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Abstract

For four decades, since W. Helfrich’s pioneering study of smectic A liquid crystals in 1973,
continuum elastic models (CEMs) have been employed as tools to understand the energetics of
protein-induced lipid bilayer deformations. Among the assumptions underlying this use is that all
relevant protein-lipid interactions can be included in the continuum representation of the protein—
bilayer interactions through the physical parameters determined for protein-free bilayers and the
choice of boundary conditions at the protein/bilayer interface. To better understand this
assumption, we review the general structure of CEMs, examine how different choices of boundary
conditions and physical moduli profiles alter the predicted bilayer thickness profiles around
gramicidin A (gA) and mitochondrial voltage-dependent anion channels (VDAC), respectively,
and compare these profiles with those obtained from all-atom molecular dynamics simulations.
We find that the profiles differ qualitatively in the first lipid shell around the channels, indicating
that the CEMs do not capture accurately the consequences of the protein-induced local changes in
lipid bilayer dynamics. Therefore, one needs to be careful when interpreting the results of CEM-
based analyses of lipid bilayer-membrane protein interactions.

Keywords

Gramicidin A (gA); Voltage dependent anion channel (VDAC); Molecular dynamics simulations;
Protein-lipid interactions

1. Introduction

Membrane protein function is regulated by changes in the host lipid bilayer composition
(Sandermann, 1978; McElhaney, 1989; Bienveniie and Marie, 1994; Dowhan, 1997; Lee,
2004; Andersen and Koeppe, 2007; Marsh, 2008). This regulation arises because: first,
membrane proteins are coupled to the lipid bilayer through hydrophobic (Singer and
Nicolson, 1972) as well as more specific (Lee, 2011) interactions, which make the system
respond so as to maximize the match between the protein’s hydrophobic transmembrane
domain and the lipid bilayer hydrophobic core (Andersen and Koeppe, 2007); second,
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bilayer-spanning proteins perturb their surrounding bilayer (Marsh, 2008; Seelig et al.,
1981), which incurs an energetic cost, the bilayer deformation energy (A Ggef) (Mouritsen
and Bloom, 1984; Huang, 1986); and third, membrane proteins occur in different
conformations (Brown, 1994; Lundbaek et al., 2010) that in general will interact differently
with the bilayer. The difference in bilayer deformation energy between two different protein
conformations (I and 11) becomes the bilayer contribution (AGQ;;QI;AG{{& - AGéef) to the
total free energy difference (AGQQI]) for the conformational transition (Lundbaek et al.,
2010):

AGI—)II _AGI—>II +AG1—>II o

total ™ protein bilayer

where AG{,Z)It]ein denotes energetic contributions intrinsic to the protein (or contributions
other than those due to the protein—bilayer interactions). The equilibrium distribution

between different protein conformations (77,/7)) will vary with changes in AG{)H’;;QI.

associated with changes in lipid bilayer properties from, for example, lipid bilayer
composition:
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where kg is the Boltzmann constant and 7 is temperature in Kelvin.

To evaluate the role of the bilayer in membrane protein function, A Ggef has been evaluated
using continuum models of elastic bilayer deformations (Huang, 1986; Helfrich, 1973;
Helfrich and Jakobsson, 1990; Aranda-Espinoza et al., 1996; Nielsen et al., 1998; Nielsen
and Andersen, 2000; Partenskii and Jordan, 2002), which we denote as continuum elastic
models (CEMs), as well as other models (Brown, 2008; Tang et al., 2006; Zimmerberg and
Kozlov, 2006). In this review we evaluate CEMs based on the smectic liquid crystalline
approximation (Huang, 1986), in which a cylindrical membrane protein with a hydrophobic
length (/) is embedded in a lipid bilayer with an unperturbed hydrophobic thickness, ag. In
this model, A Ggef caused by a protein inclusion has three contributions: compression-
expansion (CE), due to changes in membrane thickness; splay-distortion (SD), due to
deviations from the (approximately) parallel alignment of the acyl chains of the lipids; and
surface tension (ST), due to changes in the surface area. We base our analysis on a
cylindrically symmetrical bilayer from the protein center, in which A Gyef can be expressed
as:

NG 27 2,01 = [ 2,0 19
with
"ng (rn= AGCE+AGSD+AGST_&M2 (r)

=0

2
Ko (dPu(r) 1 du(r) a
+7(7+7 “Tar O T3

du(r) 2@
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where 1y is the distance from the protein center to a protein-lipid contact; (/) the space-
dependent deviation of the membrane from the unperturbed condition—the lipid adaption to
the protein inclusion (¢(7) = (ap — d(r))/2, where d{7) is the membrane thickness at distance r
from the protein center); and ¢, the intrinsic monolayer curvature, K, the compression
modulus, K, the bending (splay) modulus, and a the surface tension coefficient.
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Fig. 1 sketches (1) for the systems with positive (top) and negative (bottom) hydrophobic
mismatches. Mathematically, A Gqet is a functional of «(7). Because A Ggef must be a
minimum at equilibrium, there will be a «(7) profile that minimizes A Gget. Such a profile
satisfies the Euler—Lagrange equation, which up to the second derivative of (/) is written
as:

0L, 9|0L,0 ] #| 04,0 |
ou or|a@uon| a2 |a@uery|T ©

Hence, for a particular set of parameters, «(7) can be determined by solving Eg. (5) with
boundary conditions specified by the endpoints of the integral in Eq. (3). This procedure is
discussed further below.

