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a b s t r a c t
Free energy simulations are a powerful tool for evaluating the interactions of molecular solutes with lipid bilayers
as mimetics of cellular membranes. However, these simulations are frequently hindered by systematic sampling
errors. This review highlights recent progress in computing free energy proﬁles for inserting molecular solutes
into lipid bilayers. Particular emphasis is placed on a systematic analysis of the free energy proﬁles, identifying
the sources of sampling errors that reduce computational efﬁciency, and highlighting methodological advances
that may alleviate sampling deﬁciencies. This article is part of a Special Issue entitled: Biosimulations edited by
Ilpo Vattulainen and Tomasz Róg.
© 2016 Published by Elsevier B.V.

1. Introduction
Cells are surrounded and compartmentalized by membranes [1,2].
The main structural components of these membranes are amphipathic
phospholipids that form planar bilayers in water [3–5]. The resulting lipophilic core, together with embedded proteins, provides cells and
many organelles with selective permeability [6–9], thereby enabling
life as we know it. These membranes are so prevalent that even though
they are generally only ~ 5 nm thick [10–12], their constituent lipids
comprise ~10% of a cell's dry weight [13–15]. The great biological and
biomedical relevance of membrane penetration by molecules such as
water [16,17], peptides [18], anesthetics [19], and other drugs [20,21]
motivates the study of solute interactions with lipid bilayers and
underscores the need for reliable methods to measure and predict the
partition free energy of these solutes in membranes.
This review focuses on molecular simulation studies of the
partitioning of small molecules between water and the different
microenvironments provided by lipid bilayers. Although molecular
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simulations provide exceptional spatial and temporal resolution, they
are only useful when their resulting estimates are both accurate and
precise. Errors may arise both from insufﬁcient sampling of thermallyaccessible arrangements or conformations of the molecular system of
interest (sampling errors) and from inaccuracies in the potential energy
functions used to compute molecular interactions (force ﬁeld errors).
Here, we review recent progress in understanding the sampling errors
that can occur in simulations aimed at obtaining quantitative estimates
of the free energy proﬁle or potential of mean force (PMF) for the insertion of a molecular solute into a lipid bilayer (hereafter referred to as a
bilayer PMF). Unless otherwise noted, we limit our investigation to atomistic models. For clarity and brevity we focus on small solutes and
generally neglect the numerous simulations aimed at characterizing
the interactions between bilayers and relatively large molecules such
as proteins, peptides, nucleic acids, polymers [22], and nanoparticles.
Furthermore, we focus on computational studies in which the potential
energy function is rationally modiﬁed to enhance sampling of unlikely
but important states by employing methods such as umbrella sampling
(US) [23,24] and metadynamics [25] (i.e., importance sampling or free
energy simulations) and do not discuss the standard, brute force simulations that can also be used to obtain bilayer PMFs when the relevant
sampling barriers are sufﬁciently small [26,27].
Recent reviews of methods available for computing free energies
were provided by Chipot [28], Gumbart et al. [29], and Hansen & van
Gunsteren [30]; a review of molecular simulations of lipid bilayers
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was provided by Lyman and Patel [31]; and reviews of molecular transport across lipid bilayers and the importance of membrane defects were
provided by Loverde [32] and Bennett and Tieleman [33].
2. Bilayer PMFs from recent free energy simulations
In the past three years, bilayer PMFs for more than 100 small molecules have been reported in at least forty publications [34–75]. All of
these studies utilized bilayers with homogeneous phospholipids
(Table S1), with three studies also including varying concentrations of
cholesterol [41,50,53]. Furthermore, these free energy simulations involved only three types of phospholipid headgroup. The overwhelming
favorite (93% of publications) is the zwitterionic phosphatidylcholine
(PC) headgroup, although anionic phosphatidylserine (PS) [37] and
phosphatidylglycerol (PG) [60,71] were also considered (Table S1 and
Fig. 1A). The distribution of acyl chain lengths and their degree of
unsaturation, and hence the bilayer thickness and elasticity [76], in
these simulations was substantially broader. Nevertheless, there is a
preponderant use of palmitoyl, oleoyl, and myristoyl chains, which
together comprised 93% of the acyl chain combinations used in these
simulations (Table S1 and Fig. 1A). This reliance on homogenous bilayers composed of a few combinations of lipid headgroups and acyl chains
presents the advantage of avoiding sources of sampling error associated
with more complex membrane mimetics, including lipid mixtures. We
note that similar simpliﬁcations are also employed in some experimental studies of solute-membrane interactions [77–81].
The ﬁrst and most popular scheme to describe computed bilayer
PMFs and their underlying intermolecular interactions conceptually
divides the bilayer into four regions based on the displacement from
its center of mass, |z| [82,83]. We and others have recently proposed alternative schemes with minor distinctions in the chemical composition
of the different regions [84,85]. Here, we introduce a new shape-based
scheme to classify bilayer PMFs (outlined in Fig. 1C–F), which we view

