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ABSTRACT: Despite the central role of lipids in many
biophysical functions, the molecular mechanisms that dictate
macroscopic lipid behavior remain elusive to both exper-
imental and computational approaches. As such, there has
been much interest in the development of low-resolution,
implicit-solvent coarse-grained (CG) models to dynamically
simulate biologically relevant spatiotemporal scales with
molecular fidelity. However, in the absence of solvent, a key

challenge for CG models is to faithfully emulate solvent-mediated forces, which include both hydrophilic and hydrophobic
interactions that drive lipid aggregation and self-assembly. In this work, we provide a new methodological framework to
incorporate semiexplicit solvent effects through the use of virtual CG particles, which represent structural features of the
solvent-lipid interface. To do so, we leverage two systematic coarse-graining approaches, multiscale coarse-graining (MS-CG)
and relative entropy minimization (REM), in a hybrid fashion to construct our virtual-site CG (VCG) models. As a proof-of-
concept, we focus our efforts on two lipid species, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), which adopt a liquid-disordered and gel phase, respectively, at room temperature. Through
our analysis, we also present, to our knowledge, the first direct comparison between the MS-CG and REM methods for a
complex biomolecule and highlight each of their strengths and weaknesses. We further demonstrate that VCG models
recapitulate the rich biophysics of lipids, which enable self-assembly, morphological diversity, and multiple phases. Our findings
suggest that the VCG framework is a powerful approach for investigation into macromolecular biophysics.

B INTRODUCTION

Cellular membranes are crucial biological components that
regulate many essential biological activities through processes
that include compartmentalization, signaling, and transport.””
The main constituent of membranes are lipids, which are
amphiphilic molecules with hydrophilic head groups and
hydrophobic tails. Collectively, these lipids serve as building
blocks for noncovalently assembled fluid membranes.” As a
diverse array of lipid species exists in nature, the properties of
these membranes are also highly variable. Hence, we can
expect molecular-scale fluctuations to influence the structure
and function of these membranes, which, in turn, affect the
large-scale macroscopic properties. Understanding the funda-
mental connection between the microscopic and macroscopic
behavior of membranes has widespread implications, which
include biophysical insight into cellular activity and design
inspiration for biomimetic soft materials."”® However, atom-
istic insight into membrane biophysics has been difficult to
probe using experimental techniques, especially at the scales
associated with molecular fluctuations. Instead, one may turn
toward computer simulation for a detailed investigation of
these behaviors, e.g., using classical molecular dynamics (MD).

The use of MD simulations to study membranes contains its
own set of challenges. The primary obstacle is to access
sufficiently large length- and time-scales in order to capture
lipid reorganization and membrane fluctuation, which are
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inherently slow. In fact, the use of specialized hardware such as
the Anton supercomputer has previously been used to study
multicomponent lipid bilayers.” An alternative approach is to
use coarse-grained (CG) models, in which molecules are
represented with reduced (i.e., less than atomistic) detail; here,
CG particles correspond to a collective of several or many
atoms. The most attractive CG models for studying
membranes and a number of other systems are solvent-free
as water typically constitutes the majority of the computational
burden. Several such CG models already exist, and they are
generally categorized into two main groups: top-down and
bottom-up CG models. Top-down models are fitted to
reproduce macroscopic properties. For example, models for
high-resolution CG lipids (~10—15 CG sites per lipid) have
been generated based on experimental partition coefficients,”
while low-resolution CG lipids (i.e., 3—6 sites per lipid) have
been parametrized to easily tune bending rigidity.”~'* Bottom-
up models use rigorous statistical mechanics to parametrize
models that reproduce microscopic properties. Most models in
the bottom-up space are in the high-resolution regime,'*~'°
although some have been reported in the low-resolution
regime as well."”'® In the case of both top-down and bottom-
up CG models, however, the questions of so-called
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representability and transferability remain important open
problems."” In particular, the key challenge for implicit-solvent
CG models is to faithfully recapitulate the CG physics
produced by solvent-mediated effects (i.e., both hydrophilic
and hydrophobic interactions) since solvent degrees of
freedom are explicitly removed. These missing degrees of
freedom represent an inherently many-body lipid-solvent
interaction that is the primary driver for lipid self-assembly.”%*

The ability of a CG model to capture all of the relevant
physics of lipids is largely contingent on the expressiveness of
the underlying interactions, i.e., based on the CG representa-
tion and effective force field. For a variety of CG mappings,
some bottom-up methods have been suggested to reproduce
the many-body potential of mean force (PMF) in the limit of
infinite sampling (i.e, from an all-atom (AA) reference
trajectory) when they are allowed to return any possible CG
force field.””* However, practical use-cases of these methods
necessarily involve limited sampling and finite CG force-field
basis sets due to computational cost. An example of a finite
basis set is the classical description of molecular energetics
using pairwise (i.e, two-body) nonbonded interactions in
conjunction with bonded interactions (e.g., two- to four-body).

It is informative to consider an analysis from Rudzinski and
Noid, in which two well-known variational bottom-up
methods, multiscale coarse-g aining”*™*" (MS-CG) and
relative entropy minimization”® " (REM), are compared in
this context.”” Using a general information measure that
discriminates the AA and CG ensembles, they showed that
REM minimizes the average of this quantity, while MS-CG
minimizes the average of its squared gradient. Hence in
complex systems, one can expect that effective CG interactions
derived from MS-CG or REM may yield considerably different
behavior if the CG interaction basis set is not sufficiently
descriptive (i.e, fully complete). Conversely, sufficiently
descriptive (but not infinite) basis sets that are used for MS-
CG and REM have been shown to result in equivalent CG
behavior in select cases.”” Therefore, a comparison between
CG models derived from MS-CG and REM may indirectly
provide insights into CG force-field expressiveness.

A rich variety of basis sets that describe nonbonded CG
interactions have recently been reported. For example, one
general direction has been to incorporate many-body effects
through higher-order potential energy terms, such as through
density- or order-parameter-based interactions; these complex
models have been shown to be quite effective for aqueous
polymers and simple liquids.”” ~>* Nonetheless, one should be
mindful of the additional computational cost of these CG
force-field variants. Another body of work has been to
introduce virtual sites, which are additional particles that
have been used for a variety of purposes. In multiresolution
simulations, for example, domains that are defined on an
atomistic level (with atomistic interactions) may also evolve
according to a coupled CG interaction model, in which the
simultaneous representation of the atomistic domain as a CG
particle may be considered a virtual site.”> Virtual sites have
also been used as fictitious particles that impart subtle
anisotropic projections of forces acting upon real sites; one
prototypical example of this idea is the atomistic TIP4P water
model.”® In the context of CG models, these types of virtual
sites have been useful for sterols and for aromatic hydro-
carbons.*”*® Overall, virtual sites can be thought of as
relatively inexpensive augmentations to conventional pairwise
force fields. However, in systems without straightforward
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geometric symmetry, the general parametrization and use of
virtual sites remains unexplored.

In this work, we investigate the use of bottom-up methods to
derive CG models for lipids. We consider two lipid species,
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), which
adopt liquid-disordered (L) and gel-II (L;) phases at room
temperature, respectively.””*" We restrict ourselves to low-
resolution (i.e., highly CG) mappings that still resolve the two
hydrophobic tails as tail-ordering has been implicated for phase
behavior." In addition and most importantly, we introduce
virtual sites that represent semiexplicit aspects of solvent. As
these virtual sites correspond to a nonlinear mapping of
solvent, we propose a hybridization of the REM and MS-CG
approaches to construct our CG models; given their nature,
these virtual sites should be considered a distinct variant from
the aforementioned classes of virtual sites. We first compare
implicit-solvent (or solvent free) CG models that are derived
using either MS-CG or REM in order to emphasize and
explore their native differences. These models are then
compared to CG models that are augmented by virtual sites
(our so-called “VCG” models). In particular, we argue that the
virtual representation of structural features at the water—lipid
interface greatly enhances the expressivity of our CG models
and enables rich behavior, including phase discrimination,
robust self-assembly, and morphological diversity, that
otherwise cannot be captured, especially at the level of a
highly CG model. We anticipate that the proposed method-
ology may be generalized to other complex macromolecules in
the future.

