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Abstract

Lipid areas (A ), bilayer area compressibilities (Ka), bilayer bending constants (K¢), and
monolayer spontaneous curvatures (cg) from simulations using the CHARMMS36 force field are
reported for 12 representative homogenous lipid bilayers. A #(or their surrogate, the average
deuterium order parameter in the “plateau region” of the chain) agree very well with experiment,
as do the K. Simulated K¢ are in near quantitative agreement with vesicle flicker experiments,
but are somewnhat larger than K¢ from x-ray, pipette aspiration, and neutron spin echo for
saturated lipids. Spontaneous curvatures of bilayer leaflets from the simulations are approximately
30% smaller than experimental values of monolayers in the inverse hexagonal phase.
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1. Introduction

The equilibrium surface area per lipid, A4 bilayer area compressibility, Ka, bilayer bending
constant, K¢, and the monolayer spontaneous curvature, cg, are critical mechanical
properties of biological membranes. They determine the thickness of the membrane, its
ability to compress, expand, or bend, and its propensity to curve. Perhaps surprisingly, there
is considerable uncertainty in the experimental values of these properties even for single
component bilayers. This is partly because experiments are often well tuned for certain
lipids and not others. For example, x-ray methods (Nagle and Tristram-Nagle, 2000) work
well for obtaining surface areas of lipids with phosphatidylcholine (PC) head groups, but not
for those with phosphatidylethanolamine (PE) head groups. Ka are typically obtained by
pipette aspiration methods (Evans and Rawicz, 1990), but these have been subject to
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revision both to take into account undulations (Rawicz et al., 2000), and more recently,
“fast” stretching (Evans et al., 2013); they are also not available for many lipids. K¢
determined by x-ray and pipette aspiration are comparable, but can differ by over a factor of
two from K¢ of the same lipid determined from vesicle flicker experiments (Marsh, 2006;
Nagle et al., 2015); the source of the discrepancy is unclear. Lastly, experimental
measurements of cq are not even obtained from bilayers. Rather, measurements are carried
out on the inverse hexagonal (H;;) phase (Gruner et al., 1986; Marsh, 2006), and the results
are frequently extrapolated to the lamellar phase.

The quality of all-atom molecular dynamics (MD) simulations of lipid bilayers has
improved dramatically since their advent in the early 1990s (Pastor, 1994). Due to increases
in computer power and algorithms, state-of-the-art trajectory lengths have increased from
hundreds of picoseconds to hundreds of hanoseconds on standard laboratory clusters, to tens
of microseconds on special purpose computers (Shaw et al., 2008). These computer
advances have enabled rigorous refinements of force fields (FF). Lastly, there have been
important formalistic developments for evaluating pressure profiles in systems with long
range electrostatic interactions (Sonne et al., 2005), pressures in droplets and cylinders (Sodt
and Pastor, 2012), and bending constants (Watson et al., 2012). These advances enable the
determination of bilayer mechanical properties for all-atom MD models, and make it
reasonable to propose that MD simulations may help to resolve some of the uncertainties
and disagreements associated with experimental measurements.

This paper focuses on A4 Ka, K¢, and cq for the CHARMM (Chemistry at HARvard
Macromolecular Mechanics) force field C36 (Klauda et al., 2010) for the lipids listed in
Table 1. Table 1 also contains relevant nomenclature and abbreviations. Only fully hydrated
single component bilayers are considered given the near absence of data for compressibility
and bending moduli for those at low hydration or with more than one lipid type. Though
values for some of these quantities have been previously published, simulations for most
systems have been rerun or extended for uniformity of analysis. Specifically, relatively
small systems (72 or 80 lipids) were all simulated for 420 ns, and larger ones (usually 648
lipids) were simulated for at least 120 ns (see Fig. 1 for representative snapshots of the
DPPC bilayers). The set of polyunsaturated lipids, PDPC, PDPE, and SDPE, is entirely new.
Additionally, previously published values of ¢y for DOPE and DOPC (Sodt and Pastor,
2013) relied on the experimental monolayer bending constant from measurements on Hy,
phases; cg for PSM (Venable et al., 2014) was estimated using the polymer brush model
(Rawicz et al., 2000), a popular model that relates K¢ to Ka and bilayer thickness. Here, all
values of cq are evaluated directly from the simulations alone, without any input of
experimental properties or assumption of empirical relations among the various mechanical
properties.

By way of outline, the Background and Methods Section reviews the strategy used to
parameterize C36 (Section 2.1), presents the critical formulae for the calculation of each of
the preceding mechanical properties (2.2 to 2.4), and provides the relevant details on the
simulations (2.5). The Results and Discussion presents the calculated mechanical values for
the lipids in Table 1 (the first part of each section), and compares them with available
experiments (the second part). Section 3.1 concerns A sand Kp, the relationship of the
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deuterium order parameter to area (3.1.3), and the effects of time step and smoothing
Lennard-Jones interactions (3.1.4). Section 3.2 focuses on K¢, and includes a simulation-
based test of the polymer brush model (3.2.3), and further evidence that the pressure tensor-
based method for calculating the Gaussian curvature modulus may be flawed (3.2.4).
Section 3.3 presents values of ¢y, and comments on the notion of lipid shape (3.3.3).
2. Methods

2.1 Overview of the C36 Lipid Force Field and the problem of surface areas

C36 is a molecular mechanics additive force field consisting of bond, angle, dihedral angle,
Lennard-Jones (LJ), and electrostatic terms. It is compatible with the FF for other classes of
molecules in CHARMM (Brooks et al., 2009), so there is in principle no difficulty adding a
protein or carbohydrate to a lipid bilayer. The quixotic paradigm underlying most molecular
mechanics FF is that parameters developed for small model compounds can be combined to
form larger ones or assembles like lipid bilayers without further adjustment. That is to say,
the atomic parameters are transferrable. The simplicity of the functional form of the FF and
the complexity of the membrane/solvent system undermine the paradigm, so C36 is best
described as “physics-based as practical”. The original paper (Klauda et al., 2010) and
several reviews (Klauda et al., 2008; Pastor and MacKerell, 2011) describe: the underlying
functional form; the quantum mechanical calculations used to determine LJ interactions,
torsional surfaces, and atomic point charges; simulations on model compounds (e.g.,
alkanes) to validate the parameters; the fitting to some experimental bilayer data as
ultimately was required; and further validation of bilayer simulations against experimental
quantities such as NMR 13C T; relaxation times. C36 has since been extended to ion-lipid
interactions (Venable et al., 2013), polyunsaturated lipids (Klauda et al., 2012), cyclic
moieties in the acyl chains (Pandit and Klauda, 2012), cholesterol (Lim et al., 2012),
sphingomyelin (Venable et al., 2014), cardiolipin (Song et al, in preparation), and numerous
other lipids (Wu et al., 2014). Tests of the FF include effects of chain branching (Lim and
Klauda, 2011), influence of ester-modified lipids (Villanueva et al., 2013), and the
temperature dependence (Zhuang et al., 2014). Deficiencies in C36 include TIP3P water
(Jorgensen et al., 1983), which is understructured and overly fluid (Venable et al., 2009;
Venable et al., 2010), and the absence of long-range Lennard Jones interactions (discussed
briefly in Section 3.1.4). Some of these deficiencies are ameliorated by use of polarizable
force fields (Chowdhary et al., 2013; Huang et al., 2014), though the number of available
lipid types is presently quite limited.

