilayer. The residual
mismatch occurs if the hydrophobic mismatch at a
transmembrane segment is not alleviated by the membrane
deformation.

Solvent accessible surface area The surface area of a
residue that is exposed to the solvent.

interaction of such ligands with their host GPCRs? In Section
9.12.4, we apply the quantitative framework presented in this
chapter to answer this question and provide mechanistic
insights into the role of cholesterol in regulating function of
KOR receptors.

An effect of the lipids on the equilibrium distribution
between active and inactive GPCR conformations has also
been reported. A particularly well-studied example is that of
rhodopsin, which has long served as a prototypical Class-A
GPCR for understanding GPCR structure and function in
general. Rhodopsin accounts for >90% of the proteins in rod
outer disk membranes and is responsible for dim light vision
via the transduction of photons into an intracellular bio-
chemical signal. The photochemical function of rhodopsin
has been shown to be affected by key characteristics of lipids at
the molecular level, viz., acyl chain length, unsaturation of the
acyl chain, headgroup size, and headgroup charge'®° (Fig-
ure 1). Specifically, flash photolysis experiments, which mea-
sure the amount of rhodopsin in its inactive Metarhodopsin 1
and its active Metarhodopsin II conformations in response to
a single flash of light, have shown that the equilibrium
between the two conformations is sensitive to the lipid
environment.

Metarhodopsin I + H;O" « — Metarhodopsin 11

Thus, in mixtures of 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC) and 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine (DOPE) lipids, there is an increase in
Metarhodopsin II with increasing molar fraction of DOPE
lipid.?° The presence of PE headgroups shifts the equilibrium
to the right relative to PC headgroups. A similar shift is
observed on increasing the molar fraction of lipids containing
the negatively charged PS headgroup®' and the molar fraction
of the highly unsaturated Docosahexaenoic acid (DHA)-con-
taining lipids.®

It should be noted that such lipid-mediated modulation of
rhodopsin function is not due to lipids of a specific chemical
nature, as the basic molecular characteristics of lipids do not
have mutually exclusive effects. For example, a lipid mixture of
DOPE and DOPC in the molar ratio of 75:25 gives similar
results compared to native ROS membranes (which contain a
lower mole fraction of DOPE but contain lipids with PS head-
groups and DHA-containing lipids).?° Thus, lipids containing PE
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Figure 1 Schematic drawing of several common lipid molecules used in the model membrane systems discussed here, illustrating the
structural characteristics at the molecular level. (a) DMPC, with two 14-carbon (C) long acyl chains, (b) DPPC, with two 16-C acyl chains, (c)
POPC, containing a 16-C tail saturated acyl chain and a 18-C monounsaturated acyl chain, (d) POPE, similar to POPC but with PE rather than PC
headgroup. The color scheme is: cyan: C, blue: N, gold: P, red: O, white: H. H atoms are shown only in the headgroups. The G2 atom and the
last C atom of the acyl chain are labeled. For this figure, the configuration of each lipid was chosen randomly from a lipid membrane patch in the

MD simulations.

headgroups can compensate for the absence of unsaturated
lipids and negatively charged headgroups.

Current evidence for the involvement of the lipid
membrane environment is not limited to Class A GPCRs.
For example, the ligand binding for the Class C GPCR
metabotropic glutamate receptor has been found to depend
on the lipid composition, with a cholesterol-rich environ-
ment resulting in a higher affinity for glutamate.??

Another critical role that the lipid environment has been
shown to play in relation to GPCR function is in the process
of oligomerization of these receptors. GPCRs can function in
monomeric form?? and for many years this was considered to
be its physiological level of organization. Yet several GPCRs
have now been found to form dimers or higher-order oli-
gomers>* with consequences for function,?>~? a topic that
has naturally engaged the attention of the GPCR community
of late. Of particular relevance to this chapter, the oligo-
merization of rthodopsin has been found to depend on the
lipid membrane environment. Forster resonance energy

transfer (FRET) data on rhodopsin reconstituted in mono-
unsaturated lipid bilayers of different tail lengths showed that
the extent of oligomerization is much lower for (C20:1),PC
than it is for (C14:1),PC.*® Coarse-grained molecular
dynamics (MD) simulations of these systems suggest that the
oligomerization interface may also be different in
(C14:1),PC compared to (C20:1),PC.*° In Section 9.12.4,
using the quantitative framework described in this chapter,
we shall examine membrane-driven GPCR oligomerization
from an energetic standpoint leading to mechanistic insights.

Notably, the activation and oligomerization of GPCRs have
been found to be related, and experimental studies show that
agonist and inverse agonist stabilize different oligomerization
interfaces for certain GPCRs such as the serotonin 5-HT,¢,
dopamine D2, and beta-2 adrenergic GPCRs.>**? For example,
cysteine-crosslinking experiments with dopamine D2 revealed
that the face of TM4 involved in the dimerization interface is
different when measured in the presence of the agonists
dopamine or quinpirole vs. the inverse agonist sulpiride.>* The
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quantitative framework we present here is used to examine a
possible role of the lipid environment in the ligand-induced
oligomerization of GPCRs (Section 9.12.4).

9.12.1.2 Role of Lipid Environment in lon Channel
Function

The functioning of ion channels has also been shown to be
affected by the membrane environment. The lipid bilayer
plays a central role in the gating of mechanosensitive chan-
nels, with the open probability being dependent on the
membrane tension.” Changes in the bilayer properties,
therefore, affect the open probability of these channels.