The surface tension contribution to A Gyes has been found to be negligible (Huang, 1986;
Helfrich and Jakobsson, 1990). Neglecting the surface tension term, A Ggef can be expressed
as a biquadratic function of /- ap and ¢:

AG get=H (I — do)*+H,, (1 — do) co+H 2 (6)

where the elastic spring coefficients, Hg, Hyx, and Hc are functions of ap, 1y, Kz, and K. Eq.
(6) can be derived from Eq. (4) (cf. (Nielsen and Andersen, 2000; Lundbaek et al., 2005)),
which allows explicit evaluation of the H coefficients and the bilayer thickness profile (¢(7).
The biquadratic form of Eq. (6), however, applies more generally (Andersen and Koeppe,
2007; Rusinova et al., 2011) because A Ggef can be expressed as a Maclaurin series in /- ap
and ¢y, where the first-order derivatives for reasons of symmetry are zero:

AG et (co, 1 — do) =  AGqet (0,0) +H, (I — do)?
+H, (I - do) co+Hpc2

where A Gge£(0, 0) denotes the energetic cost of embedding a protein of hydrophobic length
ap (i.e., /= ap) in a bilayer with ¢y = 0, including the loss of conformational entropy of the
lipid acyl chains adjacent to the protein (Fattal and Ben-Shaul, 1993) and the H coefficients
become phenomenological spring coefficients. The A Ggef(0, 0) term is assumed to be zero
in the conventional CEM, which leads to Eq. (6).

In general, assuming uniform bilayer moduli, Eg. (3) is solved by minimization and
becomes:

V4u(r) = yV2u (r) +Bu(r) =0 (8)

where ¥ = a/K,and ,8=4Ka/ch§. The solution to Eq. 2 (8) requires four boundary
conditions. Two are straightforward, because the protein-induced bilayer deformation should
disappear far from the protein: ¢(r= 00) = 0 and au/ar(r= 00) = 0. The other two are not,
though it usually is assumed that one of them is determined by the hydrophobic match
condition at the protein/lipid boundary: t(rp) = (/- ap)/2 (Helfrich and Jakobsson, 1990;
Nielsen et al., 1998). This assumption is likely to be valid in the case of proteins with a
single transmembrane helix (Kim and Im, 2010), where there usually will be a well-defined
transition between the helix’s hydrophobic and hydrophilic residues, but it may be
problematic in the case of proteins with multiple transmembrane segments where the
hydrophobic/hydrophilic transition in adjacent segments may not be aligned (Mondal et al.,
2011). (The hydrophobic match condition also may be violated in the case of very large
mismatches between the protein’s hydrophobic length and the hydrophobic thickness of the
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unperturbed bilayer, where there may be hydrophobic slippage (Lundbaek and Andersen,
1999).) The final boundary condition is the most problematic. In the simplest case, it is the
slope () or the curvature (¢) of the bilayer/solution interface at the protein/lipid boundary
that minimizes A Gger (Helfrich and Jakobsson, 1990). But this so-called natural boundary
condition (Lebedev, 1965) turns out to predict A Gger values that are inconsistent with
experimental results (Huang, 1986; Helfrich and Jakobsson, 1990; Nielsen et al., 1998;
Nielsen and Andersen, 2000; Goulian et al., 1998). Though this discrepancy might indicate a
fundamental failure of CEMs, it more likely reflects that some feature of protein—lipid
bilayer interactions is not incorporated in the description because it is possible to account
satisfactorily for the experimental results if s (or ¢) is allowed to vary.

The CEM of protein-induced bilayer deformations has been tested using gramicidin A (gA)
single-channel experiments, where the single-channel appearance rate (/) and lifetime (<)
was examined as a function of membrane tension o (Goulian et al., 1998), and in
experiments that determined how o varies as a function of unperturbed bilayer thickness (ap)
(Lundbaek and Andersen, 1999). Neither the f— o nor z— orelations (Goulian et al., 1998)
nor the z— gy relation (Lundbaek and Andersen, 1999) conform to predictions based on the
CEM using uniform bulk bilayer elastic moduli and the value of sthat minimizes A Gget
(Egs. (3) and (6)). The experimental results, however, could be fit by varying sat the
channel/bilayer boundary, indicating that there are additional constraints on lipid packing
such as the energetic cost of acyl chain tilt (Nielsen et al., 1998); the - ¢ relation could be
fit by assuming s= 0. Alternatively, or in addition, the bilayer elastic moduli close to the
channel may differ from (be larger than) the bulk moduli (Partenskii and Jordan, 2002).
Either modification of the basic CEM would be compatible with the - g results, but the
former (constraining sto be 0) is difficult to reconcile with the observed effects of varying
the spontaneous curvature (Nielsen and Andersen, 2000; Lundbaek et al., 1997; Andersen
and Ingolfsson, 2010). These observations on the consequences of varying the modulus
profile and boundary condition raise fundamental questions about the CEM. What is the
proper boundary condition for the CEM? Where and in what conditions does the continuum
assumption hold or break down? Can the CEM be applied to the region close to the protein/
bilayer contact (e.g., the first shell of the lipids) or is it limited to some distance from the
protein/lipid contact?