As implied in the Introduction, the equilibrium area per lipid A ,emerged as a critical target
in the parameterization. To understand why this is difficult to reproduce one must consider
the surface tension v. For a planar interface such as a locally flat bilayer

=18 (Py = Pr(2))dz )

where Py and Pt are the components of the pressure tensor normal and tangential to the
bilayer surface. While Py is a constant value of 1 atm, Pt exhibits huge oscillations between
negative values at the water/hydrocarbon interface and positive values at the bilayer center
(Fig 2). For a stress-free bilayer (the object of most experiments relevant to
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parameterization) y = 0 (Jahnig, 1996), or is very close to O; i.e, the positive and negative
contributions of P1(z) must balance. The tuning of a FF is essentially a problem of
determining a small difference in large numbers, and any mismatch will lead to expansion or
contraction of the bilayer. The difficulty of this task eventually made it necessary to
systematically vary the charges on the carbonyl group to obtain agreement with the
experimental A ,of DPPC. It is fortunate for the simulation field that Nagle and coworkers
devoted years to methodically refining the values of surface areas of DPPC and other lipids
(Kucerka et al., 2008; Kucerka et al., 2011; Nagle and Tristram-Nagle, 2000). The goal of
obtaining agreement with experimental surface areas when simulating in the tensionless
ensemble has been reached for a good range of lipids.

2.2 Calculation of Apand Kp, and standard errors

The instantaneous area per lipid A /(t) for pure bilayers was calculated as the area of the
simulation cell A divided by the number of lipids per leaflet. This assumes that undulations
are small so the difference in projected and local areas is negligible (see Section 3.1.1 for
justification). The area compressibility K is evaluated from:

kT4 (dy
Ka= (5A2) A(dA>T @

where (A) is the average total area, (5A2) is the mean square fluctuation, kg is Boltzmann’s
constant, and T is the temperature. Most simulations (including those presented here) are
carried out at only zero surface tension (see section 2.5), so fluctuations are used to obtain
Ka.

Simulations can also be carried out at series of different fixed areas (e.g., in the NPAT
ensemble (Feller et al., 1995; Zhang et al., 1995)), where N is particle number and P is
normal pressure). In this case, the surface tension is evaluated at each surface area, and
related to Kp via the derivative specified in Eq. (2).

The estimation of standard errors (se) for the average of a property X, denoted se[X],
demands some attention given the nature of this review. The usual approach is to divide the
time series into M equal sized blocks, calculate the average from each block and the
standard deviation of the block averages, and divide the standard deviation by VM. If the
blocks are statistically independent, the se calculated in this manner is independent of block
size and can be used to specify confidence intervals and carry out hypothesis testing. If the
blocks are correlated, the estimated se will decrease with increasing block size, and is not
suitable as input for statistical tests. Hence, it should be confirmed that increasingly larger
block sizes yield comparable se. A useful consistency check on independent block size
involves the normalized correlation function of fluctuations of the time series
(6X(0)6X(t)) (6X(0)6X(t))

CO=Gxopxo) - wxy  ©

where 8X (t) = X (t) — (X) and (6X2) is the mean squared fluctuation; the root mean squared,
fluctuation (rmsf) is (6X2)1/2, The smallest independent block size equals twice the
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correlation time 7, = [5°C (¢)dt. It is acceptable to use blocks larger than 2x 7y, though the
total number of blocks should be at least 5 to 10 to assure precise standard deviations. There
may be decay times with low amplitude that are much larger than the estimated z. In such
cases it is reasonable to use blocks larger than the longest decay time to take into account
uncertainties in zx. The standard errors in X can also be obtained directly from z:

se[ X]= ;&<6X2>1/2 5]

The monograph of Allen and Tildesley (Allen and Tildesley, 1987) remains an excellent
introduction to these and many other technical topics of MD and Monte Carlo simulation.

2.3 Calculation of K¢

2.3.1 Membrane bending energetics—The Helfrich expression (Helfrich, 1973;
Safran, 1994) for the bending free energy per unit area of a structureless and homogeneous
fluid sheet reads:

1
FH (Cl, CQ):EKC(Cl—I—CQ — 00)2+KG0162. (5)

Here, K¢ is the bending modulus, K¢ is the Gaussian bending modulus (or saddle splay
modulus), and ¢y is the spontaneous curvature; these parameters characterize the mechanical
properties of the surface. The radii of curvature at the particular point on the sheet under
consideration are 1/cq and 1/cy; these quantities specify the local shape of the surface. The
Helfrich expression is quite general and applies to both bilayers and to monolayers
(monolayer moduli are denoted with superscripts when necessary in what follows). Each
leaflet in a symmetric bilayer can have a non-zero spontaneous curvature. The spontaneous
curvature of the complete bilayer, however, is zero, because ¢ of each leaflet is equal and
opposite in sign. From this perspective, the spontaneous curvature of these leaflets might be
better called “intrinsic curvature” or “curvature preference”, because the bilayer energy is
minimized in the flat geometry. The spontaneous curvatures considered in this review are
always for the monolayer leaflets of symmetric bilayers, and are mostly presented in terms

of the radius of spontaneous curvature, Ry=c; .
Two different membrane geometries are considered in this review. For membranes that are

nominally flat and span the xy plane, small fluctuations away from the perfectly flat state
generate ¢, and ¢, values

Ph(z,y)
= ; C2
o0x2

_9(z,y)

(&) ay B

(6)

Here h(x,y) denotes the “height field” of the sheet — the z-directed displacement away from
the minimum energy reference plane at z=0. Lipids in the inverse hexagonal phase (Hy)
arrange themselves into a densely packed assembly of cylindrical water-filled tubes of
radius R. In this case ¢, = —1/R and ¢, = 0. The preceding sign convention assigns a positive
curvature to lipids in a micellar geometry and negative curvature to inverse micelles. It
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should be noted that the contribution of saddle splay to Eq. 5 is irrelevant for the systems
considered in this review. This is obvious for the H;; geometry as ¢,=0. For the quasi-flat
geometry, it is easily verified that the total contribution of saddle-splay when integrated over
the entire sheet vanishes if the sheet spans a periodic simulation box. In fact, it can be
generally shown that the contribution of Gaussian curvature to membrane energetics is
important only if the membrane undergoes a change in overall topology (e.g. ripping a hole
in the membrane or turning a single vesicle into two vesicles, etc.) (Kamien, 2002).

See (Zimmerberg and Kozlov, 2006) for a succinct biology-focused introduction to
membrane curvature, and (Deserno, 2015; Kamien, 2002; Safran, 1994) for reviews of the
mathematics.