The functioning of ion channels that are not gated by the
membrane tension as part of their physiological mechanism
has also been found to depend on the lipid membrane
environment. One of the most well-studied examples is that of
gramicidin channels,® which are cation-selective channels
formed by the transbilayer association of two 15-amino acid
beta helical units in a reversible process. The lifetime and
appearance frequency of these channels (but not their single
channel conductance) have been found to be sensitive to the
lipid bilayer thickness and material properties, and this
dependency could be quantitatively explained using tools
based on concepts of lipid-protein interactions (described in
later sections of this chapter).?*3* In fact, these channels have
come to be used as molecular probes to measure the effect of
pharmacological interventions on bilayer properties.®

Modifiers of bilayer properties have been shown to affect
the function of various ion channels without chemically spe-
cific interactions with the channel.*> For example, physiolo-
gically relevant concentrations of capsaicin increase the
lifetime of gramicidin channels, with a similar concentration
dependence for both left-handed and right-handed gramicidin
channels, and this effect is inferred to be a result of a decrease
in the bilayer stiffness.® Whole cell patch clamp recordings
show that capsaicin also promotes the deactivation of voltage-
dependent sodium channels and N-type calcium channels via
a hyperpolarizing shift in the inactivation potential.” Similar
effects have been observed for a number of structurally dif-
ferent bilayer modifiers, each of which has been found to
affect several different ion channels without direct chemical
interactions®>®~3® (for a summary, please see Table 4 of ref. 8).

9.12.2 Key Elements of Lipid-Protein Interactions

The effect of the lipid membrane on the protein function can
be exerted through interactions between the lipid and the
protein at specific sites, as well as through deformation of the
lipid membrane.

Among the first lines of evidence that membrane compo-
nents, such as cholesterol, can directly interact with GPCRs at
specific locations around the receptor, came from experimental
structural studies®®™*' on beta2 adrenergic receptors and rho-
dopsin, where the receptors were co-crystallized with choles-
terol molecules at specific sites around the GPCRs. Molecular
dynamics simulations also predicted that certain regions on the
rhodopsin molecule were engaged in direct interactions with

cholesterol at microsecond time-scales.*>** Furthermore, the
longer time-scale dynamics of cholesterol at these specific
binding sites were found to be related to conformational
changes in rhodopsin associated with the receptor activation.

MD simulations and solid-state nuclear magnetic reso-
nance (NMR) experiments also revealed the existence of site-
specific interactions of rhodopsin with polyunsaturated DHA-
containing lipids.*** Such interactions can interfere with
interhelical contacts, more so in certain conformations of the
protein. In this way, these interactions can stabilize certain
conformations relative to others.

In addition to specific interactions between membrane
components and GPCRs, the material properties of the lipid
membranes have also been shown to affect protein function.
Such a non-specific mode of interaction has been suggested as
a possible mechanism in regulating rhodopsin activation and
oligomerization,®>?® and the lifetime of active gramicidin
channels in different lipids.>>?* These non-specific effects
have been explained in terms of the energy cost of membrane
deformations caused by “hydrophobic mismatch”, defined as
the difference between the hydrophobic thickness of the
unperturbed membrane and that of the protein. In the pre-
sence of such a hydrophobic mismatch, the membrane
deforms in order to alleviate the energy cost of the mis-
matched interface. For example, X-ray diffraction measure-
ments of the phosphate-to-phosphate distances of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-
dilauroyl-sn-glycero-3-phosphocholine (DLPC) bilayers with
and without gramicidin channels showed that the thinner
DLPC membrane and the thicker DMPC membrane deformed
towards a common intermediate value when gramicidin
channels are embedded;*’ such protein-induced membrane
deformations incur an energy penalty®® that depends on the
composition of the membrane.

Another energy term potentially contributing to the
hydrophobic mismatch effect is due to the “residual mismatch”
that arises from the incomplete alleviation of the hydrophobic
mismatch by the membrane deformation (Figure 2). Indeed,
from lipid association electron paramagnetic resonance (EPR)

Residual C2 atoms

mismatch I

C2 atoms

Figure 2 Schematic illustration of membrane deformations and
residual mismatch. The figure is taken from a snapshot of MD
simulations of rhodopsin in lipid bilayer, and shows a transmembrane
segment whose hydrophobic thickness is greater than the basal
thickness of the lipid bilayer. The hydrophobic mismatch leads to
membrane deformations and the residual mismatch shown.
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studies,*® residual mismatch was inferred to be a major con-
tributor to the hydrophobic mismatch cost for several multi-
helical transmembrane proteins.

9.12.3 Framework for Quantitative Description of
Lipid-Protein Interactions

Having introduced several key aspects in membrane-protein
interactions, viz., site-specific interactions between lipid and pro-
tein, membrane deformations and the associated membrane
deformation energy, and the residual mismatch energy, we now
turn to the computational framework that enables a quantitative
description of all these critical interaction measures. The
mechanistic insights provided by such quantification of the role of
the lipid environment in the integral protein function are illu-
strated by the specific applications described in Section 9.12.4.