as complementary to the existing four-region models. This scheme is
based on the free energy along |z |, ΔG(|z|), when moving from water
to the bilayer center. Succinctly, type-1 PMFs increase monotonically,
type-2 PMFs decrease monotonically, and type-3 PMFs ﬁrst decrease
and then increase. The letter “b” is added to indicate an initial free
energy barrier along |z|, which is often but not necessarily due to solute
interactions with lipid headgroups. Finally, a star indicates that the
value of Δ G(| z |) at the bilayer center is greater than or equal to its
value in bulk water. To avoid overcomplicating this scheme, type-3
PMFs also include cases with a shallow secondary minimum at z = 0.
The bilayer PMFs published in the last three years are categorized
with the aforementioned shape-based scheme in Table S1 and Fig. 1B.
This analysis leads to the following three conclusions. First, most bilayer
PMFs (91%) have a free energy barrier along |z| near the bilayer center,
which is only lacking in types 2 (6%) and 2b (3%) (Fig. 1B). Second, most
bilayer PMFs (84%) do not have an initial free energy barrier along |z |,
which is only present in types 2b (3%), 3b (6%), and 3b* (7%) (Fig. 1B).
Finally, the most common shape of a bilayer PMF (63%) has values of
ΔG(|z|) that ﬁrst decrease and then increase toward the bilayer center,
where the central barrier along |z| is either relatively small (type 3, 25%)
or large (type 3*, 38%) (Fig. 1B). Note that this analysis reﬂects the
speciﬁc solute/lipid combinations used in recent computations and
that these conclusions do not necessarily apply to the entire set of
solutes that may interact with lipid bilayers or cell membranes.
Representative examples of each of the shape-based bilayer PMF
classiﬁcations are provided in Table 1 and all the bilayer PMFs published
in the past three years and considered in this review are listed in
Table S1. Out of these 201 PMF proﬁles, only that of Paracetamol in
DPPC does not ﬁt the proposed scheme, having a global minimum at
the bilayer surface, a high barrier to bilayer entry, and a local minimum
at the bilayer core, which, at 20 kcal/mol, is much more substantial than
the shallow central local minimum present in some of the other PMFs
[73].

Fig. 1. Lipids used in recent free energy simulations and classiﬁcation of bilayer PMFs. (A) Relative frequency of different types of lipid acyl chains and (inset) headgroups calculated (dark
gray) by publication and (light gray) by PMF. Acyl chain identiﬁers are: (PO) palmitoyl-oleoyl, (DP) dipalmitoyl, (DO) dioleoyl, (DM) dimyristoyl, (DL) dilauroyl, (PL) palmitoyl-lauroyl,
(DA) diarachidonoyl, (DU) dilinoleoyl, (DPh) diphytanoyl, and (SO) stearoyl-oleoyl. Headgroup identiﬁers are: (PC) phosphatidylcholine, (PG) phosphatidylglycerol, and (PS)
phosphatidylserine. (B) Relative frequencies of different types of bilayer PMFs. (C–F) Schematic representation of the different shapes of bilayer PMFs vs. the distance between the
centers of mass of the solute and the bilayer along the bilayer normal, |z|. (C) Proﬁles in which the PMF, ΔG(|z|), increases or decreases monotonically upon insertion are classiﬁed as
(solid lines) type 1 and (broken lines) type 2, respectively; there may also be a plateau region. (D) Type 2b is similar to type 2 except that the “b” indicates the presence of an initial
free energy barrier. (E) Type 3 has favorable binding followed by a free energy barrier near the bilayer center. (F) Type 3b is similar to type 3 except that the “b” indicates the presence
of an initial free energy barrier. The star superscript in types 3* and 3b* indicates that the value of ΔG(|z|) near the bilayer center is larger than in bulk water. PMFs proﬁles of type 1,
3, 3*, 3b, and 3b* may also feature a shallow secondary well at the bilayer center.
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Table 1
Representative solutes for each of the shape-based bilayer PMF types (see Fig. 1).
PMF shape