B THEORY AND METHODOLOGY

The construction of CG models requires two steps: mapping
from atomistic to CG and parametrization of the effective CG
interactions. In this work, we utilize six-site center-of-mass
mappings of DOPC and DPPC, as depicted in Figure 1(a) and
described in detail in Table S1 and Figure S1. The mapping is
motivated by physically intuitive groupings: the phosphate and
choline groups are represented by the headgroup (HG) CG
“bead”, the glycerol backbone and ester group are represented
by the middle-group (MG) bead, and the two hydrocarbon
tails are represented by the first tail-group (T1) and second
tail-group (T2) beads. We select this mapping resolution in an
attempt to construct low-resolution CG models (see Figure
1(b)) that maintain tail fidelity, as tail packing and
reorganization are likely important for lipid phase behavior.*'

We also introduce a seven-site CG model, in which an
additional site is identified and attached to the six-site model in
order to represent a feature of the solvent, namely the solvent-
lipid interface, as the SL bead. We hypothesize that the
presence of solvent microstructure at the solvent-lipid interface
is suggestive of interactions that should be expressed in our
VCG model. As depicted in Figure 1(b), we choose to
represent the center-of-masses (CoM) of water molecules that
are strongly correlated with the hydrophilic region of each
lipid, ie., the HG bead, as the SL bead. This structural
correlation can be seen in the radial distribution function
(RDF), shown in Figure 2, between HG and the CoM of
nearby water molecules; the two peaks (seen below a distance
of 6.0 A) are indicative of preferential aggregation of water
molecules, which may arise, for instance, from hydrogen
bonding between water and lipid phosphate groups (see inset
of Figure 2). These two features may further correspond to
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Figure 1. Schematic of the coarse-grained mapping procedure for
DOPC and DPPC. (a) The CG model consists of six sites that
together represent all lipid atoms, while the virtual SL site represents
local structural features of solvent near lipid head groups. (b) The red
path indicates conventional implicit-solvent CG mapping procedures,
while the green path indicates the procedure used in this work: water
is first mapped to single-site particles and used to construct virtual SL
sites. Explicit details on mapping can be found in Table S1 and Figure
SI.

recent experimental identification of so-called tightly bound
water regimes at the interface of lipid bilayers.”” Hence, we
identify all water molecules within the first two coordination
shells around each HG site, corresponding to a radial cutoff of
6.0 A (the second minima in the RDFs), and construct the SL
site at their CoM; we extended our cutoff to the second
coordination shell due to the low coordination number of
water molecules within the first shell (~2 or fewer molecules).
We note, however, that adjacent SL beads share water
molecules as the hydration shells around adjacent lipids are
overlapping. Furthermore, the number of water molecules
within the bound regime is inherently dynamic (see Figure
S2). These aspects introduce important new challenges for CG
interaction parametrization, which we describe next.

To parametrize our CG interactions based on our
aforementioned mapping, we focus on two variational methods
as mentioned earlier, i.e., MS-CG and REM. While full details
on both methods can be found elsewhere, we include a brief
summary of the two methods as posed in the canonical
ensemble.””?" The MS-CG method uses the variational
principle to find a CG force field (Ucg) based on minimization
of the following force-based functional
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Figure 2. Radial distribution function (RDF) for coarse-grained
single-site water around lipid HG (i.e., headgroup) sites. The dashed
line indicates the radial distance cutoft that is used to construct the
virtual SL sites. The inset shows a representative snapshot of water
coordinating between two lipid phosphate groups through hydrogen
bonding interactions, which corresponds to the first peak of the RDF.

N
2Pl0eel = —( Y 1f (RY) = ERYIUQ)P
3N =1 (1)
which is the least-squares residual of forces (y*) with N as the
number of CG sites, RV as the CG-mapped atomistic
configuration, f; as the CG-mapped atomistic forces on site
I, F; as CG-forces on site I given Ugg, and () indicating an
ensemble average over the atomistic ensemble. While this
expression is general, it is important to note that defining f},
i.e,, to ensure that global minimization of eq 1 implies phase-
space consistency, is trivial only for select choices of mapping
operators:26 center-of-mass mappings are a quintessential
example as the positions and forces of mapped CG sites are
expressed by a linear combination of atomistic positions and
forces, respectively, which are commonly assigned to unique
CG sites. Generalizations of MS-CG theory for nonlinear
mapping functions have also been proposed yet remain difficult
to implement in practice.*> Our proposed SL sites fall within
the category of nonlinear mappings, e.g., from overlapping water
molecules and from variability in the number of water
molecules, and a closed form expression for f; has, to our
knowledge, not yet been derived.
The REM method uses a variational procedure to find Ugg
based on minimization of the following functional

B N p(RY)
SeellUccl = (Spnap) + [{”P(R ) In P(RN—IUCG)

)

which is known as the relative entropy (S,,) (i-e., Kullback—
Leibler divergence), a measure of the distance between two
probability distributions, e.g, the probability of an atomistic
configuration (i.e., p) and that of a CG configuration given
Ucg (i-e,, P); the first term, S,,,,, only depends on the mapping
operator, i.e., rendering S, effectively constant and negligible
with respect to Ucg optimization. Again, while eq 2 is general,
it is practical to reformulate this expression in terms of
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Figure 3. Flowchart depicting the parametrization strategy used to construct each of the coarse-grained lipid models, which rely on two variational
methods: multiscale coarse-graining (MS-CG) and relative entropy minimization (REM). The right block shows the REM optimization
subprocedure based on Newton—Raphson minimization, in which a two-part strategy is adopted: initially, stochastically chosen subsets of
parameters are refined for each iteration, followed by refinement of all parameters at each iteration.

structural or energetic proPerties. In the canonical ensemble,
eq 2 can be formulated as™

Srel[UCG] = [ﬁ<ECG - EAA>AA - ﬁ(ACG - AAA)] + <Smap>
3)

where E,, (Ecg) is the atomistic (CG) internal energy
(evaluated under AA ensembles), Ay, (Acg) is the AA (CG)
configurational free energy, and f is the Boltzmann factor. In
doing so, iterative schemes such as Newton—Raphson
minimization can be used to optimize Ugg.*’

Both methods yield the correct many-body PMF in a general
sense, i.e., in the limit of infinite sampling of reference data and
infinite expressivity in the basis set for the CG interactions.
However, it is informative to understand the behavior of these
two methods in the frame of limited basis sets, which are
necessarily employed in molecular simulations. In the infinite
sampling limit, it has been shown that n-body potentials that
are determined using REM exactly recapitulate specific n-body
statistics.”” As an example, two-body potentials, such as
Lennard-Jones (LJ) interactions, reproduce particular pairwise
structural correlations; in the case of 12-6 LJ, perfect
reproduction of pairwise r~'* and r~® correlations is expected.
For comparison, two-body potentials that are determined using
MS-CG are found to incorporate both two- and three-body
correlations based on connections to Yvon-Born-Green liquid-
state theory.** Taken further, these subtle differences can be
summarized by the following dictum: while the REM method
provides a complete fit to reduced statistics, the MS-CG
method provides a reduced fit to complete statistics. Hence,
CG potentials with finite basis sets that result from these two
methods may yield complementary behavior, and one might
wish to take advantage of features from both.

In this work, we report the results of four different CG lipid
models, each for two different lipid species (DOPC and
DPPC), for a total of eight CG lipid models. Each of the four
models is generated using the successive framework shown in
Figure 3, which ultimately combines model features from both
REM and MS-CG. First, a six-site model is constructed using
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the MS-CG method, which we denote MSCG-6. The resultant
CG potentials are then used as an initial guess for iterative
REM optimization for another six-site model, which we denote
REM-6. We next turn toward seven-site models by introducing
the SL virtual particle (see Figure 1). Recall that a mapping
function for mean forces that retains thermodynamic structural
consistency is unknown (albeit progress is underway).’
Hence, we use the REM method to optimize a seven-site
model, ie., REM-7V, using the REM-6 model as an initial
guess (see the SI for additional details). We then use the
generated REM-7V potentials associated with the SL site as a
proxy to compute the previously unknown mean forces acting
on each SL site in the CG-mapped atomistic trajectory. This,
in turn, enables the generation of another seven-site model
using the MS-CG method, i.e., MSCG-7V, since the mean
forces on both real and virtual CG sites are now defined.

To summarize, our final CG-mapped forces are obtained
from the following two expressions

f,=f forI=HG, MG, T1, T2
i€l (4)

dy; REM7("1 )
ji = 3 - el

forI = SL; ] = SL, HG, MG, T1, T2
drU

©)
where I and ] denote CG-mapped sites, i denotes atomistic
sites, and Upprgy; represents the REM-7V pairwise potential
between I and J. Note that the final two steps of this procedure
can be performed independently of the first two steps; we only
use the six-site CG models to accelerate training. Details of
each operation are described below.

MS-CG. All calculations were performed using the publicly
available MS-CG 1.8 code (https://github.com/uchicago—
Voth/MSCG—release).45 Pairwise nonbonded, bonded, and
angle interactions were described by third-order B-splines
using resolutions of 0.01 nm, 0.005 nm, and 0.5 degrees,
respectively; a radial cutoff of 2.5 (3.0) nm was used for DOPC
(DPPC) nonbonded interactions. A down-sampled set of
7,500 MD frames was used for least-squares regression and

1#]
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Figure 4. Coarse-grained DOPC interactions. (a) Comparison between seven-site (DOPC-7V) and six-site (DOPC-6) pair potentials for a
representative subset of all nonbonded interactions. Models generated using multiscale coarse-graining (MS-CG) and relative entropy minimization
(REM) are also denoted by solid and dashed lines, respectively, yielding a total of four different models. Note the emergence of the SL-MG
attraction in the DOPC-7V model, which appears to mediate MG-MG attraction (i.e., to maintain surface tension). (b) Bond and angle potentials
were computed using MS-CG in the DOPC-7V case (solid) and DOPC-6 case (diamond symbols). For simplicity, the DOPC-6 bonded potentials

were used for the two REM models.

validated against holdout sets of 7,500 frames. Bayesian
regularization for a maximum of 250 iterations was also
used.”® For nonbonded interactions, the repulsive forces in the
exclusion portion of the CG potentials were extrapolated
linearly toward r = 0; as this region is rarely sampled, the
functional form does not appear to affect the overall behavior
of the CG model. All MS-CG calculations are single-iteration
computations.