9.12.3.1 Description of Membrane Deformation

The shape of a deformed membrane around the inserted
protein can be quantified by the deformation variable u(x,y)
defined locally per bilayer leaflet as:>*

u(xy) =5 (d(xy) — do) 1]

1
2
where d(x,y) and d, are the local and bulk bilayer thicknesses,
respectively. These thicknesses are typically calculated either
from the C2-C2 distances (which represent the hydrophobic
thickness of the bilayer), or the phosphate-phosphate
distances (which correspond to the peak-to-peak separation
on the electron density profiles obtained from X-ray diffrac-
tion studies””).

The variable u(x,y) can be obtained, for example, from reg-
ular atomic MD simulations during the production part of the
MD trajectory, using eqn [1] and by measuring d(x,y) through
the positions of the phosphate/C2 atoms on the opposing
leaflets fitted onto a grid. Usually, as in eqn [1], the analysis is
simplified by taking u(x,y) to be the average of the deformations
in the two leaflets of the bilayer, as opposed to treating the two
leaflets separately. This simplification is possible only if the
volumes occupied by the protein in the two leaflets are
approximately aligned one above another, and the local
deformations are small and approximately similar in both
leaflets. On the other hand, in systems involving different lipid
compositions in the two leaflets, or highly tilted protein, the
two leaflets should preferably be treated as separate monolayers.

The membrane shape can also be calculated from eqn [1]
in the context of a more coarse-grained framework, such as
continuum elastic formulation, whereby the lipid membrane
is represented as continuum two-dimensional deformable
media. Importantly, such coarse-graining allows quantifica-
tion of the corresponding free energies, as we show next.

9.12.3.2 Energy Cost of Hydrophobic Mismatch

The free energy penalty due to the hydrophobic mismatch is
the sum of the membrane elastic deformation energy AGg,s

and the residual mismatch energy AG,:*°

AGy = AGdef + AG s 2]

In the continuum formulation, the membrane is represented
as a continuum elastic medium that can deform locally
according to its elastic moduli K, (for splay-distortion) and K,
(for compression-extension), o (the coefficient of surface ten-
sion), and the monolayer spontaneous curvature C,. The mac-
roscopic parameters K. and K, are experimentally available for
several lipid membranes. If one of these parameters is not
known for a given lipid membrane, it can be inferred using the
well-known relation K;ocK,d3. C, is also available experimen-
tally for many lipids. For mixtures of different lipids, C, can be
obtained from the mole fractions x; and spontaneous curvatures
G; of the individual components, using the relationship:*5*°

Co = Z,uici
i

AGgy in eqn [2] is determined by contributions from
compression-extension, splay-distortion, and surface tension
terms, and is given by:*?

1/ (2u)? o’u  d%u ?
A == = _
Gdef 2 /Q{Ka doz + KL (6362 6y2 CD

ou\’ ou\’
» ((6) () ) }dg 5

With these energy terms, the continuum theory has suc-
cessfully explained the lifetimes of gramicidin channels in
different lipid bilayers.**3*

In certain special cases, such as membrane compositions
involving high levels of cholesterol and saturated lipids, the
membrane deformation energy may need to be complemented
by an additional energy cost corresponding to the lipid packing
at the lipid/protein interface.?* Equation [3] also neglects the
Gaussian curvature term, which will be important for systems
undergoing topological changes such as in the lipidic cubic
phases, but can be safely neglected in the bilayer phase.

The residual mismatch energy penalty AG,, in eqn [2]
arises from an incomplete alleviation of hydrophobic mis-
match due to the high energy cost of membrane deformation,
and penalizes unfavorable hydrophobic-hydrophilic interac-
tions at the protein/lipid interface. AG,,; can be approximated
as being linearly proportional to the involved surface area at
the protein-membrane interface,’®>' and thus it is estimated
as the sum of the residual energy penalties at each TM:

Nrm Ny

AGres = Z AGres,i ~ Z Gr’esSAres,i [4]
i=1 i=1

where SA,; is the surface area of the ith TM participating in
the unfavorable hydrophobic-hydrophilic interactions, the
constant of proportionality o, is available from literature to
be ~0.028 kcal/(mol A?),°**" and Nry is the number of TMs
of the protein.

In the continuum formulation, the equilibrium membrane
shape around the inserted protein corresponds to a minimum
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in the value of the free energy AG, composed of the AG,s +
AG,, terms. Noting that AG,,; arises from interfacial protein/
lipid interactions, the steady-state u(x,y) can be obtained by
minimizing AGgs with respect to local bilayer deformations
u(x,y) subject to the appropriate boundary conditions on the
protein/lipid interface. This can be accomplished using the
Euler-Lagrange formulation, which leads to the following
boundary value problem:**

4K
KcViu — oV2u+—u =0,
do
ulp, =uo(xy), ulp =0, Viulp =w(xy), Vil =0
5]

where I';, and I',,, denote the protein-membrane and the
outer boundary. The boundary condition on the curvature
could alternatively be on the slope. We should note that the
lipid packing near the protein enters the formulation through
the slope boundary condition.

9.12.3.3 Solving for Membrane Deformation

Because eqn [5] contains a fourth order partial differential
equation, solving the corresponding boundary value problem
even numerically is non-trivial. Therefore, we first discuss two
common simplifying assumptions, and then provide the
strategy to obtain u(x,y) and AGg,s without using any of these
assumptions. The use of these assumptions greatly influences
the scope and complexity of the method, and should be gui-
ded by careful consideration of the system of interest and the
questions being asked of the model.