Solute

Lipid

Ref.

1
2
2b
3
3*
3b
3b*

Water
1,3,5-trichlorobenzene
Molecular oxygen
Hydrogen peroxide
Glycine
Lidocaine
Propanol

POPC, DPPC, DLPS
POPC
DPPC, POPC
POPC
DPPC
DMPC
DMPC

[34–38]
[48]
[39,44]
[39]
[62,63]
[48]
[54,55]

3. Sources of systematic sampling error
Systematic sampling errors arise when large free energy barriers in
orthogonal degrees of freedom, also referred to as hidden free energy
barriers, trap the sampling in metastable states [86,87]. These errors
can be minimized by ensuring that the order parameter(s) used to
bias sampling in free energy simulations contain all of the free energy
barriers that both separate states of interest and are substantially larger
than the available thermal energy. Unfortunately, the shape of the free
energy surface and the magnitude of the relevant free energy barriers
are generally unknown at the outset of a free energy simulation,
whose primary aim is often to characterize these very features. However, a number of studies have identiﬁed sources of systematic sampling
errors in free energy simulations of solute-bilayer interactions, which
are surveyed in this section.

3.1. Arginine side chain and other PMFs of types 1 and 3
The arginine side-chain analog n-propylguanidinium has a type-3*
PMF in zwitterionic DOPC, POPC, and DPPC bilayers [65,66,84,88,89],
although the PMF proﬁles of both n-propylguanidinium and the lysine
side-chain analog butylammonium are quantitatively sensitive to
force ﬁeld parameters [65]. As n-propylguanidinium approaches a bilayer from aqueous solution, favorable charge–charge interactions are
maximized as the cationic guanidino group orients to face the bilayer
and nearby lipids stretch toward it [84]. Its orientation is reversed as
| z | decreases toward the global free energy minimum and the solute
becomes embedded as a mini-detergent in the bilayer, which invaginates slightly around it [84]. A large input of free energy is henceforth
required to draw this cation toward the bilayer center as it remains
solvated by water and lipid headgroups, which induces a large defect
in the bilayer's proximal leaﬂet [65,66,84,88,90]. Similar side-chain orientations are observed when arginine is located at varying insertion
depths in a transmembrane helix, though in this case the free energy
minimum is abolished, resulting in a type-1 PMF [42,91].
By comparing bilayer PMFs for n-propylguanidinium from different
studies, it is possible to identify values of | z | at which the mean force
changes systematically with increasing sampling. These locations correspond to: (a) initial bilayer-solute contact, (b) passage of the solute
across the headgroup region, where a ﬂip in solute orientation is
coupled to a switch in the local deformation of the bilayer from a protrusion to an invagination, and (c) across the bilayer center, where the
solute orientation and the identity of the leaﬂet hosting the solvating
defect both invert, possibly involving the formation of a water pore
[66]. This analysis strongly suggests that these three locations along
|z| are sites of hidden free energy barriers arising from the coupling of
solute orientation and local bilayer deformation (Fig. 2). Similar patterns of bilayer distortion are observed for other cationic solutes such
as butylammonium [65], methylammonium [42], protonated tyramine
[44], and monatomic ions [40], in addition to acetate [90] and neutral
molecules with polar moieties such as lipids [92–94], long amphiphiles
[61], and alprenolol [85]. The bilayer PMF of a blocked tryptophan residue (type 3) also contains a hidden free energy barrier at the bilayer
center related to solute reorientation [95] and solvation [96], as does
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oleic acid, though the insertion of this latter solute does not result in
bilayer invagination at |z| = 0 [97].
The invagination of the bilayer upon solute penetration implies that
the free energy cost of desolvating ionic solutes exceeds the cost of
bilayer deformation and hence that the magnitude of the central free
energy barrier depends to a large extent on the bilayer's thickness and
bending modulus. Indeed, the magnitude of this barrier correlates
with bilayer thickness in PMFs of lysine and arginine side-chain analogs
in their charged states, which induce bilayer defects, whereas their
neutral states leave the bilayer core relatively unperturbed [42].
Furthermore, bilayer PMFs of the single-chain phospholipid drug
miltefosine indicate that the magnitude of the central free energy barrier decreases with shortening and desaturation of acyl chains in bilayer
lipids [50], both of which increase the bilayer's ﬂexibility [76]. Finally,