2.3.2 Calculating K¢ for “modest sized” bilayers—Because the integrated Gaussian
curvature remains constant for a particular surface topology and cg = 0 for symmetric
bilayers, it is evident from Eq. (5) that K¢ is a particularly important modulus to determine.

When a bilayer fluctuates due to thermal noise its local height h(x,y) varies from that of the
minimum energy reference plane; these fluctuations can be related to the bending constant.
The analysis is simplest in the Fourier domain where the power spectrum of h(x,y) for a
Helfrich sheet takes the form (Safran, 1994):

<Ihq|2>:;;i4 @

In principle this expression can be used to extract K¢ from simulated data, however this
approach assumes Eq. (5) (with ¢ = 0) is correct and is thus subject to the assumptions
inherent to the Helfrich description. In particular, Eq. (7) will be valid only when the
molecular structure of the lipids can be neglected and the membrane is behaving as a
structureless thin sheet, which is expected to apply only in the limit of small q values (large
wavelengths). Deviations from Eq. (7) are observed in finite-sized simulation boxes (Goetz
et al., 1999). Over “mesoscopic” length scales on the order of several bilayer thicknesses,
these deviations can be attributed to lipid tilting (May et al., 2007; Watson et al., 2011), with
lipid protrusions (Goetz et al., 1999) becoming important at length scales below three times
the bilayer thickness. For Eq. (7) to faithfully represent simulation data, a simulation box
approximately 10 times larger than the bilayer thickness (40 A), or about 400 A is required.
Even then, only the longest wavelength modes of the box can be analyzed. If A= 63 A2 (the
value for DPPC), the bilayer amenable to a treatment by Eq. (7) would need to contain about
(2 x 400 x 400/63) ~ 5000 lipids. Unfortunately, this approach is not practical for present-
day all-atom simulations, where the number of lipids in a bilayer is typically limited to
several hundred.

An alternate approach to determining K¢ of bilayers was recently developed (Watson et al.,
2012), which allows reliable estimates of K¢ to be extracted from simulations of modestly
sized boxes. This method analyzes thermal fluctuations of the lipid director vector field .
The lipid director is a vector pointing from lipid head to tail and serves as a means to
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quantify lipid orientation. The theoretical prediction for the power spectrum of the
longitudinal component of ;, reads:

S(q)= <\”Q\2> :f];i? ©

and it should be stressed that this expression follows from a theoretical model that explicitly
accounts for lipid tilting (Watson et al., 2012). Lipid tilting adds a correction term to Eq. (7),
but the director fluctuations display the simple functional form indicated in Eqg. (8) when
both bending and tilting are considered theoretically. Deviations from Eq. (8) in simulation
data are observed only over wavelengths shorter than 3 bilayer thicknesses (Watson et al.,
2012) (Levine et al., 2014). All-atom simulations including 648 lipids were shown to be well
converged in our prior study in the sense that Eq. (8) was obeyed over the largest four
wavevectors in the simulation box; if convergence is taken for granted, 288 lipid simulations
were shown to be sufficient to determine Kc (Levine et al., 2014). A different lipid-
orientation-based approach by Khelashvili and coworkers (Khelashvili et al., 2013) has also
been proposed to determine Kc. Bending constants obtained via this methodology for pure
DPPC, DOPC, and DOPE are accurate to within 20% of those determined via Eq. (8), but
these differences are statistically significant (see Supporting Information of (Levine et al.,
2014).

An additional benefit of the director spectrum approach (Eq. 8) is that other elastic
constants, including the tilt (Ky) and twist (Ky,) moduli, follow immediately from the
analysis (Watson et al., 2012). The transverse component of the lipid directors is predicted
to obey:

2 k,T
i) e o
K0+Ktwq

and comparison to simulation data allows the determination of Ky Ky, Kgis now of practical
interest because it may be extracted from x-ray scattering experiments (Jablin et al., 2014).

2.4 Calculation of cg

2.4.2 Monolayers in the Hj phase—The spontaneous curvature of lipids is
experimentally obtained from the inverse hexagonal (H;) phase. The phase consists of lipid
monolayers formed in long hexagonally arranged water-filled tubes, and is preferentially
formed by lipids with head groups that appear to be small compared to their tails, such as
DOPE, as opposed to DPPC, which contains a larger head group. This qualitative shape-
based observation suggests why bilayers composed of certain lipids are more or less
susceptible to curvature (see (Brown, 2012) for a recent review), but shape is only one of the
driving forces ((Sodt and Pastor, 2014) and Section 3.3.3).

Because ¢, = 0, Kg = 0 for the lipid tubes in the H,; phase, Eg. (5) can be expressed in terms
of a single curvature ¢ = cq:
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— 1 1 2
F,(0)=5K (e — o)’ =3 KI' (R = Ry')" o)

where K" is the monolayer bending constant, and R = ¢~Lis the radius of the water filled
tube. By convention, the curvature of leaflets in the H;, phase is negative. The seminal paper
by Gruner, Parsegian, and Rand (Gruner et al., 1986) connected Eq. (10) with experiment.
Specifically, their experimental setup consisted of an Hy; phase in equilibrium with a
polyethyleneglycol (PEG) bath. Changing the concentration of PEG changes the osmotic
pressure IT in the H); phase, and thereby changes R. K" and Rg are then obtained from
fitting measured values of R and II to the following relation:

R=— 2K™ (R*1 - Rgl> (11)

Bending constants and spontaneous curvatures of some other lipids have been obtained
using this method (Marsh, 2006), but the list is not especially large: the lipids must either
form H, phases, or be easy to dope into the matrix of an Hy; phase, usually composed of
DOPE.

There are nuances in the experiment, some of which pertain to the use of alkanes to stabilize
the system, some to assumptions concerning the appropriate bending planes needed to
specify the radius of the pore, and others to the additivity of mixtures. These uncertainties
and assumptions can now be explicitly assessed by all-atom simulations. For example, Sodt

and Pastor (Sodt and Pastor, 2013) simulated the Hy; phase of DOPE, and estimated K" and
Rg from

R2Ap=—2K!" (R - ;') )

where Ap is the pressure difference between the center of the pore and the acyl tail region,
and is equivalent to IT in Eq. (11). Very good agreement with experiment was obtained for
Ro (26 + 2 A vs. —28.5 A for experiment), though additional simulations at larger R will be

required to reduce the statistical error in K" to better assess the agreement. The pivotal
plane (where the area is constant as the surface bends) was determined to be near the
glycerol region of the bilayer, in agreement with the location proposed by Chen and Rand
(Chen and Rand, 1997).

2.4.3 Leaflets in bilayers—Applying monolayer properties to bilayers involves
additional assumptions. Eq. (10) must be extrapolated from ¢ ~ ¢y (where monolayer
measurements are obtained) to ¢ = 0 (the curvature of a flat bilayer). It is also commonly

assumed that the bilayer bending constant is twice that of the extracted K". However,
alkanes are often added to stabilize the Hy; phase, which might lead to a “softening” of the
bending constant.