REM. All calculations were again performed using the
publicly available MS-CG 1.8 code.” Pairwise nonbonded
interactions were described using third-order B-splines using a
resolution of 0.03 nm with a radial cutoff of 2.5 (3.0) nm for
DOPC (DPPC) models; for simplicity, bond and angle
interactions generated by MS-CG were used and held
constant. To accelerate training, and due to fast convergence,
only 100 frames from the CG trajectory were used. Given the
stochastic nature of the optimization and the complexity of the
model, we found that unphysical intermediate solutions for the
CG potentials were sometimes explored, thereby leading to
either divergent behavior or unstable simulations. To mitigate
this problem, we adopted a stochastic procedure in which a
random subset of the nonbonded interactions was chosen for
optimization at every iteration for 50 to 100 iterations. To
improve stability, we also used a mixing coefficient of 0.35
during the update step for Newton’s method.’® The entire set
of nonbonded interactions was subsequently optimized for 50
to 100 iterations. This procedure was then repeated if
convergence was not achieved; convergence was assessed
based on a relative tolerance of 0.05 for S, which typically
required no more than 400 iterations. A summary of the total
required iterations is tabulated in Table S2. Given the
stochastic nature of this procedure, we repeated the procedure,

2091

which converged to similar solutions. We also repeated the
procedure using initial potentials derived from the Cooke-
Deserno model.”'® Both solution sets are shown in Figure S3
and exhibit consistent potentials. However, it should be noted
that other solutions may exist within the same numerical
tolerance for S, which would likely depend upon the initial
trial potentials.

All-Atom Molecular Dynamics. All atomistic simulations
were performed using GROMACS 5.0.7."” An initial
configuration of 1152 DOPC (1296 DPPC) lipids in a bilayer,
surrounded by around 45,000 (51,000) water molecules and
0.15 M concentration of NaCl, was generated in a periodic box
using the CHARMM-GUI membrane builder."*~ Standard
equilibration procedures were employed.*”* After energy
minimization to a force tolerance of 1000 kJ mol™' nm™,
simulations in the constant NPT ensemble were performed
using a Nosé—Hoover thermostat™ at 300 K and a semi-
isotropic Parrinello—Rahman barostat™ at 1 atm with coupling
times of 2 and 10 ps, respectively. Hydrogen atoms were
constrained using LINCS, and electrostatics was calculated
using particle-mesh Ewald summation. An integration timestep
of 2 fs was used. The CHARMMS36 force field*® was used for
lipids, and the TIP3P force field*® was used for water; forces
were computed up to a radial cutoff of 1.2 nm with a smooth
switching function beginning at 1.0 nm. After 300 ns of
equilibration under the conditions described above, simu-
lations were run in the constant NVT ensemble (using the
average volume over the last 100 ns) for 100 ns and statistics
captured every 1 ps.

CG Molecular Dynamics. All CG simulations were
performed using LAMMPS 11Augl7”* with tabulated CG
potentials (accessible from https://github.com/uchicago-

rels
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voth/MSCG-models). Initial configurations of 1152 DOPC
(1296 DPPC) lipids in a bilayer were generated using
Moltemplate with a uniform lateral (or xy) spacing of 2.0
nm in a periodic box with vacuum z-spacing of 10 nm. During
REM iterations, the simulation domain was rapidly relaxed in
the xy-dimensions using a Berendsen barostat™ and Langevin
thermostat™® over 50,000 timesteps, followed by linear
deformation to the reference atomistic xy-dimensions over
another 50,000 timesteps; here, a timestep of 2 fs was used
with coupling constants of 5 and 2 ps, respectively. Simulations
were subsequently run for 200,000 timesteps in the constant
NVT ensemble with statistics gathered over the final 50,000
timesteps every 500 timesteps; these trajectories were used
during the REM optimization procedure.

For CG model validation and characterization, independent
simulations were run using a 10 fs timestep and a Langevin
thermostat (Nosé—Hoover barostat) with a coupling constant
of 10 ps (50 ps); different initial configurations are described
throughout the main text. Simulations were run for 750,000
timesteps in the constant NVT ensemble with statistics
gathered over the final 500,000 timesteps every 500 timesteps;
the analysis performed on these trajectories is described in the
main text. Subsequently, constant NPT ensemble simulations
were integrated for 300,000 timesteps with statistics from the
final 150,000 timesteps (gathered every 150 frames) used for
additional analysis (i.e., area per lipid characterization). For all
DOPC (DPPC) cases, a radial cutoff of 2.5 (3.0) nm was used
with a neighbor-list skin-depth of 0.8 nm.

B RESULTS AND DISCUSSION

Comparison of Coarse-Grained DOPC Interactions.
We first examine the effective CG potentials that are
determined by MS-CG and REM for the six-site (DOPC-6)
and seven-site (DOPC-7V) DOPC models. For simplicity, we
will restrict our discussion to the subset of pairwise nonbonded
interactions that are shown in Figure 4(a), which depicts the
four self-interactions among lipid sites and, in the case of
DOPC-7V, two key SL interactions.

It is worth noting the general trends that emerge with
respect to the partitioning of attractive and repulsive
interactions. It appears that attractive interactions are
associated with the MG bead at close range (e.g, a minima
of —0.48 kcal/mol when r = 8.7 A for MSCG-6) and T1 and
T2 beads at longer range (e.g., a minima of —0.35 and —0.32
kcal/mol when r = 10 and 12 A for MSCG-6). Meanwhile, the
HG bead is primarily repulsive. We would expect attraction of
the MG beads as these are associated with the hydrophobic—
hydrophilic interface and are responsible for maintaining the
surface tension of the lipid bilayer in the absence of explicit
solvent.'" In fact, our results appear to validate certain aspects
of previous design principles used for phenomenological CG
models, such as that of Brannigan and Brown,"" that adopt this
intuition during model construction; these previous models
assign repulsion to the headgroup and strong (weak) attraction
to the middle (tail) groups. As discussed later, this
combination of HG repulsion and MG (and to a lesser extent,
T1/T2) attraction effectively enables lipid self-assembly by
mimicking hydrophobicity as an enthalpic effect.>'°

There are a few subtle differences between the CG
interactions determined by MS-CG and REM in the DOPC-
6 case that are important to mention. The first is that the MG
interaction, the primary attraction, appears slightly deeper and
longer-range in the REM model (e.g., a minima of —0.54 kcal/
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mol when r = 9.3 A for REM-6) compared to that of MS-CG.
In contrast, and seemingly to compensate, the REM model also
exhibits softer, longer-ranged HG repulsion and weaker tail
attraction (e.g, a minima of —0.10 and —0.40 kcal/mol when r
=10.7 and 13.7 A for T1 and T2, respectively, in REM-6). The
implications of these features will be discussed later.

We also find that the inclusion of the virtual SL site has an
important effect on the relative partitioning of attractive CG
interactions. Both the MS-CG and REM models for DOPC-7V
predict slightly weaker and shorter-range MG attraction (e.g., a
minima of —0.34 and —0.22 kcal/mol when r = 8.6 and 9.3 A
for MSCG-7V and REM-7V, respectively) compared to that of
the DOPC-6 models. Instead, this attraction is now mediated
by the presence of the SL bead, i.e., the SL-MG interaction.
Hence, while the SL bead is self-excluding, e.g., to represent
the space occupied by solvent, the collective aggregation of SL
and MG beads is now required to maximize attraction and
serves as the primary driver for lipid aggregation. Interestingly,
the discrepancy between the interactions determined by MS-
CG and REM, and most notably for the MG interactions,
appears to be smaller than that of the DOPC-6 case; we
evaluate this difference between MS-CG and REM potentials
using the relative entropy for the MG interactions which we
compute to be 0.0016 and 0.0028 for DOPC-7V and DOPC-6,
respectively. As we expect both methods to converge to the
same CG model in the limit of infinite basis, we are
encouraged by this observation as it suggests that the simple
addition of our virtual SL site enhances the expressiveness of
our limited (finite) force-field basis set.”®

Finally, we show the predicted bond and angle potentials for
DOPC-7V in Figure 4(b). Here, we only show the results from
MS-CG, which we found to be nearly indistinguishable from
that of DOPC-6. Overall, all of the calculated bond and angle
potentials appear to be anharmonic; the use of B-splines is
therefore critical to describe these bonded interactions at the
CG level. The stiffest segments of the lipid, as indicated by the
potentials with the largest curvature, are predicted to be the
HG-MG bond and the T1-MG-T1 splay angle. In addition, the
predicted potentials are found to be similar to the bonded
potentials that are computed from Boltzmann Inversion (BI),
which was the strategy used in previous work on solvent free
lipid models.''* Hence, in the absence of explicit CG-mapped
forces for the SL bead, we approximated the SL-HG bond and
SL-HG-MG angle potentials from BI. We should also mention
that these bond and angle potentials were used for all REM
optimizations, as we only used REM to optimize nonbonded
interactions for simplicity.