Assumption #1 - Assuming radial symmetry: For single
TM proteins, the continuum calculations can usually be sim-
plified by assuming radial symmetry of the protein structure
and membrane deformations around the protein. With this
assumption, the partial differential equation for u(x,y) sim-
plifies to an ordinary differential equation for u(r) where r is
the radial distance from the protein-membrane boundary, and
each of the boundary conditions is a scalar value (see eqn [6]).
This ordinary differential equation can be solved using stan-
dard numerical ODE solvers.

d*u  dPu 4K,

Koo —as 0,

R R o
du du

Ulp, =tor Ufp,, =0 Foip, =0 5=0

Assumption #2 - Assuming strong hydrophobic cou-
pling: For the boundary condition on u at the protein-mem-
brane interface, several works in the literature have assumed
that the membrane deformations completely alleviate the
hydrophobic mismatch, an assumption referred to as strong
hydrophobic coupling. The boundary condition u, can be
obtained by comparing experimental estimates of the basal
thickness of the lipid bilayer and the hydrophobic length of
the protein. However, the residual mismatch may be an
important aspect of the problem, in which case this assump-
tion cannot be made. For example, the hydrophobic mismatch
between the lipid bilayer and the protein may be too large to
be alleviated by membrane deformations alone.

9.12.3.3.1 Solving the PDE without assumptions of radial

symmetry and strong hydrophobic coupling
For multi-segment transmembrane proteins, the lengths of the
hydrophobic stretches of different TM segments differ, e.g.,, TM1
of the 7-TM rhodopsin is longer than TM4 by 7-8 Ang.
The pattern of hydrophobic thickness will likely result in an
asymmetric membrane deformation profile around the protein
incorporating such TM segments. Furthermore, from lipid asso-
ciation EPR studies, the residual mismatch has been inferred to
be a substantial component of the energy cost for a number of
multi-segment TM proteins,*® and this residual mismatch may
vary from TM to TM. Thus, for multi-helical TM proteins in
particular, the method is more powerful if neither Assumption
#1 or #2 is made while solving eqn [5].

To solve eqn [5] without Assumption #1 of radial sym-
metry requires boundary conditions for the entire membrane-
protein boundary. At the same time, releasing Assumption #2
means that the boundary condition ug(x,y) at the protein-
membrane interface cannot be taken to be the membrane
deformation that allows the hydrophobic length of the
deformed membrane to match that of the protein; that is, the
information of u(x,y) cannot be obtained simply by com-
paring the basal thickness of the membrane and the hydro-
phobic length of the protein. Therefore, we have developed a
multi-scale strategy of augmenting the continuum calculations
with specific inputs from cognate MD simulations.”? Specifi-
cally, we obtain the following inputs from cognate MD:T,,
Iouts uo(x,y), and average membrane thickness dg at I'py. The
boundary condition for membrane curvature at the protein/
lipid interface vo(x,y) can be obtained from MD, or from a
self-consistent approach using optimization. Notably, the
multi-scale strategy does not invoke symmetry either in the
membrane/protein boundary I'j, or in the membrane defor-
mations u(x,y), but rather treats I';, as an irregular contour
and allows for radially asymmetric changes in the
membrane shape.

To follow this strategy in solving the boundary value pro-
blem in eqn [5] without introducing any simplifying
assumption of radial symmetry, we converted the fourth order
differential eqn [5] in u(x,y) to a couple of simultaneous
Poisson equations in membrane deformation u and mem-
brane curvature v:>>>>

4K,
do?
Viu=u, 7]
Ulpy = oY), Ulpg, = ti(xy), Vg, = vo(xy),

UlFaut =W (x’y)

K.V —av +

u=20,

Equation [7] can be solved numerically for u(x,y) on a
rectangular grid using a standard finite difference scheme for
Poisson equations. In the illustration of the approach pre-
sented in the next section, eqn [7] was discretized using the
central 5-point approximation of the Laplacian operator,®
and the system then solved using the iterative Gauss-Siedel
algorithm, which typically takes 125-150 iterations to con-
verge in our calculations.

To obtain the boundary condition vy(x,y) self-consistently,
an optimization procedure can be used to search for vy (x,y)
that would globally minimize AGg,s. To reduce the complexity
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of the optimization problem, vy(x,y) is first expressed as a
truncated Fourier series,

7
vo(x,y) : vo(0) ~ Z{a,,cos(n()) + bysin(nb) } 8]
n=0
where 0 is the polar angle corresponding to the coordinates (x,y),
and a, and b, are the Fourier coefficients. Then, for any given
{a,, b,}, eqn [7] gives the membrane deformation profile, and
eqn [3] the corresponding AGgs. The non-linear optimization
problem is solved with the objective function AGuys = f{a,.b,}.
In our practice, we use the BFGS optimization algorithm,>”
which is a standard global, quasi-Newtonian optimization pro-
cedure. Every optimization calculation should be performed in
three or more replicates, each starting with a random seed.

9.12.3.4 Quantifying the Residual Mismatch Energy

Quantification of the residual mismatch energy using eqn [4]
requires the determination of the surface area SA,,; involved
in unfavorable hydrophobic-hydrophilic interactions between
the lipids and the protein. This can be done by comparing the
hydrophobic part of the TM to the hydrophobic part of the
surrounding membrane.