While the spontaneous curvature is not directly experimentally accessible for bilayers, it can
be obtained from simulation as follows (Safran, 1994):
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dF(c)

L-/2
T le=0=—[{ / z[P.(2) — Pyldz= — K['co (13)

F(0)=

where F’(o) is the derivative of the bending free energy per lipid at zero curvature for the
upper leaflet, tensor; the limits of the integral extend from the bilayer midplane (z=0) to the

upper box length (L,/2). Note that the right hand side is a product containing & ". Hence, a
value of the bending constant must be provided to extract cy. Here K¢ for each bilayer is

determined from Eq. (8) and divided by 2 to provide the K" required by Eq. (13).

2.5 Simulation details

2.5.1 General—All simulations were carried out with the CHARMM program (Brooks et
al., 2009) in the tensionless NPT ensemble; the extended system barostat and thermostat
were employed. In this implementation, the pressure tensor is fully anisotropic and requires
a tetragonal prism simulation unit cell, where x =y by constraint, with the bilayer normal
vector aligned with the z axis; the cell height and the xy area are coupled to separate pistons.
The bulk of the simulations were run with recent (c38b2 and later) versions of the program
that include a domain decomposition scheme (Hynninen and Crowley, 2014) for the
pairwise non-bond calculation. The electrostatic term was computed via the particle-mesh
Ewald method, with a real space cutoff of 12 A, a x value of 0.32, and ca. 1 grid point per A
in each direction for the mesh. The van der Waals dispersion term used an LJ functional
form with a force-switching function over the interval of 8 to 12 A for most simulations; the
PSM simulations and one DPPC simulation used a 10 to 12 A interval. Likewise, a 1 fs
integration time step was used for nearly all of the simulations, with the exception of one
DPPC simulation, which used a 2 fs integration time step.

2.5.2 Models—For small systems with DMPC, DPPC, POPC and POPE, endpoints from
previously published simulations were used as the starting point; all others except PSM were
constructed de novo using the CHARMM-GUI web interface (Jo et al., 2008). The small
PSM system had already been run for 420 ns, and was not extended further. Each large
system was created by a 3x3 expansion of a small 72 lipid system in the xy plane, except for
the POPE system, where the original system had 80 lipids. For DOPC, an alternate system
of 80 lipids was used for the extended small system, rather than the original system with 72
lipids.

3. Results and discussion

3.1 Area per lipid and area compressibility modulus

3.1.1 Simulation—Table 2 lists A yand Kx and their standard errors for the large and small
systems for the entire set of lipids, and Fig. 3 plots A (t) for DPPC and PSM over their 420
ns trajectories. Relaxation of area fluctuations is considerably slower for PSM, as evident
both from time series (Fig. 3) and the correlation functions (Fig. 4); the relaxation times are
approximately 1 ns for DPPC and 10 ns for PSM. Based on this analysis and consistency
checks using different block sizes (see Section 2.2), independent block sizes for calculation
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of standard errors were set to 20 ns for PSM, and to 10 ns for DPPC and the other lipids.
The standard errors for A #(se[A ] range from 0.1 to 0.3 A2,

<5A§> for DPPC and PSM are 1.83 A2 and 1.40 A2 respectively. Inserting these values, the
preceding relaxation times, and the time of trajectory used for averaging (T,yn = 400 ns) into
Eq. (4), yields se[A] = 0.13 A2 for DPPC and 0.31 A? for DPPC, nearly the same as the
estimates from block size in Table 2 for these lipids.

With the exception of DNPC, areas for all of the large systems are slightly smaller than
those of the small systems (0.1 to 0.4 A2). While these differences are comparable to the se
for each lipid, on aggregate the trend is statistically significant: p = 0.052 for a paired t-test
comparing the differences in area of the big and small systems for all of the lipids, and p =
0.0012 when DNPC is omitted. Hence, as expected, undulations in the large systems only
slightly reduce their projected surface areas, in agreement with an earlier prediction (Braun
etal., 2011).

K are mostly between 200 and 300 dyn/cm, with se of 20-40 dyn/cm. The difference in
se[A4 (0.2-0.5% of A and se[Ka] (10-20% of Kp) is expected for the area and its
fluctuation, and highlights the need for long trajectories when evaluating Ka. There is no
statistically significant difference in Ka for the large and small systems (p = 0.767). PSM
has the highest Kp (330 £ 30 dyn/cm averaged over the small and large systems), though
some of the unsaturated lipids (e.g., DOPC at 285 + 10 dyn/cm) are close. Saturated lipids
DMPC and DPPC (average of 215 + 5 dyn/cm) are among the lowest. K5 for DPPC are
approximately twice those obtained with C27r (Klauda et al., 2005), the immediate the
precursor of C36. Hence, area compressibilites provide a good and reasonably
straightforward test of a force field, though long simulations are required. It is somewhat
disconcerting to reread papers from pre-2000 presenting K from simulations of only a ns
(Feller and Pastor, 1999), and it will likely be disconcerting to read present-day papers in
2030.

3.1.2 Comparison with experiment—From Table 2, the surface areas of all but POPG
are bracketed by recent experimental values, or are either within 1 A2 of these values; the
simulated A /for POPG is 2.0 A2 above the higher of two experimental values (a difference
of 3%). The chain Scp for PSM agree well with experiment (Venable et al., 2014). The
order parameter averaged over the 5 largest values (the so-called “plateau region”) for PDPC
is 0.200 from experiment (Leftin and Brown, 2011), and 0.192 from simulation (this study).

In 2000 Evans and coworkers published K, for a number of lipids, primarily unsaturated,
using pipette aspiration (Rawicz et al., 2000). After correction for undulations, these lay in a
relatively small range, 234-263 dyn/cm, with experimental uncertainties of 10-30 dyn/cm.
More recent measurements using higher stretching rates (Evans et al., 2013) led to a revised
value of ~300 dyn/cm for DOPC.

The simulated K for DMPC and DOPC reported here (Table 2) are within the statistical
errors of the simulations and experiment, and correctly reproduce the order.
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3.1.3 Area and Deuterium Order Parameters—Experimentally, the deuterium order
parameter, Scp, is measured from the lineshape of the NMR spectrum of deuterated carbons
(Seelig, 1977). It is obtained from simulations as

<3c0320 - 1>
2

Sep= (14)

where @is the angle of the CH vector of the relevant carbon with respect to the bilayer
normal. Scp shows characteristic splittings in the head group and for carbon 2 of the acyl
chains, is relatively constant in the upper parts of the chains, and then decreases toward the
chain ends. See (Klauda et al., 2010) and (Venable et al., 2014) for comparisons of
experimental order parameters and those of simulations using C36 for DPPC and PSM
bilayers, respectively. The span from carbons 4-8 is often called the “plateau region”,
though not all chain types exhibit this exact range (Fig. 5). It has been long recognized that
the order parameters of the plateau regions are sensitive to the surface area (Feller et al.,
1997; Koenig et al., 1997; Nagle, 1993; Petrache et al., 2000), and these can provide
invaluable target data for parameter development when reliable surface areas derived from
x-ray and/or neutron data are not available. For example, the C36 parameters for
sphingomyelin (Venable et al., 2014) and corrections to the Na+ interactions with charged
lipids (Venable et al., 2013) were developed using this approach.