Evaluation of Coarse-Grained DOPC Behavior. To
assess our CG models for DOPC, we consider several
illustrative metrics with respect to both reference AA and
experimental data. We first investigate structural correlations.
Lipid bilayers, by nature, are structurally anisotropic as lateral
(i.e.,, in-plane) lipid packing is distinguishable from normal
(i.e., out-of-plane) packing into its two leaflets. As such, we
compare the lateral and normal lipid number densities in
Figure S and restrict ourselves to the five self-pair correlations.
In Figure S4, we also provide a comparison of RDFs generated
from the two 7V models and the reference AA trajectory; here,
we note that the REM-7V model shows expectedly excellent
agreement (with an average relative entropy of 0.018 + 0.007)
with our reference data (indicating successful optimization),
while the MSCG-7V model exhibits close agreement (with an
average relative entropy of 0.076 + 0.010) with some
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Figure 5. Comparison of structural correlations in coarse-grained
DOPC lipid bilayers between mapped all-atom trajectories, multiscale
coarse-graining models (MS-CG), and relative entropy minimization
(REM) models; here, both DOPC-7V (solid lines) and DOPC-6
(dashed lines) models are shown. The left and right panels are lateral
(i.e., xy-direction) and perpendicular (i.e., z-direction) number
density profiles between the listed sites. Each of the profiles was
averaged over both leaflets and used a bin size of 0.01 nm.

overstructured features, as indicated by peaks with larger
heights and narrower widths.

The primary differences between the four CG models are
observed when comparing MS-CG against REM results. In the
lateral direction (left of Figure S), good agreement between
MS-CG, REM, and the reference AA trajectory is generally
seen for all of the profiles, although the MS-CG (REM) model
tends to predict overstructuring in the HG (T1/T2) region as
evident by the increased maximum density by up to 25%
(10%), especially in the DOPC-7V case. In the normal
direction (right of Figure S), more striking differences are seen
between MS-CG and REM results. The peak positions
predicted by REM in the DOPC-6 model correspond to that
of the reference AA trajectory yet also tend to be larger (and
narrower) with maximum densities increased by up to S0%;
interestingly, the introduction of the virtual SL particle also
appears to broaden these peaks and reduces the discrepancy in

maximum peak densities to within 15%, thereby indicating a
softening effect. On the other hand, the height (and width) of
the peaks predicted by both MS-CG models corresponds to
that of the reference AA trajectory to within 10% of the
maximum peak density, while the peak positions tend to be
further away from the midplane by up to 2 A. This disparity in
lateral and normal density profiles is perhaps most
representative of the difference between the two methods.
While the REM models expectedly match the average radial
correlations (e.g., the RDFs in Figure S4), the lateral density
distributions appear to be emphasized at the expense of
narrower normal density distributions; we speculate that this
behavior arises since the lateral pair correlations dominate the
radial pair correlations (recall that REM attempts to fit
averages of target information). Meanwhile, the MS-CG
models have no such guarantee. Instead, the MS-CG models
appear to emphasize the shape and curvature of the
distributions, especially for the normal density distributions,
at the expense of matching the radial distributions (recall that
MS-CG attempts to fit gradients of target information).

Our CG models can be assessed further by considering
standard membrane properties, summarized in Table 1, which
include the area per lipid (APL), bilayer thickness, tail-order
parameter (Spr), head-order parameter (Syy), and bending
modulus (Kye,q). To approximate the bilayer thickness, we
laterally divide the membrane into bins with lengths of 1.0 nm
and compute the average normal distance between interleaflet
HG beads within each grid element; this value is then averaged
over the grid and trajectory, which is then reported as dyg.pg.
Order parameters were calculated using the second order
Legendre polynomial for cos(6)*’

1

Strimm(Orr) = <E(3 COSZ(GTTIHM) - 1)> (6)
in which 01y denotes the angle formed between the bilayer
normal and the bond vector that connects T1-T2 (or HG-
MG); recall that Sy is 1.0 when the two bond vectors
prefer parallel orientation, —0.5 when they prefer orthogonal
orientation, and 0.0 when preferential orientation is absent.
Area-normalized fluctuation spectra (H,) were calculated, as
described previously,”® using large CG simulations that were
around 60 X 60 nm?® (with 10,368 lipids) and run for 10°
timesteps. The spectra (Figure S5) were used to approximate
Kpenq DY fitting the low-frequency modes with the following:

Hz(q) = kBT’(K‘ber1dq4)_1 (7)

The stiffness of the flexural modes of the bilayer is a critical
descriptor of membrane physics, such as for membrane-
mediated protein interactions.””*" For comparison, an
alternative method is used to compute ki,,q for the reference
AA systems as these simulations are not large enough to
reliably sample low-frequency modes.”’ We use the relation-

Table 1. Comparison of Properties for DOPC from the Listed CG Models: Area Per Lipid (APL), Distance (or Bilayer
Thickness) between HG (dyg.ug), T1-T2 (Syr) and HG-MG (Syy;) Order Parameters, and Bending Modulus (Kp,q) at 300 K°

property MSCG-6 REM-6
APL (nm?) 0.66 0.46
dyg-ng (nm) 44 4.1
Str [Sum) 0.65 [0.62] 0.63 [0.64]
Kpend (kgT) 564 +£22 183.9 + 10.4

REM-7V MSCG-7V AA exp
0.53 0.68 0.67 0.72¢
4.0 42 4.0 4.48°

0.61 [0.62] 0.60 [0.61] 0.56 [0.53] n/a

88.0 + 3.1 29.8 + 1.7 23.4 + 2.6, 28.8" 18.3¢

“Reference 39. "Reference 61. “Standard errors within the range of listed significant digits are shown.
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Figure 6. Molecular snapshots of self-assembled MSCG-7V for DOPC starting from random configurations at the listed concentrations with colors
consistent with Figure 1(a). As concentration increases, the DOPC-7V model adopts morphologies that range between vesicles, tubules, bilayers,
and tubule networks. The top row of panels depicts interiors of the same configurations shown in the bottom row of panels through the use of a

clipping plane.

ship between the area compressibility (k) and Kpe,q as
follows®!

kgT(A)
Kpend = & K) = d S
bend HG HG( A) HG HG( <AA2> ] (8)
where (A) and (AA?) are the average membrane area and
mean squared area fluctuation, respectively. Note that eq 8
should not be agplied to CG systems due to its reliance on
compressibility.
Given the previous discussion on the fidelity of normal
density distributions, it is unsurprising that the dyg.yg
predicted by both REM-6 and REM-7V models agree to
within 3% of values computed from AA simulations. Similarly,
both MSCG-6 and MSCG-7V models overestimate dyg.yg by
up to 10% compared to AA simulations, yet, coincidentally,
agree better with experiments; given the disparity between
predictions from AA simulations and experimental values, it
would be worthwhile to use sensitivity-based methods® to
correct CG potentials in future work, e.g., upon changes to the
underlying AA force field. We also find that the APL predicted
by both MS-CG models agree within 3% with that of AA
simulations, which is within the expected difference between
values predicted by simulations and experiments. On the other
hand, both REM models predict an additional 20—30% of
lateral compression. However, as the APL is computed in the
constant NPT ensemble, we must note that the discrepancy
between the two methods most likely arises from the
representability issues related to pressurg.19 As there is no
rigorous correspondence between the naively computed CG
virial and AA virial, unless the CG interactions are independent
of volume (which they are not), we assume that the success of
the MS-CG method is partially by chance. A more thorough
assessment of APL (and related metrics) would likely require
amendments to eqs 1 and 3, which is an active area of research
and includes recent extensions to MS-CG and REM for
constant NPT ensembles.'”**~%
The final two metrics, Spp/Syy and Kyenq, are particularly
informative about the benefit of virtual solvent sites. We find
that both DOPC-6 models result in Spp and Sy values that
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are larger by up to 22% compared to our reference AA
simulations. In addition, k,.,q is considerably stiffer than that of
previous atomistic simulations®' and experiments® by at least
a factor of 2 (factor of 7) for MSCG-6 (REM-6). We expect
that the origin of this rigidity can be attributed to the absence
of the entropy-driven hydrophobic effect, i.e., due to the lack of
solvent, which is a primary driver for lipid self-assembly.”" To
compensate, both CG models introduce explicit attraction,
which is largely seen in the MG, T1, and T2 interactions (see
Figure 4). The DOPC-7V models, on the other hand, result in
reduced Spr and Sy that are within 17% of reference AA
values. A 2-fold reduction in kg is also observed upon
introduction of the SL bead, such that the stiffness of the
MSCG-7V model recapitulates that of atomistic simulations.®'
This suggests that the effective repartitioning of attractive
forces due to the presence of the SL beads (see Figure 4) is
important in order to recapitulate the flexible and fluid nature
of lipid bilayers.