One strategy to do this comparison in practice would be to
use solvent accessible surface area (SASA) calculations in the
following steps.

1. Calculate the membrane thickness L, ; near the ith TM.
For this, calculate the average membrane thickness within
an angular sector spanning the TM and within a cut-off
distance corresponding to about one lipid shell.

2. Let the hydrophobic thickness of the ith TM be denoted by
L;. Compare L., ; and L;.

a. If L;>L,.m,; identify the hydrophobic residues of the
TM located beyond the hydrophobic part of the
membrane. Note that interfacial tryptophan can be
assumed to not contribute to hydrophobic mismatch.

b. If L;> Ly, indentify the hydrophilic residues sitting
inside the membrane’s hydrophobic core. Note that the
interfacial lysine and arginine residues would usually
not contribute to the residual mismatch due to the
snorkeling effect. Also, serine and threonine residues are
polar, but these residues may not contribute to the
residual mismatch even if they are sitting within the
hydrophobic part of the membrane, as their polar parts
can form H-bonds with the helix backbone.

3. From the MD trajectory, calculate the SASA of each residue
with the solute being the protein + hydrophobic part of the
bilayer and just the protein respectively. The software
NACCESS can be used to calculate the SASA values (http://
www.bioinf.manchester.ac.uk/naccess/).

4. a. If L;>L,emi then SA,.;=SASA {solute= protein +

hydrophobic part of the bilayer}

b. If Li<Lyems SA=SASA {solute=protein} — SASA
{solute = protein + hydrophobic part of the membrane}

5. Use SA; values in eqn [4] to obtain the residual mis-
match at each TM.

An alternative strategy would be to use the fact that the
residual mismatch energy is proportional to |Lmem,,-, — L,-\ and
to the perimeter at the lipid-protein interface.*® However, we

have found that in practice that it is difficult to obtain precise
values for the perimeter at each individual TM.

9.12.3.5 Site-Specific Protein-Lipid Interactions

In addition to the residual mismatch, other site-specific pro-
tein-lipid interactions described in Section 9.12.2 play an
important role in regulating protein function. These direct
interaction modes between membrane components and pro-
teins can be identified from long time-scale atomistic molecular
dynamics simulations of the protein/membrane system. These
interactions are specific to the system of interest, and have to be
analyzed on a case-by-case basis. For example, if interaction
with cholesterol is of interest, then atomistic simulation of the
protein in a lipid mixture containing cholesterol would (1)
show if cholesterol is more concentrated near the protein, and
(2) allow the identification of specific residues in the protein
molecule that interact preferentially with cholesterol. To be
useful, such an analysis must be carried out on sufficiently long
(preferably microsecond order) MD trajectories*' or on several
independent trajectories of the same system each starting with a
random seed,*? so that different lipid components can sample
various regions around the insertion and establish stable direct
interactions with the protein.

To summarize, in this section we have presented a quan-
titative framework that combines molecular dynamics with
continuum elastic calculations to quantify the membrane
deformations and the corresponding deformation energy
along with residual mismatch at each TM. We call this
approach 3D-CTMD, and illustrate it in the next section with
applications to membrane-driven oligomerization and the
role of cholesterol in the spatial organization of the mem-
brane-partitioning GPCR ligands.

9.12.4 lllustrative Applications

We show below how the quantitative biophysical framework
for the calculation of membrane remodeling presented in this
chapter, based on a combination of continuum-level for-
mulations with data from all atom MD simulations, can
provide insightful information in systems containing both
single-helical and multiple-TM proteins.

9.12.4.1 Application to Single Helical Proteins: Role of
Cholesterol in the Spatial Organization of the
Membrane-Partitioning GPCR Ligands

As mentioned in Section 9.12.1, the efficacy of several differ-
ent GPCRs has been found to change in cholesterol-rich raft
nanodomains. The cholesterol (Chol) rich environment of the
membrane affects not only the receptors, but also certain
GPCR ligands that are known to reach their binding sites after
partitioning into the membrane. A specific example is that of
the kappa-opioid receptor (KOR)® and its endogenous ligand
DynorphinA (DynA).'*1!3

To investigate a possible effect of cholesterol on the organi-
zation of DynA-membrane system, we have performed all-atom,
explicit-solvent 150 ns molecular dynamics simulations of (1)
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DynA in a DMPC bilayer, and (2) DynA in a DMPC bilayer
containing 20% cholesterol (three independent simulations for
the cholesterol-containing case).”* A comparison of the equili-
brated parts of the two MD trajectories showed that DynA sits
about 5 A higher in the cholesterol-containing bilayer (Figure 3),
and is also less tilted with respect to the membrane normal in
the cholesterol-containing bilayer. These findings from the
MD simulations are mechanistically suggestive when taken