Assorted models have been developed to directly relate Scp and surface area (Nagle, 1993;
Petrache et al., 2000). This is a difficult endeavor because Scp contains contributions from
conformational disorder (gauche-trans states of the acyl chains, and librations within each
state), local tilting of the entire lipid (termed wobble), and assorted collective motions
(Pastor et al., 1991; Pastor et al., 1988b). The usual approach is to estimate the average
projection per methylene group along the bilayer normal, and then relate this to the area by a
volume relationship. A nicely-derived and easy to implement model comes from Nagle
(Nagle, 1993):

%

A/ chain:% (15)
(14+2(5)) bee

where (S) is the plateau value (the absolute value is used here as consistent with Eq. 14),
Vch2 is the volume of a CH5 group, and bec is the projected length of the CC bond along
the bilayer normal for an all-trans chain oriented along the normal. Setting Vcpp = 27.6 A3,
bee = 1.27 A, (S) = 0.2 (the approximate experimental average of carbons 4-8), Nagle
obtained A= 62.1 AZ in quite good agreement with experiment for DPPC.

How do areas and deuterium order parameters relate for simulations with C36, where both
quantities are known precisely for a wide range of lipids? To begin, Fig. 5 plots the chain
order parameters for DPPC, DOPC, and SDPE for the large systems (those from the small
systems are nearly identical). The same chains in the other lipids have similar patterns, and
the following ranges are used to evaluate the (S) listed in Table 3: 4-8 for saturated acyl
chains (in accord with standard practice); 4-6 for oleyl chains (the presence of the cis double
bond at the 9-10 position perturbs the order parameters of carbons 7 and 8); 4-11 for
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DNPC; and 6-12 for the sphingosine chain of PSM. With the exception of the
polyunsaturated lipids, differences between the y and  chains (often denoted chain 1 and
chain 2, respectively) are mostly less than 0.01. Scp for the polyunsaturated chains are close
to zero as consistent with the very low conformational barriers between conformers (see Fig
5 for SDPE); these are not appropriate for area estimates using Eq. (15) so (S) from these
chains is not reported or used here. The average (S) of the y chains from all systems is
0.216, with a standard deviation of 0.025, in accord with the general notion that the plateau
value for fluid phase lipids is approximately 0.2.

Fig. 6 plots the averages of A yvs. (S) for the y chains for the large systems, and includes the
prediction from Eq. (15) (with the original parameters). The saturated chains (DPPC, DMPC
and PSM), POPE and DOPE and are well described by Eqg. (15), which was in fact
developed for saturated chains. The polyunsaturated group and lipids with large surface area
(low (S)) are not so well described. Perhaps these observations can lead to a refined model.

3.1.4 Time step and Lennard-Jones cutoffs—Increasing the time step At is always
tempting to simulators. It seems to extend trajectories for free. However, accuracy decreases
with increasing At, and a trajectory can become unstable (Pastor et al., 1988a). The first
entries in Table 4 indicate that increasing At from 1 to 2 fs increases A ,from 63.0 £ 0.1 to
63.5 + 0.1 A2 for a DPPC bilayer, a small but statistically significant change.

Long range electrostatic forces are explicitly included in essentially all modern all-atom FF
using various summation methods. In contrast, Lennard-Jones (LJ) interactions are most
often cut off, and both the value of the cutoff and the smoothing function should be
considered part of the FF. C36 was developed with a force-switching function extending
from 8-12 A. Ideally, all simulations carried out with C36 should use these options.
Unfortunately, different programs have slightly different code for smoothing LJ interactions.
Furthermore, the CHARMM protein parameters were developed with a force-switching
extending from 10-12 A, and this has become the default in most releases of CHARMM.
The last row of Table 4 shows the is decreased by effect of using a 10-12 A force shifting
function on a DPPC bilayer: A nearly 1.5 A, a little over 2%.

Lastly, long-range LJ interactions contribute substantially to the surface tension y of alkane/
vapor interfaces. For example, when octane/vapor is simulated with C27r (Klauda et al.,
2005), the alkane component of C36, y = 13.6, 16.0, and 21.1 + 0.5 dyn/cm for LJ cutoffs of
10, 12 and 30 A, respectively; the “no-cutoff” result is 20.8 + 0.5 dyn/cm (Venable et al.,
2009). Consequently, C36, which neglects long-range LJ interactions, substantially
underestimates the surface tension of lipid monolayers (Klauda et al., 2010), which have an
alkane/vapor interface. The next generation of FF will likely be developed with long range
LJ interactions, and the issues noted above will disappear. For present studies, this flaw in
the parameter set should be recognized.

3.2 Bending, tilt, and twist moduli

3.2.1 Simulation—Table 5 presents K¢ (large systems only) calculated from Eq. (8). The
convergence and precision of the simulations are shown in Figs 7-9 for DPPC and PSM.
Constant values for g25(q) between g = 1 and 0.4 nm™1 (leftmost 4 points of Fig. 7), indicate
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that the system size (648 lipids) is sufficiently large for these systems. It is evident that K¢ is
substantially larger for PSM. Figs. 8 and 9 plot the time series of S(g) and its correlation
function for the smallest g (largest length). Fluctuations are more rapid for DPPC, though
both bilayers relax within 5 ns, indicating that a 10 ns block average is acceptable for all of
the lipids.

In contrast to K, which ranged from 200 dyn/cm (PDPE) to 310 dyn/cm (PSM) for the
large systems, the K¢ vary by nearly a factor of 3. Values for the polyunsaturated lipids
cluster at the low end, with PDPC the lowest at 9.6 + 0.1 x 10720 J. PSM is the highest at
27.8 + 0.8 x 10720 J. Some of the other trends are discussed in Section 3.2.3.

Kpand Ky, are of mostly theoretical interest, and are presented in Table 6 for completeness.
Figure 10 shows results for DPPC and PSM, including the best fit curve for each data set.

3.2.2 Comparison with experiment—The experimental results listed in Table 5 are
grouped by experimental technique: PA, pipette aspiration of giant unilameller vesicles
(GUV); X-ray, from x-ray diffraction of lamellar stacks; NSE, from neutron spin echo of
lamellar stacks, and Flicker, from thermally excited fluctuations of GUV. The x-ray value of
DOPC includes a recent correction accounting for lipid tilt (Jablin et al., 2014); x-ray values
for the other lipids do not include this correction. The results for x-ray and PA are close for
the lipids studied in this work. K¢ from flicker experiments are over 100% higher for
saturated lipids, and approximately 30% higher for DOPC as compared to x-ray data. The
disparity among experimentally determined values for K¢ is well known and remains poorly
understood (Marsh, 2006; Nagle, 2013).