A related but equally important characteristic of lipids is
their ability to self-assemble, especially into morphologically
diverse structures. Interestingly, we find that both of our
DOPC-6 models tend to assemble into various types of
defective structures (see Figure S6) when starting from a
random configuration. While the stability of preassembled
bilayers for both DOPC-6 models suggests that bilayer
configurations are represented, at minimum, as a metastable
state, kinetic barriers may exist that prevent the accessibility of
this state from other configurations, i.e., during self-assembly;
for example, in the case of REM-6, the CG lipids aggregate into
a disordered ball rather than a bilayer. However, we find that
both DOPC-7V models robustly self-assemble into lipid
bilayers (see Figure S6). We attribute the success of both 7V
models to the presence of the semiexplicit solvent SL bead and,
in particular, the effective repartitioning of repulsive and
attractive forces. Given the necessity of SL to mediate lipid
MG attraction, combined with the self-repulsion of both HG
and SL beads and weak attraction at the tail beads, one can
imagine that adjoining lipids are now free to sample many
collective configurations until the combination of weak
interactions is maximized when stacked in a bilayer-like state.
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Relatedly, we observe that the DOPC-7V lipids readily
reorganize, flip flop, and undergo membrane fission during
self-assembly simulations (see Movie S1). As an additional test,
we investigate the self-assembly of MSCG-7V under different
concentrations, in which 9000 lipids are randomly distributed
in cubic domains of varying size and integrated over 2 X 107
timesteps. As seen in Figure 6, the morphologies of the self-
assembled CG lipids vary between vesicles, tubules, bilayers,
and a network of tubules as the concentration increases. The
observed morphological diversity is consistent with expected
behavior from amphiphiles, such as lipids, which are capable of
adopting a hierarchy of topological morphologies that depend
upon concentration, as well as additional factors including
choice of solvent or mixing with other constituents.”® To our
knowledge, while top-down implicit-solvent CG lipid models
have exhibited the ability to robustly self-assemble through
careful design,®~'” it is an uncommon attribute for bottom-up
implicit-solvent CG lipid models. One notable exception is the
CG lipid model from Mirzoev and Lyubartsev,”” which
assembles into both bilayers and vesicles, yet only for
potentials derived from a specific stoichiometric composition
of lipids to solvent. However, it should be noted that the CG
models reported in this work are only expected to approximate
the PMF of lipids when aggregated in a bilayer state, as only
these configurations are sampled in the training data. Hence, at
present, it is unclear if configurational states beyond bilayers,
such as during the observed structural transition from
dispersed to self-assembled lipids, are accurately represented,
and this issue of transferability in bottom-up CG models is an
important subject for future studies.

Extension to Coarse-Grained DPPC. To further test the
importance of virtual solvent sites, we now consider DPPC.
This lipid species is particularly interesting as it adopts a L (or
gel-II) phase at room temperature, although the ripple phase
(Py), which is believed to be a pretransition phase between Ly
and Ly phases, may also emerge if cooled starting from the Ly
phase.”” Our AA simulations appear to emulate this latter case;
starting from initially disordered configurations, we observed
the formation of the P; phase in two independent AA
simulations. It is possible that with either subcooling or
exceptionally long simulation time scales, a slow relaxation to
the Ly phase may occur. Nonetheless, as our focus is on
systematic CG procedures and the utility of virtual solvent
sites, we will consider the prediction of the P4 phase to be
sufficient for our purposes as it is distinct from the Ly phase
that DOPC adopts at room temperature.

Intriguingly, our early attempts to construct six-site DPPC
models revealed significant deficiencies in the absence of a
virtual solvent bead. For instance, our MSCG-6 model results
in unstable lipid aggregates (i.e., a bilayer is not formed), while
our REM-6 model results in stable yet flat bilayers with no
evidence of the ripple phase (see Figure S7). In contrast, both
MSCG-7V and REM-7V models yield stable bilayers that also
spontaneously self-assemble, which we discuss further below.

A comparison between the DPPC-6 and DPPC-7V
potentials, as shown in Figure 7, provides insightful hints to
understand the notable discrepancy between model behavior.
We find that the partitioning of attractive and repulsive
potentials is qualitatively similar between the two model
resolutions. However, the interfacial bead attraction (i.e., MG-
MG) is considerably weaker in the DPPC-7V case, as observed
similarly in the DOPC-7V case; the minima in the MG
interaction, for example, is around —0.64 and —0.32 kcal/mol
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Figure 7. Coarse-grained DPPC interactions. (a) Comparison
between seven-site (DPPC-7V) and six-site (DPPC-6) pair potentials
for a representative subset of all nonbonded interactions. Models
generated using multiscale coarse-graining (MS-CG) and relative
entropy minimization (REM) are also denoted by solid and dashed
lines, respectively, yielding a total of four different models. Similar to
the DOPC-7V case, note the emergence of the SL-MG attraction,
which appears to mediate MG-MG attraction for lipid aggregation.
(b) Bond and angle potentials were computed using MS-CG in the
DPPC-7V case (solid) and DPPC-6 case (diamond symbols). For
simplicity, the DPPC-6 bonded potentials were used for the two REM
models.

at r 9 A for the MSCG-6 and MSCG-7V models,
respectively. Instead, the presence of virtual solvent beads
(i.e., SL-MG) appears to mediate lipid attraction. The effective
tail bead interactions (i.e., T1-T1 and T2-T2) are also slightly
redistributed such that the T1 (T2) interaction is less (more)
attractive in the DOPC-7V case; the minima in the T1 (T2)
interaction is around —0.44 and —0.38 (—0.30 and —0.53)
kcal/mol at r = 9.6 (12.7) A for the MSCG-6 and MSCG-7V
models, respectively. The observed changes to tail interactions
are likely coupled to a similar redistribution of intermolecular
forces, which is notably seen in the T1-MG-T1 angle shown in
Figure 7(b). Hence, we find that the emergence of SL-
mediated attractive interactions is essential for stable bilayer
formation, which we further confirm upon observation of
bilayer disassembly when the SL interactions are switched to a
noninteracting state (see Figure S8).

Unlike the DOPC-7V case, we observe several distinct
qualitative differences between the effective tail interactions
predicted by the MSCG-7V and REM-7V models. The MSCG-
7V tail interaction profiles exhibit a greater degree of concavity
changes (i.e., commensurate with local minima in the force
profiles) compared to that of REM-7V, which is most distinctly
seen in the T2-T2 interaction at r = 5.1 A. Recall that the
observed difference between the effective interactions
predicted by these two methods suggests that our simple
pairwise nonbonded basis is still insufficient for complete
convergence. In fact, the T2-T2 interaction predicted by
MSCG-7V bears resemblance to previous work on simple CG
liquids, in which minimum expressed at short-range (i.e,, at 0.5
nm in this case) has been prescribed as a two-body
approximation to three-body correlations.* On the other
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hand, this minimum is absent from the REM-7V model, which
instead attempts to capture up to two-body correlations given
our current basis set. To investigate the consequences from our
choice of a restricted interaction basis, we next turn toward
structural characterization of the CG DPPC lipid bilayers.
We depict the lateral and normal lipid number densities in
Figure 8 and restrict ourselves to the five self-pair correlations.
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Figure 8. Comparison of structural correlations in coarse-grained
DPPC lipid bilayers between mapped all-atom trajectories, multiscale
coarse-graining models (MS-CG), and relative entropy minimization
(REM) models; here, only DPPC-7V results are shown. The left and
right panels are lateral (i.e., xy-direction) and perpendicular (i.e., z-
direction) number density profiles between the listed sites. Each of
the profiles was averaged over both leaflets and used a bin size of 0.01
nm.