Protein-lipid interactions may be dominated by physical interactions near the contact
because the relatively rigid protein may impose constraints on the acyl chain motions
(similar to the rigidity imposed by cholesterol), and/or because more specific atomic details
become more important. Hence, the choice of boundary condition for the CEM and the
range of applicability of the CEM require validation from molecular-resolution experimental
and computational investigations of protein-lipid interactions. In this review we use of all-
atom molecular dynamics (MD) simulations to explore the lipid organization adjacent to
bilayer-spanning proteins and compare the results from the CEM analyses with those
obtained from the MD simulations. The MD simulations require large systems and long time
scales to obtain well-converged membrane profiles, and the results are subject to the
unavoidable limitations of the force fields. However, despite these limitations, all-atom MD
simulations with carefully fine-tuned force fields (such as the CHARMM36 lipid force field
(Klauda et al., 2010)) provide a valuable starting point for analysis which can be revisited
when more accurate simulations are available. Membrane deformations also have been
examined using coarse-grained (CG) models (Yoo and Cui, 2009) such as MARTINI
(Marrink et al., 2007) which reduce computer requirements, but incur the risk that detailed
features may be not be predicted accurately.

The following section provides additional historical background. We then compare the
profiles obtained from the CEM using various boundary conditions and physical parameters
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with those from MD simulations of gA channels embedded in four different homogeneous
lipid bilayers, and the voltage dependent anion channel (VDAC) in a heterogeneous lipid
bilayer. We further explore the energetic consequences of protein-induced lipid bilayer
perturbations to illustrate the usefulness and limitations of CEMs in protein-bilayer systems.

2. Historical background

The CEM was first explicitly applied to the deformation of lipid bilayers with cylindrical
symmetry by Huang (Huang, 1986), using the mechanical theory developed for smectic A
lipid crystals by W. Helfrich (Helfrich, 1973), which simplifies to a near-parallel structure in
the continuum representation. In its original formulation, the model was assumed to be a
symmetric lipid bilayer around the membrane center, and the included transmembrane
protein also was assumed to have cylindrical symmetry and to be aligned normal to the
unperturbed membrane surface (Fig. 1). The deformation profile ¢«(7) usually is taken to be
the distance from the ideal, non-perturbed position of the bilayer/solution interface to the
actual position of the perturbed interface.

Huang evaluated the possible importance of the surface tension (ST) term, and concluded
that it introduces only a small change (<3%) in the coefficient of the second term in Eq. (8).
Ignoring this term leads to an analytic solution for the deformation profile. By analyzing the
changes in gA channel lifetimes as a function of lipid bilayer thickness, Huang concluded
that a “concave-then-convex” deformation profile (cf. Fig. 1B) that extended out to r~ 354
provides for a suitable solution to match the gA channel lifetime in the negative
hydrophobic mismatch condition. Helfrich and Jakobsson (Helfrich and Jakobsson, 1990)
included the ST term in their analysis and solved the profile numerically. Their calculation
confirmed that the ST term is negligible for thin membranes, but that it may become
important in thicker membranes, such those containing solvent. Another analytic solution
was derived by Aranda-Espinoza et al. (Aranda-Espinoza et al., 1996), where the extent of
deformation region and A Gyet Were examined according to the slope boundary condition
and moduli. Nielsen et al. (Nielsen et al., 1998; Nielsen and Andersen, 2000) further
developed the theory by examining the effect of altering the boundary conditions at the
protein/bilayer boundary (extending the analysis of Helfrich and Jakobsson). They examined
the consequences of using two different boundary conditions, a free contact slope where the
deformation energy is evaluated at the value of sthat minimizes A Ggef(S= Smin) and at a
fixed slope (s=0). They concluded that the sy, boundary condition underestimates A Gyet
about two-fold and that A Gyet evaluated using the s= 0 boundary condition is in better
agreement with experimental results.

The preceding studies all assumed the elastic moduli to be uniform throughout the system.
This assumption was relaxed by Partenskii and Jordan (Partenskii and Jordan, 2002), who
introduced space-dependent moduli variations (their model will be referred to as the PJ
model). The possibility of space-dependent moduli had been raised earlier, but the PJ model
was the first to examine the consequences of spatially varying moduli near the protein/
bilayer boundary. This was important because even though the lipid bilayer elastic moduli
have been determined for various bilayers (Nielsen and Andersen, 2000; Waheed and
Edholm, 2009; Kucerka et al., 2005; Katsov et al., 2004; Chen and Rand, 1997), the
presence of a protein is likely to alter the acyl chain dynamics in the vicinity of the relatively
rigid protein (Fattal and Ben-Shaul, 1993). Because lipid molecules near the protein will be
more constrained than in the bulk, the lipid will be stiffer which will tend to increase the
elastic moduli. Assuming that the modulus profile, K(7), depends only on the radial distance
1, Partenskii and Jordan expressed K(/) as:
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K (r)= (Ko — Kpui) € " + K 9)

where Kj is the modulus at the protein/bilayer boundary, Kk the bulk modulus, and A a
characteristic length. Partenskii and Jordan first evaluated A Ggef for Ky = Kpyik and with
either s= §yjp or s= 0, and then varied Kj to find the value that would make A Gyes
(evaluated at the sy, for that particular K(7) profile) equal to the A Gget at s= 0. They found
that the modulus at the boundary should be approximately four-fold larger than the bulk
value (Partenskii and Jordan, 2002) to change A Gges from the value estimated by Helfrich
and Jakobsson (Helfrich and Jakobsson, 1990), ~4 kg7, to a value consistent with
experimental changes in single-channel lifetimes, 10 to 12 &5 7.