As recently reported (Levine et al., 2014), the simulated K¢ are nearly identical to those
from flicker experiments for DPPC and DOPC for C36. The present study adds the excellent
agreement of simulation and flicker experiment for DMPC, and the substantial disagreement
of simulation and x-ray for POPC.

Given the uncertain experimental landscape, it is impossible to make any definitive
comparison to “experiment”. On the one hand, the close agreement between K¢ from
simulations with those from flicker experiments might be comforting, however the large
differences between simulations and other experimental techniques are difficult to
rationalize. The periodic boundary conditions, hydration levels and probed length scales of
simulation systems are arguably much closer to the lamellar stacks used for x-ray
measurements than to the GUVSs analyzed in flicker experiments and one might naively
expect the best correspondence to be found between x-ray and simulation; the data clearly
dispute this hypothesis. One confounding factor that should be emphasized is that the
present simulations were carried out with a cut off Lennard Jones interaction (see sec. 3.1.4).
Long-ranged van der Waals interactions (acting in aggregate between all molecules) are
responsible for stabilizing the lamellar stacks in experiment (Israelachvili, 1992; Safran,
1994), but are absent from the simulations. From this perspective, the simulations might
actually be more closely analogous to the GUV geometry than the lamellar stacks observed
in x-rays — the simulated bilayers should be behaving essentially as an isolated single
membrane. Of course, surface areas from x-ray data were targets of the parameterization of
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C36, and excellent agreement of simulated and experimental density profiles and scattering
functions provided strong support for both simulation methodology (Klauda et al., 2006) and
the force field. A reanalysis of x-ray data including the tilt modulus (Jablin et al., 2014)
increased the original K¢ by approximately 10% for DOPC, but the difference still 25%
lower than that from the flicker measurement, and 30% lower than simulation.

Recent neutron spin echo results for tetraoleoylcardiolipin (TOCL) at 303 K yielded K¢ =
10.6 + 0.6 x10729 J, in close agreement 11.4 + 0.4 x10720 J obtained by simulations with the
C36 FF at 310 K (Song et al, in preparation). Otherwise, the NSE and x-ray results are close
to each other, and lower than simulation. X-ray scattering of tetramyristoylcardiolipin
(TMCL) at 323 K yielded K¢ = 7.5 + 1.0 x10720 J (Boscia et al., 2014) which is comparable
with the x-ray determinations of K¢ for two-chained lipids.

Only two experimental values of tilt modulus appear to be available: 8 x10720 J/nm? for
DOPE from an analysis of the L, to Hy; transition (Hamm and Kozlov, 2000), and 9.5 £ 0.7
x10720 J/nm? for DOPC from x-ray diffraction of lamellar stacks (Jablin et al., 2014). The
simulated values are nearly identical for DOPE, and 30% smaller for DOPC.

3.2.3 A simulation-based test of the polymer brush model—The polymer brush
model (PBM) was introduced by Evans and coworkers (Rawicz et al., 2000) to rationalize
trends in the bending constants of lipid bilayers and extrapolate them when required.
Specifically,

c 24

where h is the hydrophobic thickness of the bilayer; it was set to hpp —hg, where hpp is the
phosphate to phosphate peaks from x-ray diffraction measurements, and hg = 10 A is the
head group thickness (the sum from both leaflets).

The results of the present simulations allow an assessment of Eq. (16), starting with the
bilayer thickness. Columns 2 and 3 of Table 7 list hpp and hcyco for each system. The latter
is the separation across the bilayer between the average positions of carbon 2 of the lipid
chains, and is often taken to be a measure of hydrophobic thickness. As evident from
column 4, hpp — hcaco Varies between 10.5 and 11.1 among lipids, and averages 10.8 A.
Hence assumptions regarding head group thickness could be refined, although here the
original hg = 10 A is retained.

The last columns of Table 7 list &% and the % difference from K™, The results are
similar to the comparison of the Kifm and those from pipette aspiration; i.e., KfBM for
DOPC underestimates K gim by 18%, and the errors for most other unsaturated lipids are all
30% or less (POPG differs by 38%). K *™ for DPPC, DMPC, and PSM underestimate

K g“"' by a remarkably precise 53-56%.

The preceding results imply that the PBM model can be useful for scaling lipids of similar
chains, and perhaps head groups, even though Eq. (16) does not simultaneously model all of
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the simulation data. Figure 11 plots K> vs. K 7"* with similar lipids grouped. The set
DPPC, DMPC, and PSM (squares) is clearly offset from the others, and the slope is
somewhat different.

3.2.4 Gaussian curvature modulus—The calculation of the Gaussian curvature
modulus from simulation is presently controversial, though a method applicable to simple
systems (not yet practical for all-atom simulations) is now available (Hu et al., 2012). This

method yields K'/ K" ~ —0.9 for both a very simple coarse-grained model (Hu et al.,
2012) and the MARTINI model (Hu et al., 2013), in accord with available experiment
results (Marsh, 2006). Hu et al. (2012 and 2013) also considered the following expression
for the Gaussian curvature modulus of a leaflet:

K7=[t"(z = 6)*|Pp(2) - P,Jdz (1)

where §'is the position of the neutral plane (where the area does not change upon bending)
with respect to the bilayer midplane. The Gaussian curvature modulus K for the bilayer is
then evaluated from

K,=2 (KD —25e)KT) (19)

Values of K"/ K" ranged from —0.12 to -0.33 for MARTINI DMPC depending on the
value of the neutral surface (Hu et al., 2013); a value of —0.9 for their simple CG model was
only obtained for any unphysically small value of the neutral surface (Hu et al., 2012). On
this basis it was concluded that Eq. (17) is not a reliable formalism for obtaining the
Gaussian curvature modulus from simulations. Given the ease of applicability of Eq. (17), it
is of interest to evaluate results for the present systems.

To begin, Table 8 lists values of the neutral plane §evaluated from the 4-parameter fit
described in (Watson et al., 2011). Values of §are mostly between 9.5 and 10 A, and are not
easily related to the dominant features of the pressure profile. In particular, the prominent
minima in P(z) evident in Fig 2 for DPPC, PSM, and SDPE are at |z| = 16.7, 17.3, and 18.4
A, respectively (these locations are close to the average of the glycerol carbons). The
adjacent maxima in P1(z) a smaller |z| are at 13.3, 13.6, and 15.3 A for the three preceding
bilayers. The remaining columns of Table 8 list K" (from Eq. (17)), K"/ K", Kg (from
Eqg. (18)), Kg/K¢ for each system. The wide range of unphysically small values, including
some with the wrong sign, lends further support to the argument that Eq. (17) may be
flawed. Results for other estimates of the neutral plane (not shown) are similarly variable.