cholesterol, which orders and rigidiﬁes lipid bilayers [98], reduces
bilayer invagination in response to solute invasion [93]. This relationship between defect formation and bilayer ﬂexibility explains why the
bilayer defects that solvate charged and polar solutes originate from
the proximal leaﬂet; a solvating defect in the distal leaﬂet would have
to be comparatively larger to access the solute and is therefore expected
to be more costly.
Once a charged solute crosses the bilayer center, the defect should be
most energetically favorable in the other (now proximal) leaﬂet. However, this is not always the case in US simulations of ﬁnite duration
[66]. When n-propylguanidinium is offset from the bilayer center by a
small amount (0 b |z | ≤ 0.2 nm for POPC), a defect in the distal leaﬂet
is metastable and may persist for more than 1 μs of sampling per
umbrella [66]. Despite the fact that 0.2 nm is small in comparison to
the bilayer width, this type of systematic sampling error inverts the
slope of the PMF in a region where the absolute value of the mean
force is quite large and this sampling error can reduce the estimated
magnitude of the central barrier by more than 2 kcal/mol [66].
In cases where hidden free energy barriers involve solute reorientation, it is reasonable to presume that sampling errors will be exacerbated by intermolecular interactions that restrict solute mobility. Similar to
other solutes with type-3 PMFs, protonated clozapine is orientationally
restricted by the necessity for its charge group to snorkel toward the
headgroup region of the proximal bilayer leaﬂet [56]. Interestingly,
when clozapine is embedded in the bilayer in US simulations, the addition of a second proton (overall solute charge of +2) dramatically slows
solute reorientation about the bilayer normal, which Ma et al. attribute
to the simultaneous interaction of two separate charged groups with
bilayer lipids [56]. While the effects of multiple distinct charge groups
on the timescales or methods required to attain equilibrium sampling
remain to be quantiﬁed, such species should be treated with additional
caution because of the potential for slow solute reorientation.
3.2. Leucine side chain as a type-2b PMF
The leucine side-chain analog methylpropane has a type-2b PMF in a
zwitterionic DOPC bilayer [84,88]. As this hydrophobic solute
approaches a bilayer from aqueous solution in US simulations, there is
a free energy barrier along |z| as the nearby lipid headgroups slightly invaginate to avoid the solute [84]. However, this bilayer reorganization
occurs spontaneously on the low ns timescale [84], suggesting that it
does not introduce a substantial hidden free energy barrier. From
here, the free energy decreases toward the bilayer center [84,88] with
the bilayer forming a local protrusion to encapsulate the solute in its
hydrophobic interior for values of |z| slightly under the mean position
of lipid headgroup phosphorus atoms [84] (Fig. 3). The evaluation
of the mean forces acting on the solute along |z| from different studies
of the same simulation system indicates that this encapsulation
of methylpropane is generally rapid but can take more than 25 ns per
umbrella for values of |z| within 0.1 nm of the transition point in lipid
organization and that the time required for this reorganization depends
on the initial conformation of the system [84]. As we noted above for
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Fig. 2. Bilayer distortion and hidden free energy barriers underlying systematic sampling errors in free energy simulations of the arginine side-chain analog n-propylguanidinium.
(A) Spatial distribution functions of n-propylguanidinium and the proximal bilayer leaﬂet viewed from the side, looking along the plane of the bilayer showing (gray) phosphorus
atoms behind the solute, and (yellow) hydrophobic and (cyan) hydrophilic moieties of the solute. Vertically from top to bottom, the solute passes from water into the (U) upper bilayer
leaﬂet, then into and ﬁnally across the (L) lower leaﬂet. Locations of hidden free energy barriers are marked with curved arrows. (B and C) Bilayer defect for |z| ~ 0 nm when there is (B) a
defect in the upper leaﬂet and (C) a water pore. Lipid headgroup phosphorus atoms are shown as large brown spheres, water is shown as small red spheres, and n-propylguanidinium
heavy atoms are shown in a surface representation with the acyl chain in yellow (Cβ,Cγ,Cδ) and the charged guanidino group in blue (Nε, Cζ, Nη1, Nη2). Reprinted (adapted) with permission
from refs. [66] and [84]. Copyright 2011, 2013 American Chemical Society.