Choe et al. (Choe et al., 2008) suggested additional contributions to A Gges, Such as
electrostatic and non-polar contributions, and used a global minimization method to find the
deformation profile. Such coupling, however, remains technically challenging. Zhou et al.
(Zhou et al., 2010) introduced a formal coupling of the elastic and electrostatic interactions
in a finite-element analysis of bilayer deformation, but this approach has not been extended
to include membrane proteins.

Recently, Mondal et al. (Mondal et al., 2011) were able to relax the assumption of radial
symmetry and extend the CEM to two-dimensional (2D) systems. They further were able to
relax the assumption of strong hydrophobic coupling (with no exposure of hydrophobic and
polar groups to each other). In this case, the energy-minimizing condition was determined
iteratively using the curvature boundary condition at the protein/bilayer boundary.

The proper choice of boundary conditions at the protein/bilayer boundary remains to be
determined. The s= $yin condition is the most widely used and the easiest to defend from a
theoretical point of view, but yields poor agreement with the available experimental results.
The s= 0 condition provides better agreement (assuming uniform elastic moduli), but is
harder to justify theoretically. Moreover, the role of acyl chain tilt remains uncertain
(Nielsen et al., 1998; Kuzmin et al., 2005). s probably should be somewhere between s=0
and s = $yin in order to balance the need to minimize the deformation energy (in the
conventional CEM) and the acyl chain packing constraints at the protein/bilayer boundary.
However, one also needs to consider that the moduli on a priori grounds should vary as a
function of distance from the protein. To resolve these questions and independently test the
assumptions that underlie the development of CEMs of membrane protein—lipid bilayer
interactions, it becomes important to compare the predictions from CEM-based descriptions
with the results from all-atom MD simulations, which until recently has been impractical
due to limitations in computational resources.

3. Comparison of deformation profiles from CEMs with all-atom MD
simulations

The MD-based bilayer deformation profiles to be described below were calculated using all-
atom MD simulation trajectories of gA in four homogeneous lipid types
(dilauroylphosphatidylcholine (DLPC), dimyristoylphosphatidylcholine (DMPC),
dioleoylphosphatidylcholine (DOPC), and 1-palmitoyl-2-oleoyl-phosphatidylcholine
(POPC)) (Kim et al., 2012) and VDAC in a mixed (heterogeneous) lipid bilayer containing
dioleoylphosphatidylethanolamine (DOPE), dioleoylphosphatidylcholine (DOPC), and
cholesterol (Rui et al., 2011). These systems are large (the number of atoms is up to ~70,
000) and were simulated for sufficiently long times to allow for calculation of reliable
deformation profiles. For further details, please see METHODS in Kim et al. (Kim et al.,
2012) and Rui et al. (Rui et al., 2011). The MD trajectories of the lipid molecules were
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converted into 2D membrane thickness profiles, tested for radial symmetry (in the case of
the gA system (Kim et al., 2012)), and averaged to generate 1D thickness profiles. These
profiles then were smoothed using a cubic B-spline in order to achieve numerical stability
when calculating the derivatives of the profiles in Egs. (4) and (8). Fig. 2 shows the
smoothed MD profiles for gA and VDAC, and Table 1 lists the average lipid properties. The
distance from the protein center to a protein-lipid contact (15) was 7.5A4 (for gA) and 21.54
(for VDAC), which was respectively used as the radius of the (cylindrical) protein in the
CEM calculations.

We compared various boundary conditions used in CEM calculations of AGges to find the
boundary condition that best reproduces the MD deformation profile. The boundary
conditions examined were s = 0 (Huang, 1986; Nielsen et al., 1998) and & obtained from
the MD profiles (syp). Following Helfrich and Jakobsson (Helfrich and Jakobsson, 1990),
we also tested Sy = Smin, Which resulted in profiles that differed considerably from the MD
profiles, and too small A Gges estimates. This case was not considered further. Table 2
summarizes information about the bulk elastic moduli from experiments and MD
simulations. Given this information, and assuming that the MD-derived profiles fairly
closely mirror the actual profiles, we calculated A Gyef using (i) the uniform moduli in Table
2, (ii) the PJ space-dependent modulus model for all moduli, and (iii) the MD-derived area
compressibility profile obtained from the gA simulations to describe the space-dependence
of the other moduli. Fig. 3 shows the space-dependent modulus profiles we used.

3.1. Gramicidin A

gA is a 15-amino acid peptide with an alternating -0 amino acid sequence that forms cation-
selective transmembrane channels by transmembrane dimerization of single-stranded, right-
handed B-helices with 6.3 residues/turn. The gA channels have been extensively used to test
CEM s because the structure is known to be proximately cylindrical (PDB:1JNO (Townsley
et al., 2001)).Figure 4 plots the thickness profiles (d) for the hydrophobic bilayer obtained
from the MD simulations as well as the CEM profiles calculated using the three different
boundary conditions and modulus models: (i) s = 0 (red), (ii), $ = Smp (green) with MD-
based K{(7) in Fig. 3, and (iii) 5 = sup (blue) with K(r) = constant. The resulting A Gges and
their components are listed in Table 3.