Here, the predicted behavior of the REM-7V and MSCG-7V
models with respect to the reference AA trajectory appears to
be quite similar to that of DOPC-7V (see Figure S). In the
lateral direction, both methods seem to recapitulate the
structure of the hydrophilic region, although the MSCG-7V
model results in slight overstructuring, which is evident from
the narrowing of the density peak at a distance of 6.9 (6.0) A
for HG-HG (MG-MG) and increase in maximum density by
5%. In the normal direction, the MSCG-7V and REM-7V
models both resemble the distribution from the reference AA
trajectory yet consistently overpredict maximum densities by
up to 15% and 30%, respectively. Both models also predict the
mean positions to be within 1 A of the mean from the
reference AA distributions; as a result, the bilayer thickness
obtained from both REM-7V and MSCG-7V models is in good
agreement with that of the reference AA trajectory, as shown in
Table 2. We also note that the normal density distributions are
quite skewed compared to that of DOPC (see Figure S5). The

Table 2. Comparison of Properties for DPPC from the
Listed CG Models: Area Per Lipid (APL), Distance (or
Bilayer Thickness) between HG (dyg.ng), T1-T2 (Str) and
HG-MG (Syy) Order Parameters, and Bending Modulus
(Kpena) at 300 K7

property REM-7V MSCG-7V AA exp

APL 0.49 0.46 0.51 0.48—0.52°
(nm?)

dycc 43 4.4 4.4 43"
nm

Ser [Sun] 066 [0.75]  0.63 [0.76] 0.78 [0.48]

Kpend 180.6 + 5.8 804 + 10.8  210.1 + 6.9,
(ksT) ~240°

“Reference 77. PReference 40. “Reference 78. “Standard errors within
the range of listed significant digits are shown.

skew in these distributions is reflective of the ripple phase that
is adopted by DPPC at 300 K, in contrast to the liquid-
disordered phase adopted by DOPC. These ripples are clearly
seen in the snapshots depicted in Figure 9(a). As depicted in
Figure 9(b), we characterize the ripples using the fast Fourier
transform of the 2D bilayer height fluctuations (around the
mean with respect to the MG bead) using a grid with a 15 A
bin size. We find that the reference AA trajectory exhibits a
distinct mode around 0.15 nm™!, which suggests that the
characteristic ripple wavelength is around 6.5 nm. Both
MSCG-7V and REM-7V models exhibit a distinct mode
around 0.09 nm™" (or around 11 nm), which suggests that the
ripples predicted by both CG models are broadened by
comparison. However, it is interesting to note that the REM-6
model (see Figure S7) predicts the formation of a flat bilayer,
as evident by the absence of distinct Fourier modes, and
therefore suggests that the addition of the virtual SL bead
enables partial structural heterogeneity that is commensurate
with the ripple phase.

From Figure 8, it is also clear that recapitulation of the
distinct T1/T2 structuring in the lateral direction, which is
indicative of hexatic ordering seen in both gel and liquid-
ordered phases,” remains a challenge for both the MS-CG and
REM methods. Given that both models predict a slight
increase in density, and more so by the REM-7V case, in the
three peak positions exhibited by the reference AA trajectory,
we speculate that our use of a pairwise and spherically
symmetric nonbonded basis is simply insuflicient to describe
the wide variety of tail packing environments seen in ripple
phases, which include intralayer ordering, interdigitation, and
disordered kinks.® The loss in lateral structure correlation may
also explain the relative reduction of Syt and k,.,q compared to
reference AA simulations, as seen in Table 2. In fact, given the
more faithful structural correlations exhibited by the REM-7V
model compared to that of MSCG-7V, we similarly find that
the REM-7V model more closely reproduces the APL, dyg g
St and Kyenq from simulations and experiments,”® although
recall that the fidelity of the APL may instead be coincidental
due to pressure representability.”

Our analysis of the behavior of both DOPC and DPPC CG
models suggests that inclusion of a semiexplicit representation
of the solvent-lipid interfacial microstructure imparts addi-
tional interactions (ascribed to both hydrophobic and
hydrophilic forces) that may improve representation of both
pairwise and higher-order structural correlations in comparison
to implicit-solvent CG models. In addition, as none of the
VCG models offer complete recapitulation of all of the
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Figure 9. (a) Lateral view snapshots of DPPC-7V from the mapped all-atom (AA) configuration, the MSCG-7V model, and the REM-7V model.
Colors are consistent with Figure 1. (b) Comparison of amplitudes from the fast Fourier transform of the bilayer surface morphologies (taken with

reference to the MG bead [red] height) generated by each model.

properties analyzed above, we offer some suggestions for their
potential uses. The REM-7V models may be the preferable CG
model when distinctions between lipid microstructure is an
essential factor, such as in the study of lipid phases. On the
other hand, in the context of membrane remodeling in which
physical properties, e.g., bending rigidity, are important, the
MSCG-7V and REM-7V models may be preferable for liquid-
disordered and liquid-ordered/gel-phase species, respectively.
It is also important to note that these recommendations are
presented on the basis of the currently reported strategy for
VCG model generation, and it is unclear if fundamental
limitations from the use of semiexplicit solvent sites prevent
the derivation of CG models with broader utility. Efforts to
both improve VCG model parametrization and to extend VCG
models to other lipid species will be necessary to address this
open question.

We anticipate several potential directions one may pursue to
further improve our VCG models, especially in the context of
highly structured lipid phases. One natural extension is to
consider a more expressive (and more computationally costly)
CG basis set. For example, Gay-Berne potentials have
previously been used to capture anisotropy in lipid tail
interactions.®””° Alternatively, a return to higher resolution
models may mitigate the need for a higher-order interaction
basis if pairwise nonbonded interactions are preferred due to
computational cost. Finally, one intriguing direction is to adopt
the ultra-coarse-graining (UCG) framework, in which internal
states are associated with CG beads (to represent, for example,
metastable configurations within the collective of coarse-
grained atoms), in order to greatly enhance the expressiveness
of low-resolution CG models.”*”"”> For example, the ripple
phase of DPPC is known to have several types of regions,
which have been labeled the major arm, minor arm, and kink
region.”””® Each of these regions adopts different character-
istics of the liquid-disordered and gel phase, as the ripple phase
is believed to be a metastable transition between these two
states.”* Conceivably, a UCG-type VCG model could be
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constructed that discriminates states based on each of these
regions and allows for discrete state transitions and hence
modulation of the effective CG interactions. Taken one step
further, these types of UCG models may also enable systematic
investigation of multicomponent lipids, which are known to
have quite complex phase behavior.”>”® In both scenarios, we
predict that the use of virtual solvent sites will be essential to
represent solvent-mediated effects, including both hydrophilic
and hydrophobic interactions, and to potentially serve as a
signal for changes in the local chemical environment.

B CONCLUSIONS

In this work, we introduce a new framework to generate highly
coarse-grained (CG) semiexplicit-solvent lipids through the
use of CG virtual particles. The central idea is to capture
hydrophobic and hydrophilic driving forces by representing the
solvent microstructure at the lipid bilayer interface as explicit
CG particles that remain bound to lipids. To parametrize these
CG models, we utilize two systematic bottom-up methods
known as multiscale coarse-graining (MS-CG) and relative
entropy minimization (REM), which we implement within a
hybrid procedure to generate our so-called virtual CG (VCG)
models. We demonstrate the utility of VCG models for two
lipid species, 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), which are liquid-ordered and gel phase, respectively,
at room temperature. We show that the introduction of virtual
solvent particles greatly enhances the expressivity of our CG
models, which notably recapitulate a broad spectrum of lipid
properties, including self-assembly, morphological diversity,
and phases, that are difficult to preserve in other systematically
derived CG models.

As this work is the first study of VCG models, we should
briefly mention several aspects of the model generation
procedure that have room for additional improvement. The
detection of features that are represented by virtual sites, for
example, may benefit from classification algorithms and,
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relatedly, dimensional reduction procedures. A more rigorous
procedure to parametrize these VCG models would also be of
interest, e.g., through additional development of the current
hybrid methodology or alternative procedures to generate
mappings and energetics. Nonetheless, our findings suggest
that the augmentation of CG models through our VCG
framework offers a powerful yet computationally inexpensive
means to faithfully represent implicit-solvent lipids. Given the
importance of solvent for the function of many biomacromo-
lecules, we anticipate that the VCG approach will have broad
applications, which warrant future investigation.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jctc.8b01033.

Additional information on CG mapping procedure and
initialization of REM and MS-CG model optimization
procedures, time series data describing water behavior at
lipid-solvent interface, measured two-body structural
correlations and fluctuation spectra generated by CG
models, and molecular snapshots of lipid aggregation
behavior (PDF)

Movies of lipid aggregation behavior (MPG)

B AUTHOR INFORMATION

Corresponding Author

*E-mail: gavoth@uchicago.edu.
ORCID

Gregory A. Voth: 0000-0002-3267-6748

Funding

This research was funded in part by the National Institute of
General Medical Sciences of the National Institute of Health
under award number R01-GM063796 (to G.A.V.). AJ.P.
gratefully acknowledges support from the Ruth L. Kirschstein
National Research Service Award Postdoctoral Fellowship
from the National Institute of General Medical Sciences of the
National Institutes of Health under fellowship number F32-
GM125218. J.J.M. is grateful for support from the Carlsberg
Foundation in the form of a postdoctoral fellowship (CF15-
0552, CF16-0639, and CF17-0783). Simulations were
performed using resources provided by the University of
Chicago Research Computing Center (RCC) and the Extreme
Science and Engineering Discovery Environment (XSEDE),
which is supported by the National Science Foundation (ACI-
1053575).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge the many useful discussions with
Aleksander Durumeric, Jacob Wagner, and Zack Jarin.

B REFERENCES

(1) Grecco, H. E.; Schmick, M.; Bastiaens, P. I. Signaling from the
living plasma membrane. Cell 2011, 144, 897—909.