bilayer PMFs of n-propylguanidinium, systematic sampling errors
leading to inaccurate estimates of the mean force over relatively small
ranges of | z | can have a substantial impact on the overall estimate of
the binding free energy and partition coefﬁcient computed between
two states that themselves do not suffer from systematic sampling
errors. In the case of methylpropane, sampling errors present in a
0.1-nm-wide | z| interval lead to a ΔG(|z|) inaccuracy of 1 kcal/mol or
approximately 20% of the binding free energy [84].
3.3. Larger solutes
In general, solutes in lipid bilayers can adopt many possible arrangements differing in solute conformation, solute orientation, solute-lipid
interactions, bilayer conformation, and extent of insertion. In the
regions of | z | where such degeneracies arise, simulations must not
only escape initial conformational states with unfavorable free energies
but must subsequently exchange between multiple basins of low
free energy many times in order to yield estimates of their relative

populations, a precondition to attain converged estimates of equilibrium properties including the mean force along the order parameter. As
the solute increases in size and conformational complexity, US simulations may suffer more acutely from systematic sampling errors. Thus,
the nature and the extent of interaction between a lipid bilayer and a
relatively long and rigid solute such as an alpha-helix or a carbon
nanotube depends strongly on the solute's orientation relative to the
bilayer normal. The degeneracy of solute-lipid interactions, solute
orientation, and solute conformation rises sharply with solutes of increasing ﬂexibility. For example, at certain values of |z| corresponding
to the approach of the solute near the lipid bilayer, a disordered peptide
may form direct interactions with the bilayer in extended conformations but not in compact ones. In such a case, attaining converged
estimates of the bilayer PMF requires many spontaneous transitions of
the solute's conformation. This type of systematic sampling error was
analyzed in US simulations of the antimicrobial peptide indolicidin
(Fig. 4) [99] and has been reported for the substantially smaller solute
ubiquinone-2 [46].
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Fig. 3. Bilayer deformation and hidden free energy barrier underlying systematic sampling
errors in free energy simulations of the leucine side-chain analog methylpropane. Spatial
distribution function of (yellow) methylpropane and (gray) the upper, proximal bilayer
leaﬂet, U, viewed from the side, looking along the plane of the bilayer. Reprinted
(adapted) with permission from ref. [84]. Copyright 2011 American Chemical Society.

3.4. Bilayer size
Comer et al. used the adaptive biasing force method [100] to evaluate the inﬂuence of the number of lipid molecules on the type-1 bilayer
PMF of water [38]. In this study, the authors used a deﬁnition of | z |
based on the distance between the center of mass of a tagged water
molecule and that of the lipid phosphorus and nitrogen atoms and
found that the magnitude of the free energy barrier to water permeation
did not depend on bilayer size between 20 and 50 lipids per leaﬂet,
although the central free energy barrier became narrower when the
number of lipids was increased [38]. Comer et al. attributed this
narrowing of the central free energy barrier to the greater ease with
which the larger bilayer could undergo local distortions to accommodate the inserted water molecule and facilitate its partial hydration
[38]. The inﬂuence of membrane undulations on the deﬁnition of the
membrane normal has also been investigated by Braun et al. [101].