3.3 Spontaneous curvature

3.3.1 Simulation—As specified by Eq. (13), the first moment of the symmetrized pressure
tensor is integrated from the bilayer midplane to the upper edge of the simulation cell to

obtain the product K" co= — F (0). Fig. 12 plots this integral as a function of z to illustrate
stable estimates for DPPC, PSM, and SDPE. SDPE was added for this figure (and Fig. 2) to
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include a result for a lipid with substantial negative curvature; i.e., the difference in sign of

F(0) of PSM and SDPE is clear to see.

Table 9 lists F’(o) and R for the small systems. As noted in the Introduction, this Table
revises previous estimates for DOPE and DOPC (Sodt and Pastor, 2013), and for PSM
(Venable et al., 2014) to reflect the use of K¢ calculated explicitly from the bilayer

simulations (i.e., from Table 5). Spontaneous curvatures (Rgl) for DPPC and POPG are
both near zero, though with opposite sign. Ry for the assorted PE’s range from —37 to —47 A,
with standard errors of approximately 1 A. As expected, Ry increases when the PE head
group is substituted for PC: DOPC/DOPE = 3.7, POPC/POPE = 6.7, and PDPC/PDPE = 3.2.
PSM shows significant positive curvature, likely resulting from the usual hydrogen bond
network.

3.3.2 Comparison with experiment—This subsection begins with a direct comparison
of simulation and the values reported in the original experimental studies, and then to
experimental values transformed from the pivotal to the neutral plane.

From Table 9, the spontaneous curvatures of DOPC, DOPE, and SDPE leaflets from
simulation are 37%, 23% and 33% smaller than monolayers from experiment, respectively.
Assuming that the simulations are accurate, this result implies that the “curvature
frustration” in bilayers is lower than previously assumed. Recall that direct simulations of
the Hy, phase (Sodt and Pastor, 2013) of DOPE yielded good agreement with experiment for
the spontaneous curvature (an overestimate of 10%, and within the error of the methods),
lending confidence to the present 30% underestimates.

The experimental monolayer bending constants /" extracted for the preceding Hy; phases
are 3.8 x 10720 J (DOPC), 4.7 x 10720 J (DOPE), and 4.9 x 10720 ] (SDPE). After
multiplying by 2 to plausibly compare with the simulated bilayer bending constants, the

difference between simulation and experiment is appreciable: K;”” is higher than 2 x K[
by 56% (DOPC), 26% (DOPE) and 9.3% (SDPE). The experimental bilayer bending
constants for DOPC are also higher than twice K’ (12% for PA, 9% for x-ray, and 43% for
flicker). Hence, it appears that bilayers are stiffer than might be anticipated from H;, phase
monolayers.

A more rigorous comparison of simulation and experiment entails transforming the
experimental values to the neutral plane. The relationships for monolayers are (Leikin et al.,
1996):

b
Con R <1+KC,pK—’P> cop (19)
A

2
€0

K., ~ (1 - 4KC‘pK—*’> K., (0
A

Chem Phys Lipids. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Venable et al.

Page 17

Itis clear from Eqgs. (19) and (20) that the corrections lead to an increase in cq (decrease in
Ro), and a decrease in K¢. This exacerbates the differences between the simulation results
for bilayers and experimental results for monolayers. Marsh (Marsh, 2006) estimates that the

corrections for DOPE are 5% for cg and 17% for K. Corrections are smaller for DOPC, as

expected because cg is smaller: they are 0% for co and 3% for & . Hence, the conclusions
from the direct comparison are unchanged.

3.3.3 The question of shape—It is useful at this point to reconsider the notion that the
spontaneous curvature of a lipid in a bilayer can be intuited by looking at its shape. To this
end, Fig. 13 presents the average shapes of the lipids studied here (see Figure caption for
how these were generated). It is evident that all of the lipids are basically cylindrical, as
would be expected from objects filling a flat bilayer. However, it would be difficult to
rationalize that the spontaneous curvatures of POPG and DPPC are both near zero (though
opposite in sign), yet the head group of POPG appears to be the smallest of all of the lipids
shown. This is because the head group of POPG is charged, and the repulsive interactions in
the water/bilayer interface counteract the seemingly wide “cone-shaped” excursions of the
chains. The influence of charge on spontaneous curvature in the Hy, phase has already been
recognized (Fuller et al., 2003), so this result extends the conclusion to the lamellar phase.
To continue, DNPC (the largest tail of the PC lipids here) might be expected to have the
largest negative curvature. However, it is closest to POPC, and less than half of DOPC. It
would be difficult to guess that PSM has substantial positive curvature; considerations of
inter-lipid hydrogen bonding and the position of the neutral plane are required to understand
this (Venable et al., 2014). Hydrogen bonding among head groups is also an important
contributor to the spontaneous curvature of DOPE (Sodt and Pastor, 2014).

4. Summary and Conclusions

While exclusively focused on the CHARMM 36 force field, the results presented here
provide a snapshot of the broader state of molecular dynamics simulations of lipid bilayers.
Simulations with C36 and most of the other FF now yield good to excellent agreement with
experimental surface areas A sand deuterium order parameters for most lipids. Caution must
be applied regarding the Lennard-Jones cutoffs (Table 4), especially for bilayers near their
fluid to gel phase transitions. Nevertheless, when simulation and experiment do not agree, it
is not overly brash to question the experiment.

Since A ywas a specific target for about half of the lipids presented here (Table 1), agreement
with experiment (Table 2) is to be expected, though gratifying. However, area
compressibility Ka, bending modulus K¢, and spontaneous curvature ¢ were not targets, so
their agreement or disagreement with experiment is more interesting.

Ka are in quite good agreement with experiment (Table 2), which was not the case with
precursors to C36 (Section 3.1.2). Area compressibilites are easy to calculate (though
simulations should be at least several hundred ns), and should be reported with new or
revised parameter sets.
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The peaceful coexistence of simulation and experiment ends when comparing bending
constants. Results from simulation are close to those from flicker experiments, and these are
substantially larger (a factor of more than two for DPPC and DMPC) than those from pipette
aspiration, x-ray, and neutron spin echo (Table 5). A clue to these discrepancies may lie in
the analysis of the polymer brush model (Table 7 and Fig. 11). The unsaturated lipids DPPC,
DMPC, and PSM show a qualitatively different dependence on membrane thickness,
implying that assumptions reasonable for unsaturated lipids might not extend to this set.

Tilt and twist moduli are included for the entire set of lipids for completeness (Table 6)
Agreement with experiment of Kyis excellent for DOPE, and 30% smaller the experiment
for DOPC. Perhaps these Ky could provide starting values for fitting experimental data to
models for extracting Kc.

Gaussian curvatures for bilayers obtained from the second moment of the pressure profile
appear to be unreliable (Table 8), in agreement with previous analysis using coarse grained
models.

Spontaneous curvatures calculated from simulation (Table 9) mostly follow expected trends:
lipids with PE head groups have substantial negative cg, those with PC head groups have
much lower cg. However, not all are easy to predict from simple considerations of shape
(Figure 13), and a detailed analysis of molecular interactions is advised. A direct comparison
of simulation and experiment for DOPE, DOPC, and SDPE indicates that cg from simulation
are approximately 30% smaller than those from experiment. Monolayer bending constants
from simulation are larger than those from experiment, assuming the simulated bilayer
constants can be divided by 2 to correctly compare with experiment. These results should be
considered when assuming the correspondence of bilayers and monolayers in the Hy, phase.