(2) Jarsch, L. K.; Daste, F.; Gallop, J. L. Membrane curvature in cell
biology: An integration of molecular mechanisms. J. Cell Biol. 2016,
214, 375—-87.

(3) Simons, K; Sampaio, J. L. Membrane organization and lipid
rafts. Cold Spring Harbor Perspect. Biol. 2011, 3, a004697.

2098

(4) Lombard, J. Once upon a time the cell membranes: 175 years of
cell boundary research. Biol. Direct 2014, 9, 32.

(5) Harayama, T.; Riezman, H. Understanding the diversity of
membrane lipid composition. Nat. Rev. Mol. Cell Biol. 2018, 19, 281—
296.

(6) Shen, Y.-X,; Saboe, P. O.; Sines, I. T.; Erbakan, M.; Kumar, M.
Biomimetic membranes: A review. . Membr. Sci. 2014, 454, 359—381.

(7) Sodt, A.J.; Sandar, M. L.; Gawrisch, K; Pastor, R. W.; Lyman, E.
The molecular structure of the liquid-ordered phase of lipid bilayers. J.
Am. Chem. Soc. 2014, 136, 725—32.

(8) Arnarez, C.; Uusitalo, J. J.; Masman, M. F.; Ingolfsson, H. L; de
Jong, D. H.; Melo, M. N,; Periole, X.; de Vries, A. H.; Marrink, S. J.
Dry Martini, a coarse-grained force field for lipid membrane
simulations with implicit solvent. J. Chem. Theory Comput. 2018, 11,
260-75.

(9) Cooke, L. R;; Deserno, M. Solvent-free model for self-assembling
fluid bilayer membranes: stabilization of the fluid phase based on
broad attractive tail potentials. J. Chem. Phys. 2008, 123, 224710.

(10) Cooke, I. R.; Kremer, K.; Deserno, M. Tunable generic model
for fluid bilayer membranes. Phys. Rev. E 2008, 72, 011506.

(11) Brannigan, G.; Philips, P. F.; Brown, F. L. Flexible lipid bilayers
in implicit solvent. Phys. Rev. E 2005, 72, 011915.

(12) Farago, O. Water-free” computer model for fluid bilayer
membranes. J. Chem. Phys. 2003, 119, 596—605.

(13) Izvekov, S.; Voth, G. A. Solvent-Free Lipid Bilayer Model Using
Multiscale Coarse Graining. J. Phys. Chem. B 2009, 113, 4443—4455.

(14) Lu, L.; Voth, G. A. Systematic coarse-graining of a
multicomponent lipid bilayer. J. Phys. Chem. B 2009, 113, 1501—1510.

(15) Wang, Z.; Deserno, M. A Solvent-Free Coarse-Grained Model
for Quantitative POPC Bilayer Simulations. Biophys. ]. 2009, 96, 365a.

(16) Sodt, A. J.; Head-Gordon, T. An implicit solvent coarse-grained
lipid model with correct stress profile. J. Chem. Phys. 2010, 132,
205103.

(17) Srivastava, A.; Voth, G. A. A Hybrid Approach for Highly
Coarse-grained Lipid Bilayer Models. J. Chem. Theory Comput. 2013,
9, 750—765.

(18) Srivastava, A.; Voth, G. A. Solvent-Free, Highly Coarse-Grained
Models for Charged Lipid Systems. J. Chem. Theory Comput. 2014, 10,
4730—4744.

(19) Wagner, ]J. W.; Dama, J. F.; Durumeric, A. E; Voth, G. A. On
the representability problem and the physical meaning of coarse-
grained models. J. Chem. Phys. 2016, 145, 044108.

(20) Chandler, D. Interfaces and the driving force of hydrophobic
assembly. Nature 2005, 437, 640—7.

(21) Marsh, D. Equation of State for Phospholipid Self-Assembly.
Biophys. J. 2016, 110, 188—96.

(22) Noid, W. G. Perspective: Coarse-grained models for
biomolecular systems. J. Chem. Phys. 2013, 139, 090901.

(23) Rudzinski, J. F.; Noid, W. G. Coarse-graining entropy, forces,
and structures. J. Chem. Phys. 2011, 13§, 214101.

(24) Izvekov, S.; Voth, G. A. A multiscale coarse-graining method for
biomolecular systems. J. Phys. Chem. B 2005, 109, 2469—2473.

(25) Izvekov, S.; Voth, G. A. Multiscale coarse graining of liquid-
state systems. J. Chem. Phys. 2005, 123, 134105.

(26) Noid, W. G; Chu, J. W.; Ayton, G. S.; Krishna, V.; Izvekov, S.;
Voth, G. A; Das, A,; Andersen, H. C. The multiscale coarse-graining
method. I. A rigorous bridge between atomistic and coarse-grained
models. J. Chem. Phys. 2008, 128, 244114.

(27) Noid, W. G; Liu, P.; Wang, Y.; Chy, J. W,; Ayton, G. S;
Izvekov, S.; Andersen, H. C.; Voth, G. A. The multiscale coarse-
graining method. II. Numerical implementation for coarse-grained
molecular models. . Chem. Phys. 2008, 128, 244115.

(28) Shell, M. S. The relative entropy is fundamental to multiscale
and inverse thermodynamic problems. J. Chem. Phys. 2008, 129,
144108.

(29) Chaimovich, A.; Shell, M. S. Relative entropy as a universal
metric for multiscale errors. Phys. Rev. E 2010, 81, 060104.

DOI: 10.1021/acs.jctc.8b01033
J. Chem. Theory Comput. 2019, 15, 2087—2100


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jctc.8b01033
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.8b01033/suppl_file/ct8b01033_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.8b01033/suppl_file/ct8b01033_si_002.mpg
mailto:gavoth@uchicago.edu
http://orcid.org/0000-0002-3267-6748
http://dx.doi.org/10.1021/acs.jctc.8b01033

Journal of Chemical Theory and Computation

(30) Chaimovich, A.; Shell, M. S. Coarse-graining errors and
numerical optimization using a relative entropy framework. J. Chem.
Phys. 2011, 134, 094112.

(31) Wagner, J. W.; Dannenhoffer-Lafage, T.; Jin, J.; Voth, G. A.
Extending the range and physical accuracy of coarse-grained models:
Order parameter dependent interactions. J. Chem. Phys. 2017, 147,
044113.

(32) Dama, J. F; Jin, J.; Voth, G. A. The Theory of Ultra-Coarse-
Graining. 3. Coarse-Grained Sites with Rapid Local Equilibrium of
Internal States. J. Chem. Theory Comput. 2017, 13, 1010—1022.

(33) Sanyal, T.; Shell, M. S. Coarse-grained models using local-
density potentials optimized with the relative entropy: Application to
implicit solvation. J. Chem. Phys. 2016, 145, 034109.

(34) Sanyal, T.; Shell, M. S. Transferable Coarse-Grained Models of
Liquid-Liquid Equilibrium Using Local Density Potentials Optimized
with the Relative Entropy. J. Phys. Chem. B 2018, 122, 5678—5693.

(35) Goga, N.; Melo, M. N.; Rzepiela, A. J.; de Vries, A. H.,; Hadar,
A.,; Marrink, S. J.; Berendsen, H. J. Benchmark of Schemes for
Multiscale Molecular Dynamics Simulations. J. Chem. Theory Comput.
2015, 11, 1389—98.

(36) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.,; Klein, M. L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79, 926—935.

(37) Melo, M. N.; Ingolfsson, H. L; Marrink, S. J. Parameters for
Martini sterols and hopanoids based on a virtual-site description. J.
Chem. Phys. 2018, 143, 243152.

(38) Jin, J.; Han, Y; Voth, G. A. Coarse-Graining Involving Virtual
Sites: Centers of Symmetry Coarse-Graining. 2018, submitted for
publication.

(39) Pan, J; Tristram-Nagle, S.; Kucerka, N.; Nagle, J. F.
Temperature dependence of structure, bending rigidity, and bilayer
interactions of dioleoylphosphatidylcholine bilayers. Biophys. J. 2008,
94, 117—24.

(40) Rappolt, M.; Rapp, G. Structure of the stable and metastable
ripple phase of dipalmitoylphosphatidylcholine. Eur. Biophys. J. 1996,
24, 381—386.

(41) Mills, T. T.; Toombes, G. E.; Tristram-Nagle, S.; Smilgies, D.
M.; Feigenson, G. W.; Nagle, J. F. Order parameters and areas in
fluid-phase oriented lipid membranes using wide angle X-ray
scattering. Biophys. J. 2008, 95, 669—81.

(42) Yamada, T.; Takahashi, N.; Tominaga, T.; Takata, S. L; Seto,
H. Dynamical Behavior of Hydration Water Molecules between
Phospholipid Membranes. J. Phys. Chem. B 2017, 121, 8322—8329.