As expected, the CEM d profiles depend on the choice of boundary conditions, but none of
the boundary conditions imposed at the protein-bilayer contact (r= ry) reproduces the MD
profiles. The sy = 0 profiles show the largest deviation from the MD profiles. Even though
the boundary conditions were swept to search for the best-fit and energy-minimized
conditions (data not shown) in addition to the plotted conditions, the CEM-derived profiles
invariably show significant deviations from the MD-derived profiles. The non-monotonic
(oscillating) behavior of the CEM solution was observed in earlier studies (Huang, 1986;
Aranda-Espinoza et al., 1996; Nielsen et al., 1998), as illustrated schematically in Fig. 1, but
the distances of the extrema in the CEM-derived profiles from the protein-bilayer contact are
longer than those from MD simulations (Fig. 4). Moreover, regardless of hydrophobic
mismatch condition (positive mismatch: DLPC, near match: DMPC, and negative mismatch:
DOPC and POPC), all the MD profiles display minimum corresponding to the first lipid
shell around the protein.

The various moduli profiles are reflected in different estimates for A Gget, as summarized in
Table 3. Not surprisingly, A Gget is increased when evaluated using models in which the
moduli increase near the protein, whether the increase is described by the PJ model or MD-
based areal compressibility profiles. The common feature is that the splay-distortion (SD)
term is the dominant contribution to A Gget. In the case of $y = Sup, the A Gyt estimates
obtained using the uniform (experimental) moduli or the space-dependent MD-derived
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moduli are similar ranging from 4 to 9 kcal/mol (7-15 kg7). The 55 = 0 boundary condition
resulted in the largest deviation from the MD-derived profile, and the energy values are
inconsistent with the other observations. (For consistency among the different estimates, the
gA channel’s hydrophobic length that was used in these estimates was based on the MD
simulations, and 5 — 64 longer than the length used in most other CEM models.) The PJ
model also predicts large A Gget (about three-fold larger than those deduced using the
uniform moduli profile), though the bilayer thickness profiles are similar (data not shown).
This illustrates the importance of any modulus increased near the protein-lipid boundary.

3.2. Voltage dependent anion channel

VDAC is in the outer membrane of mitochondria, and plays an important role in cell
metabolism by providing a selective pathway for the movement of anions and small
metabolites between the cytosol and the mitochondrial intermembrane region (Hodge and
Colombini, 1997). For the simulations, we used the NMR-derived human VDAC1 isoform
(hVDACY) structure (PDB:2K4T) (H|IIer et al., 2008). The lipid bilayer profile around
VDAC has zero gradient at r=45 A (corresponding to the periodic boundary in the MD
simulations), and we took this point to represent the unperturbed bilayer (7 = 45 A) The
pure bulk bilayer was not realized in the MD simulations because of larger radius of VDAC
as compared to gA; i.e., the distance between the nearest VDACSs (between the primary
system and its images) was about 90A that was not sufficient for the membrane to reach its
bulk condition. The vanishing boundary at r= 45 Aincludes the areal density of VDAC,
which is another energy component associated with inserting a protein into a lipid bilayer.
The MD-derived membrane profiles were fitted by the CEMs using syp with uniform
moduli and the PJ model (Fig. 5). As was the case for gA, any combination of boundary
conditions failed to reproduce the MD profile. Again the transition from the protein-lipid to
the bulk condition in the CEM profiles extends longer than in the MD profile. The resulting
A Gyet estimates are 73.43 kcal/mol (A Geg = 12.48/ A Gsp = 60.46/ A Gst = 0.48) with
uniform moduli and 211.15 kcal/mol (44.06/165.60/1.49) with the PJ model. As was the
case for the gA, the PJ model resulted in about three-fold larger A Gges values than those
with the uniform moduli profile. In contrast to the gA cases, however, the change in the
elastic moduli profile affected the membrane deformation profiles in the case of VDAC.

4. Concluding discussion

CEMs have been used for more than 25 years to understand the energetics in protein-
induced lipid bilayer deformations. The range of validity of the CEM calculations remains
uncertain, however, because direct comparison with experiments or MD simulations have
been hindered by insufficient experimental resolution (which still is true) and the
computational demands for well-converged molecular simulations (where the resources are
beginning to become available). Concerns about the applicability of CEMs arise because the
protein—lipid bilayer interactions are simplified (choice of boundary condition and
uncertainty about the spatial variation of the elastic moduli), which is known to impact on
estimates of A Gger. TO begin addressing these issues, we have reviewed the variations in the
CEMs and compared predictions obtained using the CEMs with those from the all-atom MD
simulations.

Both the gA and the VDAC systems show that the deformation in the first lipid shell around
the protein is not fully described by the CEMs. The most noticeable difference between the
MD- and the CEM-derived profiles is the extent of the oscillating region (Figs. 4 and 5). The
length of the transition region is much shorter in MD than CEM, meaning that the protein—
lipid interactions exert short-range effects on the membrane deformation. The continuum
representation in the first lipid shell appears to be over-simplified, indicating that a different
physical model will be needed to account for the deformation profile in the first lipid shell.
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Beyond the first lipid shell, the CEM seems to be in good agreement with the MD profiles. It
is possible to improve the prediction of A Gyt (relative to experimental values), but the
effects on the deformation profile turn out to be modest, at least in the case of gA. In this
context, it is important that, while bulk moduli are known for many different bilayers, there
is little information about their space-dependent properties. We also note that, though the
area compressibility (K) can be accurately estimated from MD simulations, the bending
moduli (K) are more difficult to obtain.