2543

Hu et al. used a similar approach to compute the bilayer PMF of
methylguanidinium across a DMPC bilayer with either 32 or 144 lipid
molecules per leaﬂet and found that increasing the bilayer size by a
factor of 4.5 permitted a larger bilayer defect and reduced the height
of the central free energy barrier along |z| by a factor of two [64]. The authors also noted that the distal leaﬂet was more perturbed in the smaller
bilayer than in the larger bilayer and hypothesized that the size of the
bilayer may affect its relative tendency to form single-leaﬂet defects or
water pores [64], similar to the ﬁndings of Huang and García [102]
(see Section 6.1). However, larger bilayers permit larger undulations,
which Kopelevich has shown to be the source of artifacts in which the
PMF can appear to tunnel through free energy barriers along |z| [103].
For example, consider the type 2b PMF of methylpropane, which
contains a free energy barrier due to unfavorable insertion of this hydrophobic solute in the headgroup region of the bilayer [84]. As the size of
the bilayer increases, so does the magnitude of the undulations that it
can support. For a given | z | position, a larger bilayer patch permits
ﬂuctuations of large enough amplitude to sample both fully-hydrated
and fully-inserted states of the solute. If the bilayer is sufﬁciently
large, there may be no z-restrained positions that predominantly
sample the real barrier to solute insertion, leaving only a barrier based
on loss of system entropy that is expected to vanish as the simulation
system increases in size. Using a nanoparticle solute and a DPPC bilayer
with approximately 300 lipids per leaﬂet, Kopelevich goes on to show
that some of the states of extensive bilayer protrusion (with concurrent
encapsulation of the hydrophobic solute) that are highly populated in
US simulations with a ﬂexible bilayer are not representative of unrestrained binding events [103], a conclusion that we have also reached
for methylpropane in DOPC bilayers with only 32 lipids per leaﬂet
[84]. Kopelevich's resolution of this sampling dilemma is to ﬁx the
headgroups of the lipids in the distal leaﬂet, which appears to be an
excellent solution except in cases where the distal leaﬂet is expected
to undergo distortions in response to solute binding.
We conclude this section on the relevance of bilayer size with an
illustrative conjecture. Given a sufﬁciently large bilayer and deﬁning
| z | as the distance between the centers of mass of the solute and the
bilayer, a solute at |z| = 0 may not form any direct contact with the bilayer, thereby sampling an irrelevant region of phase space and yielding
a PMF with no real predictive value (Fig. 5).

Fig. 4. Slow relaxation across a hidden free energy barrier for a relatively large solute near a lipid bilayer. (A) Time-series of the distance between the centers of mass of a POPC bilayer and
of the 14-residue antimicrobial peptide indolicidin, |z|, with an umbrella sampling bias centered at 4.2 nm (red horizontal line). After 1 μs of sampling, the peptide extends and makes
favorable ionic contacts with the headgroups of bilayer lipids, affecting both the mean and the variance of |z |, which directly impact the PMF [99]. (B and C) Representative
conformations of the simulation system (B) before and (C) after the conformational transition.
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This ﬁnding highlights the importance of varying bilayer conformation
in addition to solute conformation and orientation when assessing systematic sampling errors, a factor that is expected to become increasingly
relevant with increasing lipid heterogeneity.
4. Force-ﬁeld dependence of bilayer defects
Fig. 5. Given sufﬁciently large bilayer undulations, the centers of mass of a solute and the
lipid bilayer can coincide without direct physical contact.