Even if some spontaneous curvatures or bending constants from the present set of
simulations with C36 are quantitatively incorrect, this compilation should provide a valuable
starting place for a systematic improvement of molecular mechanics force fields for lipids.
The comparison of the simulated deuterium order parameter plateau values and surface areas
(Section 3.1.3) can be used to refine models predicting surface areas from experimental Scp.

This study has been restricted to single-component bilayers, partially because there is little
quantitative experimental data available related to the mechanical properties of composite
systems, and partially because the underlying theoretical formalisms used in analyzing the
simulations assume (often implicitly) a homogeneous membrane structure devoid of any
modulation in elastic properties. In the case of multi-component membranes there exists, at
least in principle, a coupling between local membrane composition and elastic behavior that
is expected to complicate both the interpretation of simulation data and the comparison
between small simulation boxes and the larger systems studied experimentally. For example,
a lipid bilayer populated with a collection of non-interacting membrane proteins is expected
to behave as a Helfrich sheet (obeying Eq. 5) over sufficiently long wavelengths. The
effective bending moduli associated with such a composite system reflect both the elastic
properties of the lipid bilayer and of the proteins embedded within it (Netz and Pincus,
1995), however it is infeasible to run detailed simulations on a composite lipid/protein
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system that are large enough to directly observe this long-wavelength behavior. Further, the
known approximations one might hope to use to extrapolate long-wavelength behavior in
the composite system from simpler and smaller simulations are valid only in certain limiting
regimes, even for vastly simplified toy models (Sigurdsson et al., 2013). In the case of lipid
mixtures, the coupling between composition and curvature has recently been implicated as a
possible driving force for the formation of lipid rafts/microdomains (Giang et al., 2015).
Even in ostensibly “homogeneous” lipid mixtures it seems unlikely that lipids are perfectly
ideally mixed and the extent of non-ideality should, in general, be coupled to the local shape
and density of the membrane. Such complications are not considered in the theoretical
models underlying the analyses presented in this work, but will be pursued in future studies.
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Highlights
Mechanical properties of 12 different bilayers are evaluated from simulation.
The CHARMM 36 force field yields excellent area and compressibility.
The relation of surface area and NMR order parameters does not fit simple models.
Bending constants equal those from flicker experiments, but not others.

Spontaneous curvatures of leaflets in bilayers are 30% lower than in hexagonal
phases.
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Fig 1.

with waters shown

(top) and omitted for clarity (bottom). Coloring is as follows: nitrogen on head groups
(purple); phosphates (green); oxygen (red); methylene groups of lipid chains (grey); terminal

Snapshots of DPPC bilayers containing 648 (left) and 72 lipids (right),
methyl groups of acyl chains (white); water (blue).
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Pressure profiles for DPPC, PSM, SDPE bilayers consisting of 72 lipids from a 420 ns
trajectory, with the first 20 ns dropped from the averaging. See Section 2.5 for further details
on these and the other simulations presented in the study.
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Fig 4.
(6A0(0)6A,(t)) / <5A3>for DPPC and PSM for the time series plotted in Fig. 3.
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Deuterium order parameters for the y and  chains of lipids in the large systems; the plateau
value (S) for the vy chain of each system is denoted by a solid line.
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Fig 6.
Area per lipid vs. plateau value of the deuterium order parameter (S) for the y chains of
lipids in the large systems (assorted symbols), and prediction of Eq (15) (solid line).
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Time series S(q) for DPPC (q = 0.4398 nm™1) and PSM (q = 0.4701 nm™1). These are the
smallest g for each system and would be expected to be the slowest to converge.

Chem Phys Lipids. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Venable et al. Page 32

<IngI*> c(t)

0 5 10 15 20
time (ns)
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Correlation functions for S(q) for DPPC and PSM for the smallest q (see caption of Fig. 8)
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KPM (calculated from Ka and P:P distances listed in Tables 2 and 7, respectively) vs. K5

with lipids grouped by type.
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PSM

POPG

Fig 13.

Tt?e average shapes of lipids in bilayers. The shapes were generated from the final
coordinates of large systems by translating each lipid to place its center of geometry at the
origin, with lipids in the bottom leaflet rotated by 180°. Coloring is as follows: nitrogen on
head groups (purple); phosphates (green); oxygen (red); methylene groups of lipid chains
(grey); terminal methyl groups of acyl chains (cyan); amide oxygen on PSM (yellow). The
two metal colored bars on the side of each lipid array specify the diameter of the cylinder
whose area equals the average area/lipid.
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Plateau values for the y and  chains of the large system (see text for specification of ranges)

Table 3

Lipid +ychain Bchain
DPPC 0.203 0.217
DMPC  0.221 0.221
DOPC 0.177 0.186
DNPC 0.234 0.240
DOPE 0.211 0.215
POPC 0.198 0.197
PDPC 0.192

POPE 0.247 0.231
PDPE 0.225

SDPE 0.230

PSM 0.276 0.261
POPG 0.188 0.184
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Values of tilt (Kg) and twist (Ky,) moduli obtained from fits to Eq. 9.

Lipid Ka(1020J/nm?) Ky (10°J)  Fit rmsd
DPPC 4.88 2.04 0.0039
DPPC 4.02 2.18 0.0038
DOPC 6.40 0.99 0.0038
DNPC 4,74 2.23 0.0054
DOPE 8.47 1.44 0.0020
POPC 5.52 1.45 0.0040
PDPC 6.50 0.95 0.0036
POPE 8.04 2.36 0.0019
PDPE 7.72 1.48 0.0025
SDPE 7.48 1.65 0.0022
PSM 3.91 4.76 0.0066
POPG 6.15 1.05 0.0032
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Table 9
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Spontaneous radius of curvature, Rg, calculated from the derivative of the bilayer free energy of bending,

F(0)
Lipid T (0) (kealimol/A)  Ro(®) RoRange (B)  Expt
DPPC  -0.0046 (0.0020) 2465 4362, 1718
DMPC  -00225(0.0022) 302 434,357
DOPC  00610(0.0025)  -140  -134,-146 _g7ga
DNPC  00511(0.0053)  -310  -281,-346
DOPE  02281(0.003)  -37  -37,-38  _,gea
POPC  00303(0.0029)  -315  -287,-348
PDPC  00565(0.0026)  -123  -118,-129
POPE  02041(0.0031)  -47 46,48
PDPE 01864 (00032)  -38  -37,-39
SDPE  0.889(00029)  —-41  —40,-41  _p75b
PSM  -0.1858(0.0032) 108 110, 106
POPG  0.0036(0.0024)  -2220 ~-1339,-6485

a(Chen and Rand, 1997)

b(Teague etal., 2013)
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