Comparison of the CEM- and MD-derived results shows that protein—lipid interactions
profoundly alter the conditions assumed in the development of the CEMs. This conclusion,
though dependent on the force fields used in the MD simulations, is unlikely to change as
more accurate simulations become available. More realistic consideration of global
energetics probably would require that Eq. (3) includes explicitly any interactions between
protein and lipid, as well as the residual exposure contribution identified by Mondal et al.
(2011). This would be particularly important for the first lipid shell around the protein. The
deformation profile should eventually be calculated by minimizing A Gget plus the other
energy contributions—including electrostatics and non-polar energies—and the space-
dependent behavior of the elastic moduli. Eventually, one probably would need to
reformulate Eq. (3) to include asymmetric bilayer deformations, as well as possible
redistribution of the membrane lipids within the perturbed bilayer, for more realistic analysis
of membrane—protein interactions.

Acknowledgments

The authors are grateful to Huan Rui and Taehoon Kim for helpful discussion and analysis of the MD simulation
results. This work was supported in part by NSF MCB-0918374, NSF MCB-1157677, TeraGrid/XSEDE resources
(TG-MCB070009) (W.1.), NIH GM021342 (OSA), and the Intramural Research Program of the NIH, National
Heart, Lung, and Blood Institute (R.W.P.).

References

Andersen OS, Koeppe RE 2nd. Bilayer thickness and membrane protein function: an energetic
perspective. Annual Review of Biophysics and Biomolecular Structure. 2007; 36:107-130.

Andersen OS, Ingolfsson HI. Screening for small molecules’ bilayer-modifying potential using a
gramicidin-based fluorescence assay. Assay and Drug Development Technologies. 2010; 8:427-
436. [PubMed: 20233091]

Aranda-Espinoza H, et al. Interaction between inclusions embedded in membranes. Biophysical
Journal. 1996; 71(2):648-656. [PubMed: 8842204]

Bienvenie, A.; Marie, JS. Modulation of protein function by lipids. In: Dick, H., editor. Current
Topics in Membranes. Vol. vol. 40. Academic Press; Waltham, MA: 1994. p. 319-354.(Chapter 12)

Brown FL. Elastic modeling of biomembranes and lipid bilayers. Annual Review of Physical
Chemistry. 2008; 59:685-712.

Brown MF. Modulation of rhodopsin function by properties of the membrane bilayer. Chemistry and
Physics of Lipids. 1994; 73(1-2):159-180. [PubMed: 8001180]

Chen Z, Rand RP. The influence of cholesterol on phospholipid membrane curvature and bending
elasticity. Biophysical Journal. 1997; 73(1):267-276. [PubMed: 9199791]

Choe S, Hecht KA, Grabe M. A continuum method for determining membrane protein insertion
energies and the problem of charged residues. Journal of General Physiology. 2008; 131(6):563—
573. [PubMed: 18474636]

Dowhan W. Molecular basis for membrane phospholipid diversity: why are there so many lipids?
Annual Review of Biochemistry. 1997; 66(1):199-232.

Fattal DR, Ben-Shaul A. A molecular model for lipid—protein interaction in membranes: the role of

hydrophobic mismatch. Biophysical Journal. 1993; 65(5):1795-1809. [PubMed: 8298013]

Chem Phys Lipids. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 10

Goulian M, et al. Gramicidin channel kinetics under tension. Biophysical Journal. 1998; 74(1):328-
337. [PubMed: 9449333]

Helfrich P, Jakobsson E. Calculation of deformation energies and conformations in lipid membranes
containing gramicidin channels. Biophysical Journal. 1990; 57(5):1075-1084. [PubMed: 1692748]

Helfrich W. Elastic properties of lipid bilayers: theory and possible experiments. Zeitschrift fur
Naturforschung C. 1973; 28(11):693-703.

Hiller S, et al. Solution structure of the integral human membrane protein VDAC-1 in detergent
micelles. Science. 2008; 321(5893):1206-1210. [PubMed: 18755977]

Hodge T, Colombini M. Regulation of metabolite flux through voltage-gating of VDAC channels.
Journal of Membrane Biology. 1997; 157(3):271-279. [PubMed: 9178614]

Huang HW. Deformation free energy of bilayer membrane and its effect on gramicidin channel
lifetime. Biophysical Journal. 1986; 50(6):1061-1070. [PubMed: 2432948]

Katsov K, Muller M, Schick M. Field theoretic study of bilayer membrane fusion. I. Hemifusion
mechanism. Biophysical Journal. 2004; 87(5):3277-3290. [PubMed: 15326031]

Kim T, Im W. Revisiting hydrophobic mismatch with free energy simulation studies of transmembrane
helix tilt and rotation. Biophysical Journal. 2010; 99(1):175-183. [PubMed: 20655845]

Kim T, et al. Influence of hydrophobic mismatch on structures and dynamics of gramicidin a and lipid
bilayers. Biophysical Journal. 2012; 102(7):1551-1560. [PubMed: 22500755]

Klauda JB, et al. Update of the CHARMM all-atom additive force field for lipids: validation on six
lipid types. Journal of Physical Chemistry B. 2010; 114(23):7830-7843.