3.5. Initial conformation
Paloncýová et al. computed the type-3 bilayer PMF of coumarin in
DOPC and DOPG [60,104] and evaluated the inﬂuence of starting conformation and the method used to maintain the solute at different bilayer
immersion depths [104]. The z-constraint method [82] and US generated statistically indistinguishable bilayer PMFs of coumarin in DOPC
when initial conformations were drawn from unrestrained simulation
[104]. However, the PMFs from these biased simulations varied systematically with the method used to generate initial conformations. Specifically, initial conformations generated from nonequilibrium pulling
simulations retained systematic sampling errors throughout 50 ns of
sampling per umbrella or window, leading to a binding free energy inaccuracy of ~1 kcal/mol or about 15% [104].
Intriguingly, in a study of long amphiphiles (7-nitrobenz-2-oxa-1,3diazol-4-yl-labeled fatty amines) interacting with lipid bilayers, Filipe
et al. showed that restrained simulations are less susceptible to longlived systematic sampling errors when initial conformations are constructed by pulling the solute away from the bilayer center out into
bulk water rather than in the opposite direction, from water toward
the bilayer center [61]. These long amphiphiles must ﬂip about the bilayer plane as they pass through the water-lipid interface in equilibrium
simulations [61], similar to the |z|-dependent orientational preferences
of the short amphiphile n-propylguanidinium (Fig. 2) [84]. This
difference in relaxation timescales based on the pulling direction
could indicate that the hidden free energy barrier is smaller closer to
the bilayer center. US simulations of the antimicrobial peptide
indolicidin, which can adopt amphiphilic structures, also suggest that
generating initial conformations by pulling the solute into the bilayer
from water biases the PMF toward the unbound state on the 25 ns/
umbrella timescale [99,105]. In this case, systematic sampling errors
were reduced when initial conformations were generated by separately
embedding the peptide at each | z | position, although US simulations
still required ≥4 μs/umbrella to attain converged estimates of the PMF
[99]. While it remains to be seen whether systematic sampling errors
involving solute orientation depend on the vector used in an initial
non-equilibrium pulling procedure for a variety of solute-bilayer combinations, evaluating PMFs from two separate sets of simulations
prepared by pulling in opposite directions (or, alternatively, by pulling
across the entire bilayer in a single direction) should reveal any hysteresis resulting from slow relaxation, paralleling the backward and
forward approach adopted by Pearlman and Kollman in slow growth
free energy perturbation simulations [106]. This approach should be
an excellent way to identify the existence of systematic sampling errors
and the regions of |z| that host hidden free energy barriers.
Finally, the initial conformation of the lipid bilayer, coupled with the
initial conformation and location of a solute, can inﬂuence whether the
composite system adopts a metastable conformation with a locally favorable but globally unfavorable free energy. For instance, our current
research suggests that for n-propylguanidinium near | z | = 0 in a
POPC bilayer, the leaﬂet(s) in which the solvating defect initially
forms depends more strongly on the initial conformation of the bilayer
than on the initial orientation of the solute (unpublished data). Thus,
random ﬂuctuations in bilayer thickness may induce the formation of
a persistent metastable defect in the distal leaﬂet (see Section 3.1).