(43) Kalligiannaki, E.; Harmandaris, V.; Katsoulakis, M. A.; Plechac,
P. The geometry of generalized force matching and related
information metrics in coarse-graining of molecular systems. J.
Chem. Phys. 20185, 143, 084105.

(44) Noid, W. G.; Chy, J. W.; Ayton, G. S.; Voth, G. A. Multiscale
coarse-graining and structural correlations: Connections to liquid-
state theory. J. Phys. Chem. B 2007, 111, 4116—4127.

(45) Lu, L; Izvekov, S.; Das, A; Andersen, H. C; Voth, G. A.
Efficient, regularized, and scalable algorithms for multiscale coarse-
graining. J. Chem. Theory Comput. 2010, 6, 954—965.

(46) Liu, P.; Shi, Q; Daume, H. 3rd; Voth, G. A. A Bayesian
statistics approach to multiscale coarse graining. J. Chem. Phys. 2008,
129, 214114.

(47) Abraham, M. J.; Murtola, T.; Schulz, R.; Pall, S.; Smith, J. C.;
Hess, B,; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 2015, 1-2, 19-25.

(48) Lee, J.; Cheng, X.; Swails, J. M.; Yeom, M. S.; Eastman, P. K;
Lemkul, J. A.;; Wei, S.; Buckner, J; Jeong, J. C,; Qi, Y.; Jo, S.; Pande,
V. S.; Case, D. A,; Brooks, C. L.; MacKerell, A. D.; Klauda, J. B.; Im,
W. CHARMM-GUI Input Generator for NAMD, GROMACS,
AMBER, OpenMM, and CHARMM/OpenMM Simulations Using
the CHARMM36 Additive Force Field. J. Chem. Theory Comput.
2016, 12, 405—413.

2099

(49) Jo, S; Lim, J. B; Klauda, J. B,; Im, W. CHARMM-GUI
Membrane Builder for Mixed Bilayers and Its Application to Yeast
Membranes. Biophys. J. 2009, 97, 50—58.

(50) Wu, E. L; Cheng, X; Jo, S;; Rui, H; Song, K. C.; Davila-
Contreras, E. M; Qi, Y.; Lee, J.; Monje-Galvan, V.; Venable, R. M.;
Klauda, J. B,; Im, W. CHARMM-GUI Membrane Builder toward
realistic biological membrane simulations. J. Comput. Chem. 2014, 35,
1997-2004.

(51) Hoover, W. Canonical Dynamics: Equilibrium Phase-Space
Distributions. Phys. Rev. A: At, Mol.,, Opt. Phys. 1985, 31, 1695—1697.

(52) Parrinello, M.; Rahman, A. Polymorphic transitions in single
crystals: A new molecular dynamics method. J. Appl. Phys. 1981, S2,
7182—7190.

(53) Klauda, J. B.,; Venable, R. M.; Freites, J. A.; O’Connor, J. W.;
Tobias, D. J.; Mondragon-Ramirez, C.; Vorobyov, I; MacKerell, A.
D,, Jr.; Pastor, R. W. Update of the CHARMM All-Atom Additive
Force Field for Lipids: Validation on Six Lipid Types. J. Phys. Chem. B
2010, 114, 7830—7843.

(54) Plimpton, S. Fast Parallel Algorithms for Short-Range
Molecular Dynamics. J. Comput. Phys. 1995, 117, 1-19.

(55) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.;
DiNola, A.; Haak, J. R. Molecular dynamics with coupling to an
external bath. J. Chem. Phys. 1984, 81, 3684—3690.

(56) Schneider, T.; Stoll, E. Molecular-dynamics study of a three-
dimensional one-component model for distortive phase transitions.
Phys. Rev. B: Condens. Matter Mater. Phys. 1978, 17, 1302—1322.

(57) Lafrance, C.-P.; Nabet, A; Prud, R; Pezolet, M. On the
relationship between the order parameter < P2(cosT)> and the shape
of the orientation distribution. Can. J. Chem. 1995, 73, 1497—1505.

(58) Brandt, E. G.; Braun, A. R;; Sachs, J. N.; Nagle, J. F.; Edholm,
O. Interpretation of fluctuation spectra in lipid bilayer simulations.
Biophys. J. 2011, 100, 2104—11.

(59) Reynwar, B. J.; Illya, G.; Harmandaris, V. A.; Miiller, M. M,;
Kremer, K.; Deserno, M. Aggregation and vesiculation of membrane
proteins by curvature-mediated interactions. Nature 2007, 447, 461.

(60) Simunovic, M.; Voth, G. A. Membrane tension controls the
assembly of curvature-generating proteins. Nat. Commun. 2015, 6,
7219.

(61) Venable, R. M,; Brown, F. L. H,; Pastor, R. W. Mechanical
properties of lipid bilayers from molecular dynamics simulation.
Chem. Phys. Lipids 2018, 192, 60—74.

(62) Wagner, J. W,; Dama, J. F,; Voth, G. A. Predicting the
Sensitivity of Multiscale Coarse-Grained Models to their Underlying
Fine-Grained Model Parameters. J. Chem. Theory Comput. 20185, 11,
3547-3560.

(63) Das, A; Andersen, H. C. The multiscale coarse-graining
method. V. Isothermal-isobaric ensemble. J. Chem. Phys. 2010, 132,
164106.

(64) Dunn, N. J. H;; Noid, W. G. Bottom-up coarse-grained models
with predictive accuracy and transferability for both structural and
thermodynamic properties of heptane-toluene mixtures. J. Chem. Phys.
2016, 144, 204124.

(65) DeLyser, M. R.; Noid, W. G. Extending pressure-matching to
inhomogeneous systems via local-density potentials. J. Chem. Phys.
2017, 147, 134111.

(66) Lombardo, D.; Kiselev, M. A; Magazti, S.; Calandra, P.
Ampbhiphiles Self-Assembly: Basic Concepts and Future Perspectives
of Supramolecular Approaches. Adv. Condens. Matter Phys. 2015,
2015, 1-22.

(67) Mirzoev, A.; Lyubartsev, A. P. Systematic implicit solvent
coarse graining of dimyristoylphosphatidylcholine lipids. J. Comput.
Chem. 2014, 35, 1208—1218.

(68) Khakbaz, P.; Klauda, J. B. Investigation of phase transitions of
saturated phosphocholine lipid bilayers via molecular dynamics
simulations. Biochim. Biophys. Acta, Biomembr. 2018, 1860, 1489—
1501.

(69) Ayton, G. S.; Voth, G. A. Hybrid coarse-graining approach for
lipid bilayers at large length and time scales. . Phys. Chem. B 2009,
113, 4413—4424.

DOI: 10.1021/acs.jctc.8b01033
J. Chem. Theory Comput. 2019, 15, 2087—2100


http://dx.doi.org/10.1021/acs.jctc.8b01033

Journal of Chemical Theory and Computation

(70) Orsi, M.; Michel, J.; Essex, J. W. Coarse-grain modelling of
DMPC and DOPC lipid bilayers. J. Phys.: Condens. Matter 2010, 22,
155106.

(71) Dama, J. F.; Sinitskiy, A. V.; McCullagh, M.; Weare, J.; Roux,
B.; Dinner, A. R;; Voth, G. A. The Theory of Ultra-Coarse-Graining.
1. General Principles. J. Chem. Theory Comput. 2013, 9, 2466—80.

(72) Davtyan, A;; Dama, J. F.; Sinitskiy, A. V,; Voth, G. A. The
Theory of Ultra-Coarse-Graining. 2. Numerical Implementation. J.
Chem. Theory Comput. 2014, 10, 5265—75.

(73) Katsaras, J.; Tristram-Nagle, S.; Liu, Y.; Headrick, R. L.; Fontes,
E.; Mason, P. C; Nagle, J. F. Clarification of the ripple phase of
lecithin bilayers using fully hydrated, aligned samples. Phys. Rev. E:
Stat. Phys,, Plasmas, Fluids, Relat. Interdiscip. Top. 2000, 61, S668—
5677.

(74) Lubensky, T. C.; MacKintosh, F. C. Theory of "Ripple” Phases
of Lipid Bilayers. Phys. Rev. Lett. 1993, 71, 1565—1568.

(75) Engelman, D. M. Membranes are more mosaic than fluid.
Nature 2005, 438, 578—80.

(76) Maxfield, F. R; Tabas, L. Role of cholesterol and lipid
organization in disease. Nature 2005, 438, 612—21.

(77) Nagle, J. F.; Tristram-Nagle, S. Lipid bilayer structure. Curr.
Opin. Struct. Biol. 2000, 10, 474—480.

(78) Lee, C. H.; Lin, W. C.; Wang, J. All-optical measurements of
the bending rigidity of lipid-vesicle membranes across structural phase
transitions. Phys. Rev. E: Stat. Phys., Plasmas, Fluids, Relat. Interdiscip.
Top. 2001, 64, 020901.

2100

DOI: 10.1021/acs.jctc.8b01033
J. Chem. Theory Comput. 2019, 15, 2087—2100


http://dx.doi.org/10.1021/acs.jctc.8b01033