(@)

together with earlier reports on the interaction pathway of
Dyn10,%° a shorter analogue of DynA with a truncated C-ter-
minus, as well as the cannabinoid ligand 2-AG.'? These
reports indicated that the entry pathway is close to the bilayer-
water interface, so that the effect of cholesterol on the mem-
brane positioning of DynA can be expected to aid the migra-
tion of DynA towards its binding site in the GPCR. The
facilitated entry of the ligand in the cholesterol-containing
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Figure 3 Molecular Dynamics Simulations of dynorphin A 1-17 (DynA) peptide in cholesterol-enriched lipid bilayers. (a) Final snapshots, after
150 ns, of DynA interacting with pure DMPC (left) and DMPC/Chol (right) membranes. DynA is in space-fill, and the membrane shape is depicted
by the positions of phosphate atoms (colored in gold) on the two membrane leaflets. For clarity, the remaining DMPC and cholesterol atoms as
well as the salt ions are removed. Waters surrounding membranes are shown in red. The bilayer normal z axis is drawn to highlight the location
of the bilayer midplane (z=0), and yellow lines are visual guides to illustrate different extents of DynA tilting in DMPC and DMPC/Chol
membranes. (b) DynA dynamics in the model membranes DMPC and DMPC containing 20% cholesterol. Evolution of the vertical displacement
from the bilayer midplane of the DynA 4-9 segment center of mass in the simulated systems is shown. Three independent trajectories for the
DMPC/cholesterol system are represented by different traces. Reproduced with permission from Figures 4 and 5 in Khelashvili, G.; Mondal, S.;
Andersen, 0. S.; Weinstein, H. Cholesterol modulates the membrane effects and spatial organization of membrane-penetrating ligands for
G-protein coupled receptors. J. Phys. Chem. B 2010, 114, 12046-12057. Copyright by American Chemical Society.
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Figure 4 Comparison of DynA-induced membrane deformations
obtained from MD simulations and from 3D-CTMD theory for DMPC
(a) and DMPC/Chol (b) bilayers. Assumption #1 is applied: radial
symmetry of protein shape and membrane deformations, so that
profiles of membrane deformations u(r) are shown as a function of
radial distance r from DynA. For DMPC/Chol, the data are averaged
over three independent trajectories described in ref. Khelashvili, G.;
Mondal, S.; Andersen, 0. S.; Weinstein, H. J. Phys. Chem. B. The MD
predictions are depicted as symbols, and equilibrium shapes from the
self-consistent 3D-CTMD are plotted as solid lines. The 3D-CTMD
solutions in both panels correspond to the values of packing
parameter Spmi, that minimize the free energy functional in eqn [6].
For the DMPC/Chol system. An alternative solution for u(r) obtained
from 3D-CTMD based on the value of the packing parameter obtained
from the MD simulations is illustrated by the dashed line. For 3D-
CTMD calculations, r, was set to 8 A as the average radius of the
DynA helix derived from the MD simulations, and elastic parameters
were based on experimental results and are listed in Table 2 of ref
below. Reproduced with permission from Figure 10 in Khelashvili, G.;
Mondal, S.; Andersen, O. S.; Weinstein, H. Cholesterol modulates the
membrane effects and spatial organization of membrane-penetrating
ligands for G-protein coupled receptors. J. Phys. Chem. B 2010, 114,
12046-12057. Copyright by American Chemical Society.

bilayers may explain the higher efficacy of the Kappa Opioid
Receptor (KOR) in such regions of the cell membrane.>®

We applied the 3D-CTMD calculation framework described
in this chapter to quantify the membrane deformations and
the corresponding energy contributions to the behavior of
DynA in the two types of bilayer discussed above. For this
system we used simplifying Assumption #1 that is, radial
symmetry (see Section 9.12.3) because the membrane
immersed region of DynA is a single helical peptide. The
membrane deformations u were therefore represented as a
function of the radial distance r. Figure 4 shows the u(r)
obtained directly from the MD simulations, compared to the
results obtained from solving eqn [6] using the combined
MD-continuum strategy. For the boundary conditions of eqn
[6], we used u values from the MD simulations obtained at the

dynorphin-membrane interface, and in the bulk. The bound-
ary condition for the slope at the DynA-membrane interface
was obtained from separate calculations in which the slope
was either taken directly from MD (sup) or obtained from self-
consistent calculations that minimize AGg,s with respect to s.

Comparing u(r) taken directly from MD to results from
3D-CTMD illustrates an important point about the method:
the MD and the continuum calculations give similar results for
u(r) if s is obtained directly from MD. On the other hand, for
the calculation in which the s.,;, was obtained by minimizing
the energy functional in eqn [2] (Section 9.12.3), the two
solutions match for the DMPC bilayer, but not for the cho-
lesterol-containing bilayer. This can be explained by the fact
that the continuum energy function does not contain a term
for the lipid tail packing energy at the membrane-protein
interface, and treats the lipid packing implicitly through the
boundary condition on sy;,.*> Therefore, if this missing
energy term becomes important, as it does in lipid mixtures of
saturated bilayers and cholesterol, the s.,;, will be inaccurate.

In addition to providing the shape of the membrane u(r) in
the two cases, the method also allows comparison of the
deformation free energies: 6.84 KT for pure DMPC and a much
larger value of 36.8 kT for the cholesterol-containing DMPC
bilayer (calculated with s =syp).