Kucerka N, et al. Structure of fully hydrated fluid phase DMPC and DLPC lipid bilayers using X-ray
scattering from oriented multilamellar arrays and from unilamellar vesicles. Biophysical Journal.
2005; 88(4):2626-2637. [PubMed: 15665131]

Kuzmin PI, et al. Line tension and interaction energies of membrane rafts calculated from lipid splay
and tilt. Biophysical Journal. 2005; 88(2):1120-1133. [PubMed: 15542550]

Lee AG. How lipids affect the activities of integral membrane proteins. Biochimica et Biophysica
Acta. 2004; 1666(1-2):62-87. [PubMed: 15519309]

Lee AG. Biological membranes: the importance of molecular detail. Trends in Biochemical Sciences.
2011; 36(9):493-500. [PubMed: 21855348]

Lebedev, NN. Special functions and their applications. Prentice-Hall; Englewood Cliffs, New Jersey:
1965.

Lundbaek JA, Maer AM, Andersen OS. Lipid bilayer electrostatic energy: curvature stress, and
assembly of gramicidin channels. Biochemistry. 1997; 36(19):5695-5701. [PubMed: 9153409]

Lundbaek JA, Andersen OS. Spring constants for channel-induced lipid bilayer deformations.
Estimates using gramicidin channels. Biophysical Journal. 1999; 76(2):889-895. [PubMed:
9929490]

Lundbaek JA, et al. Capsaicin regulates voltage-dependent sodium channels by altering lipid bilayer
elasticity. Molecular Pharmacology. 2005; 68(3):680-689. [PubMed: 15967874]

Lundbaek JA, et al. Lipid bilayer regulation of membrane protein function: gramicidin channels as
molecular force probes. Journal of the Royal Society, Interface. 2010; 7(44):373-395.

Marrink SJ, et al. The MARTINI force field: coarse grained model for biomolecular simulations.
Journal of Physical Chemistry B. 2007; 111(27):7812-7824.

Marsh D. Protein modulation of lipids, and vice-versa, in membranes. Biochimica et Biophysica Acta
(BBA) — Biomembranes. 2008; 1778(7-8):1545-1575.

McElhaney RN. The influence of membrane lipid composition and physical properties of membrane
structure and function in Acholeplasma laidlawii. Critical Reviews in Microbiology. 1989; 17(1):
1-32. [PubMed: 2669829]

Mondal S, et al. Quantitative modeling of membrane deformations by multihelical membrane proteins:
application to G-protein coupled receptors. Biophysical Journal. 2011; 101(9):2092-2101.
[PubMed: 22067146]

Mouritsen OG, Bloom M. Mattress model of lipid—protein interactions in membranes. Biophysical
Journal. 1984; 46(2):141-153. [PubMed: 6478029]

Chem Phys Lipids. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 11

Nielsen C, Andersen OS. Inclusion-induced bilayer deformations: effects of monolayer equilibrium
curvature. Biophysical Journal. 2000; 79(5):2583-2604. [PubMed: 11053132]

Nielsen C, Goulian M, Andersen OS. Energetics of inclusion-induced bilayer deformations.
Biophysical Journal. 1998; 74(4):1966-1983. [PubMed: 9545056]

Olsen BN, Schlesinger PH, Baker NA. Perturbations of membrane structure by cholesterol and
cholesterol derivatives are determined by sterol orientation. Journal of the American Chemical
Society. 2009; 131(13):4854-4865. [PubMed: 19334779]

Partenskii MB, Jordan PC. Membrane deformation and the elastic energy of insertion: perturbation of
membrane elastic constants due to peptide insertion. Journal of Chemical Physics. 2002;
117:10768-10776.

Rui H, et al. Molecular dynamics studies of ion permeation in VDAC. Biophysical Journal. 2011;
100(3):602-610. [PubMed: 21281574]

Rusinova R, et al. Thiazolidinedione insulin sensitizers alter lipid bilayer properties and voltage-
dependent sodium channel function: implications for drug discovery. Journal of General
Physiology. 2011; 138(2):249-270. [PubMed: 21788612]

Sandermann H Jr. Regulation of membrane enzymes by lipids. Biochimica et Biophysica Acta. 1978;
515(3):209-237. [PubMed: 359048]

Seelig J, et al. Deuterium and phosphorus nuclear magnetic resonance and fluorescence depolarization
studies of functional reconstituted sarcoplasmic reticulum membrane vesicles. Biochemistry.
1981; 20(13):3922-3932. [PubMed: 7272285]

Singer SJ, Nicolson GL. The fluid mosaic model of the structure of cell membranes. Science. 1972;
175(4023):720-731. [PubMed: 4333397]

Tang Y, et al. A finite element framework for studying the mechanical response of macromolecules:
application to the gating of the mechanosensitive channel MscL. Biophysical Journal. 2006; 91(4):
1248-1263. [PubMed: 16731564]

Townsley LE, et al. Structures of gramicidins A: B, and C incorporated into sodium dodecyl sulfate
micelles. Biochemistry. 2001; 40(39):11676-11686. [PubMed: 11570868]

Waheed Q, Edholm O. Undulation contributions to the area compressibility in lipid bilayer
simulations. Biophysical Journal. 2009; 97(10):2754-2760. [PubMed: 19917229]

Yoo J, Cui Q. Curvature generation and pressure profile modulation in membrane by lysolipids:
insights from coarse-grained simulations. Biophysical Journal. 2009; 97(8):2267-2276. [PubMed:
19843459]

Zhou YC, Lu B, Gorfe AA. Continuum electromechanical modeling of protein-membrane
interactions. Physical Review E. 2010; 82(4)

Zimmerberg J, Kozlov MMM. How proteins produce cellular membrane curvature. Nature Reviews
Molecular Cell Biology. 2006; 7:9-19.