9.12.4.2 Application to Multi-Segment Proteins:
Membrane-Driven GPCR Oligomerization

The combined MD + continuum strategy can provide the same
level of quantitative insight for membrane systems with
embedded multi-helical transmembrane proteins.>* This is illu-
strated here with calculations for the 7-transmembrane segment
proteins thodopsin (Rho) and the serotonin receptor subtype 2A
(5-HT»aR); two examples of G protein coupled receptors
(GPCRs) that are prototypical for a system with crystal-
lographically known structure (Rho), and a homology model
using such structures as templates (5-HT,4R). The Rho protein is
immersed in a bilayer composed of the short-tailed (C14:1),PC
lipid; the 5-HT,4R structure is the result of simulation with
bound ligand, the endogenous agonist serotonin (5-HT) and is
immersed in a bilayer composed of the 7:7:6 1-stearoyl-2-doc-
osahexaenoyl-sn-glycero-3-phosphocholine ~ (SDPC)/1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC)/cholesterol
(Chol) lipid mixture. As shown below, the results of these cal-
culations illustrate the ability of the novel method to quantify
the membrane remodeling effects of multi-helical proteins and
to yield mechanistic insights into the membrane-driven GPCR
oligomerization discussed in Section 9.12.1 above.

9.12.4.2.1 Membrane remodeling by rhodopsin

The membrane remodeling profile was obtained from the MD
trajectory by fitting a grid to the phosphate atoms during the
production run, as described in Section 9.12.3. The steady state
membrane shape was calculated self-consistently by using the
continuum calculations (3D-CTMD) without any assumption
of radial symmetry and strong hydrophobic coupling; that is,
eqn [5], Section 9.12.3 (see Figure 5(a)). Although the 3D-
CIMD framework assumes the membrane to be an elastic
continuum, the deformed membrane shapes calculated here
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Figure 5 Application of the three-dimensional combined continuum and MD approach (3D-CTMD) to rhodopsin GPCR in (C14:1),PC lipid
bilayer. (a) Profile of membrane deformations around rhodopsin represented as time-averaged bilayer thickness from the MD trajectory mapped
onto a rectangular grid. Each grid square is 2 A by 2 A. (b) Bilayer thickness profile after smoothing the deformation map in Figure 5(a).

(c) Steady-state membrane thickness profile obtained self-consistently from the continuum 3D-CTMD calculations and with thickness boundary
condition at the protein-membrane interface and the outer boundary taken from the MD shape in Figure 5(h). Note the close agreement between
the profiles in Figure 5(b) and (¢) (within 0.5 A RMSD of each other). The scale indicates membrane thickness. The schematic cartoon of
rhodopsin indicates the orientation of the molecule relative to the membrane.

with the new method are in excellent agreement with the
smoothed membrane shape obtained directly from cognate
MD simulations. This finding is consistent with the finding for
the dynorphin-DMPC system discussed above, and with pre-
viously used assumptions®® that molecular approaches and
continuum elastic approaches would yield similar results at
length scales comparable to the membrane thickness.

As the hydrophobic thickness of the (C14:1),PC bilayer is
shorter than that of the inserted Rho molecule, the tendency
towards hydrophobic matching is expected to result in an

average increase in the thickness of the membrane. We find that
this is indeed the case, with the average bilayer thickness within
12 A of the protein being about ~2 A larger than that in the
bulk. This result, showing the average thickness increase near the
protein to be rather small, is in good qualitative agreement with
the results obtained from the solid state NMR experiments on
rthodopsin in different PC membranes.®' However, in addition to
the average results obtainable from the NMR experiment, the
3D-CTMD method can quantify local membrane remodeling.
Thus, the calculations identify substantial local thickening and
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Table 1 Comparison of membrane thickness near each TM and
the hydrophobic length of the TM for rhodopsin in (C14:1),PC?

™ Lmem (A) Lrw (4) Ares () AGies (gT)
1 28.83 36.96 210 9.94

2 29.38 35.79 74 3.51

4 31.49 28.97 0 0

5 29.75 31.03 115 5.43

6 28.82 34.70 36 1.69

7 28.97 36.92 119 5.61

Using the following TM definitions (given in the Ballesteros-Weinstein generic
numbering®*%): 1.29-1.59 (TM1), 2.38-2.66 (TM2), 4.43-4.62 (TM4), 5.38-5.63
(TMB), 6.33-6.59 (TM6), 7.32—7.56 (TM7). The A values were calculated with the
SASA-based recipe in of section C.4. with a probe radius of 1.4 A. Probes with smaller
radii did not change significantly the A estimates.

thinning of membranes around the different transmembrane
(TM) segments of the protein. For example, a significant thick-
ening of the (C14:1) ,PC bilayer by ~5 A is observed around
TM4. The membrane deformation free energy AGuys for the
entire system is evaluated to be ~4.7kgT.

The residual mismatch for the multi-helical protein was cal-
culated using eqn [4] and the algorithm presented in section
9.12.3.4. The details of the comparison of the TM hydrophobic
length to the local bilayer thickness are presented in Table 1,
together with the calculated residual SAs (A;) and the mismatch
energies AG,, at individual TMs. The results show that:

1. Although AGy is substantial, AG,;s is the dominant con-
tribution to the overall AG,, for this GPCR/membrane system,
in agreement with inferences from lipid association studies of
several multi-helical transmembrane proteins;*® and

2. AG;, varies substantially among TMs.

These quantitative findings have direct implications for the
types of effects on the functional properties of the proteins
discussed in section 9.12.1.

9.12.4.2.1.1 Insights into membrane-driven rhodopsin
oligomerization

A large hydrophobic mismatch energy experienced by the
monomeric proteins in the lipid membrane can constitute a
strong drive for association based on reduction of the total
free energy of the membrane-embedded system. Thus, such
an association can be expected to at least partially relieve the
hydrophobic mismatch experienced by the monomer, by
burying in the interface those parts of the protein that cause
the largest contribution to the unfavorable AG,,;. Conse-
quently, the drive for oligomerization would be stronger at
the TMs with the larger contribution to the mismatch. The
variation in AG,, from TM to TM observed for the multi-
helical proteins suggests that the stronger drive to oligomer-
ize at certain TMs than at others may be an important
determinant of the interfaces in such oligomerizations. With
the results for rhodopsin in (C14:1),PC as an example, this
reasoning suggests maximal oligomerization drive at TM1.
Combined with the large total energy penalty AGy4 (eqn [2])
for thodopsin in (C14:1),PC, ~31 kgT, these results predict a
large drive for rhodopsin oligomerization in (C14:1),PC, in

agreement with the FRET studies and with inferences from
previous calculations.?’

9.12.4.2.2 Insights into membrane-driven serotonin
5-HT,4R oligomerization
The illustration of the method by calculations on the ser-
otonin receptor 5-HT,,R in complex with the endogenous
agonist 5-HT involve a more complex membrane system,
which is composed of the lipid mixture 7:7:6 1-stearoyl-2-
docosahexaenoyl-sn-glycero-3-phosphocholine (SDPC)/1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/choles-
terol (Chol). The choice of this lipid mixture brings the
calculations closer to membrane compositions seen in biolo-
gical systems, as the cell membranes in neural systems are
usually rich in cholesterol and the highly unsaturated SDPC
lipid,®* while POPC is a common lipid in these membranes.
For this 3D-CTMD calculation, the 350 ns long all atom
MD trajectory for 5-HT,,R in complex with 5-HT and
immersed in 7:7:6 SDPC/POPC/cholesterol lipid mixture
contained molecular details about the conformational chan-
ges in response to the binding of 5-HT.®* The results from the
corresponding 3D-CTMD calculations revealed a distinct pat-
tern of membrane deformations around the protein, with the
largest extent of membrane thinning observed around TM6
(Figure 6), and substantial bilayer deformation around TM4
as well. Table 2 lists the values of the residual mismatch for
the constituent TMs which, like in the rhodopsin system
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Figure 6 Steady state shape of 7:7:6 SDPC/POPC/cholesterol
membrane surrounding the serotonin 5-HT,, receptor complexed
with the full agonist 5-HT. The scale indicates membrane thickness.
The schematic cartoon of the serotonin 5HT,, receptor indicates the
orientation of the molecule relative to the membrane.
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Table 2 Residual surfaces areas A (in Z\Z) and corresponding
residual energies AGs (in kg7) calculated for TMs of 5-HTo4R in
complex with 5-HT and immersed in the SDPC/POPC/cholesterol lipid
bilayer

™ Ares (AZ) AGres (kBT)
1 0 0

2 30 1.41

4 25 1.16

5 94 4.42

6 40 1.9

7 1 0

discussed previously, were substantial and TM-specific. The
largest free energy penalty from the residual mismatch
(~5 kgT) is calculated at TM5, making this region the most
likely to be involved in the interface of membrane-driven
oligomerization of the 5HT-bound 5-HT,4R. Notably, a recent
report®® shows that ligands with different measurable effects
trigger differential structural perturbations, both in the GPCR
and the surrounding membrane. These produce different
extents of hydrophobic mismatch around the transmembrane
(TM) helices. Thus, the mechanistic implications from the
type of results presented here suggest that the interaction
interfaces in the oligomers of the 5-HT,R will likely be dif-
ferent for the different ligands due to differences in the
resulting hydrophobic mismatch between the receptor and the
membrane. Allowing for radial asymmetry and residual mis-
match, the 3D-CTMD formalism presented here has therefore
offered a novel type of quantitative link between the pertur-
bations of the GPCR structure produced by the binding of
ligand, 5-HT, and the receptor oligomerization process.
Notably, although the oligomerization process must reflect the
combined properties and effects of all the participating pro-
tomers, the nature of the mismatch-alleviation effect suggests
that the type of results illustrated here for the monomers
provides the most essential information about the drive and
likely interfaces.

9.12.5 Concluding Remarks

The quantitative biophysical framework for the calculation of
membrane remodeling presented in this chapter is based on a
combination of continuum-level formulations with data from
all atom MD simulations. Combining the simulation results
with the continuum elastic calculations can account for (1)
radially asymmetric membrane deformations around the
protein, and (2) residual mismatch. Given the evidence for the
essential role played by the lipid environment in the function
of membrane proteins (see Section 9.12.1), this level of
quantitative information furthers our understanding of the
biophysical basis for biomolecular function in the cell.

Using illustrative applications on both single-helical and
multi-segment proteins, the 3D-CTMD approach presented
here was applied to demonstrate how quantitative calculations
of the membrane remodeling around protein can enrich our
understanding of membrane protein function. We expect the
new tools, enabling quantitative calculations for multi-helical
transmembrane proteins, to serve well in furthering both

theoretical and experimental biophysical considerations of the
role of the lipid membrane in the many such systems of
interest to cell and molecular physiology. As an example, if a
GPCR has been observed to undergo a shift in the oligomer-
ization interface due to pharmacologically different ligands,
the illustrative calculations in Section 9.12.4 can be extended
to investigate the role of the lipid environment in the ligand-
induced shifts in the oligomerization interface.
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