Chem Phys Lipids. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 12

A r=r,
u(ro)=(dy—1)/2
P
uy(0)=0
Cylindrical
protein 1> do u.(r)
! U_(F) = U _(F) e d,
u(r)
< T T u_(0)=0
.,
r=0
B
H l u (0)=0
O u,(r)
Hyd EL bi Upper leaflet
- 1<d,
. dy (r) d,
Lower leaflet
e ug)

Fig. 1.

Bilayer deformation profiles upon inclusion of a cylindrically symmetric protein. (A)
Positive hydrophobic mismatch (/> ap) and (B) negative hydrophobic mismatch (/< ap),
where /represents the hydrophobic length of the transmembrane protein and ¢y represents
that of the unperturbed lipid bilayer. The hydrophobic match condition is used at the protein-
lipid contact (r= rp) and the unperturbed membrane condition is assumed at 7= /«. Also,
symmetry of the upper and lower leaflets is assumed.
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Fig. 2.

The membrane (hydrophobic thickness) profiles obtained and smoothed from the MD
simulations of (A) gA and (B) VDAC systems. The dotted cylinder represents the
cylindrical approximation of the protein structure in the CEM and the radii are 7.5 A (gA)
and 21.5 A (VDAC), respectively.
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Space-dependent modulus profiles used for the gA system. We used three different choices
of moduli: first, the uniform profile, which assumes that the bulk values apply throughout
the system (not shown); second, the space-dependent modulus profile from Partenskii and
Jordan (PJ) (Partenskii and Jordan, 2002); as well as four profiles determined from MD-

based areal compressibility profiles.
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Fig. 4.
Comparison of the CEM-derived thickness profiles with the MD-derived profiles for the gA
systems in membranes composed of (A) DLPC, (B), DMPC, (C) DOPC, and (D) POPC.
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Fig. 5.

Comparison of the thickness profiles around VDAC from MD and CEM. The black lines are
for the MD-derived profile (dotted) and its smoothed profile (solid). The boundary
conditions for the CEMs were from the MD profiles (s = $psp) with uniform modulus (red)
and the PJ model (blue). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Table 1

Smoothed membrane profiles based on a cubic B-spline function for gA and VDAC

Protein Lipidtype do[A] I[A] 0u/dr(rg) unitless  d2u/r?(ry) [A™Y] 2u/0r(re)@ [A7Y]

gA DLPC 20.2 26.7 0.806 -0.067 -0.001
DMPC 249 27.9 0.515 0.220 —-0.003
DOPC 28.1 28.0 0.458 0.256 0.003
POPC 285 27.9 0.415 0.294 0.004

VDAC Mixed? 304 25.7 0.559 -0.119 0.002

50 A for gA and 45 A for VDAC.

bDOPE:DOPC:choIesteroI =40:40:1.
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Table 2

Physical parameters used in the CEM calculation: Kj is the compression—expansion (area compressibility)
modulus, K is the bending modulus, and a is the surface tension coefficient. K, values are from experiments
and our MD simulations.?

Lipidtype Ka[10UN/A] K [107°N/A]  a [10713N/A]

DLPC 23402242 55¢ 3.09
DMPC 23452382 6.9C

DOPC 2.4092.11 369

POPC 2.78€/1.97 8.5¢

Mixed” 1.789 6.6/ 3.0

afrom Kim et al., 2012.

bfrom Waheed and Edholm, 2009.

“from Kucerka et al., 2005.

dfrom Nielsen and Andersen, 2000.

efrom Olsen et al., 2009.

fDOPE:DOPC:choIesteroI =40:40:1. The parameters are from the average of the DOPC and DOPE values.
gfrom Katsov et al., 2004.

hfrom Chen and Rand, 1997.

Chem Phys Lipids. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Leeetal.

Table 3

Page 19

Calculated A Gges (in kcal/mol) for gA in four types of lipid membrane according to the boundary condition

using (A) uniform moduli and (B) spatially varying moduli using the boundary condition from the MD profile.
The values in the parentheses denote the contributions from the compression-expansion (CE), splay-distortion
(SD), and surface tension (ST) terms

Lipid type

So =Smp

So =0

(A) Uniform modulus (experimental values)

DLPC
DMPC
DOPC
POPC

Lipid type

7.59 (2.25/5.13/0.21)
4.19 (0.62/3.49/0.08)
4.22 (1.11/3.05/0.06)
9.27 (2.74/6.47/0.06)
PJ

14.84 (9.45/5.28/0.11)
2.72 (1.70/0.99/0.03)
0.00 (0.00/0.00/0.00)
0.13 (0.08/0.05/0.0)

Area compressibility
from MD

(B) Space-dependent modulus with & = Svp

DLPC
DMPC
DOPC
POPC

23.35 (8.85/13.66/0.85)
11.97 (2.81/8.84/0.33)
11.89 (4.16/7.49/0.24)
25.62 (9.88/15.53/0.21)

8.05 (2.38/5.42/0.25)
4.42 (0.74/3.67/0.01)
5.11 (1.38/3.66/0.06)
8.97 (2.66/6.24/0.07)

For consistency, the A Gdef estimates are based on the hydrophobic length of the gA dimer that was deduced from the MD simulations. This

length, 27-28 A, is 5-6 A longer than the length based on the gA structure and previous CEM analyses (Huang, 1986;Nielsen et al., 1998).
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