As outlined in Section 3.1, the mean force acting on a charged solute
embedded near the bilayer center is largely determined by the presence
of a defect that brings water and lipid headgroups of one or both leaﬂets
into the bilayer's hydrophobic core. Therefore, the extent to which a
bilayer PMF is affected by sampling errors depends on the free energy
of defect formation for a given force ﬁeld. Unexpectedly, the likelihood
of forming such defects, which is intricately tied to the bilayer's bending
modulus, can depend with exquisite sensitivity on the truncation of
Lennard-Jones interactions. Speciﬁcally, Huang and García showed
that when the phosphorus atom of a constituent lipid molecule is
brought to the center of a DPPC bilayer using the Berger lipid parameters [107], the bilayer reproducibly forms a double defect (i.e., a pore)
when the Lennard-Jones cutoff radius rc = 0.9 nm and forms a defect involving invagination of only one leaﬂet when rc ≥ 1.0 nm, presumably
because as rc decreases the bilayer becomes thinner, thus facilitating
water penetration [108]. This change in solvation dramatically affects
the resulting bilayer PMF [108]. Conversely, the PMF of water insertion
into a POPC bilayer, which also results in bilayer deformation, is largely
unaffected by reducing rc from 1.2 to 0.8 nm [38] in simulations
employing the CHARMM36 lipid force ﬁeld [109], likely because the
hydrating bilayer defect does not follow the restrained water molecule
all the way to the center of a CHARMM36 POPC bilayer [34,38].
The formation of bilayer defects upon solute insertion also depends
on the resolution of the molecular model. Speciﬁcally, Sun et al. showed
that when n-propylguanidinium or butylammonium are held at the bilayer center, bilayer defects are largest in all-atom models, intermediate
in united-atom models, and smallest (and in some cases nonexistent) in
coarse-grained models [65].
5. Detecting hidden barriers
One approach to identifying hidden free energy barriers is simply to
evaluate a variety of orthogonal degrees of freedom, searching for those
with a sharp or oscillatory dependence on |z|. This is not to suggest that
a given hidden free energy barrier can only exist on a narrow range of
| z |, but rather that a sharp transition along an orthogonal variable
warrants further investigation.
Recently, a few methods have been introduced that accidentally
report on the locations of hidden free energy barriers along | z |. All of
these methods, which include metadynamics [25], the orthogonalspace random walk [87], and US with replica exchange of umbrellas
[110,111], apply biases to impose homogeneous sampling along a
prescribed order parameter(s) while simultaneously permitting free
movement along that order parameter. Because these procedures
amount to “ﬂattening” the free energy surface along the order parameter, regions in which mobility along that order parameter is poor are
likely to contain free energy barriers in orthogonal degrees of freedom.
To quantify this behavior, we developed a metric called the transmission factor that can be computed from US simulations with replica
exchange of umbrellas and used it to a priori identify hidden free energy
barriers as n-propylguanidinium crosses both the water-bilayer
interface and the center of a lipid bilayer [66]. Similarly, the
orthogonal-space tempering method was shown to reveal hidden free
energy barriers as a solute molecule, H2S, moved between regions of
different bilayer composition [34]. However, the magnitude of the
resulting systematic sampling errors in the latter approach is unclear
as differences in lipid, force ﬁeld, and sampling method complicate
detailed comparison to another bilayer PMF of H2S with a signiﬁcantly
different shape [35]. We are unaware of any studies that have used
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metadynamics to identify hidden free energy barriers a priori, but the
potential for this application is clear because, in the absence of hidden
barriers, metadynamics simulations should lead to a true random
walk along the order parameter(s) [112–114].
6. Overcoming hidden barriers
Two main strategies can be used to alleviate systematic sampling
errors. First, one can identify and rationally circumvent the free energy
barriers that impede sampling by using either better initial conformations, as discussed in Section 3.5, or better order parameter(s), as
discussed below (Section 6.1) The second approach is simply to perform
more sampling, which can be achieved by incorporating multiple solute
molecules into a single simulation system (Section 6.2).
6.1. Order parameter modiﬁcations
By far the most commonly used order parameter in free energy simulations of solute-bilayer interactions is the distance between the center
of mass of the solute and that of the bilayer along the bilayer normal. In
principle, the order parameter in a PMF calculation should include the
slowest transitions of relevance, so that all other degrees of freedom
are correctly averaged out. The existence of persistent systematic sampling errors, as reviewed above, demonstrates that this commonlyused order parameter is inadequate for many, if not most, calculations
of bilayer PMFs. However, the selection of the optimal order parameter
is a challenging problem. For example, Hinner et al. showed that the
convergence properties of the bilayer PMF of the dye di-4-ASPBS are
dramatically affected by the region of the solute used to deﬁne | z |
[115]. Speciﬁcally, when the restraint acts on the acidic headgroup of
this zwitterion, convergence of the PMF is attained relatively rapidly
near the bilayer center, but very slowly at the water-bilayer interface
[115]. Conversely, when the restraint acts on the solute's center, the
rate of convergence is intermediate at both extremes [115].
To alleviate the inﬂuence of severe membrane distortion on the PMF
and its rate of convergence, some researchers have chosen instead to
modify the region of the bilayer that is used in the deﬁnition of the
solute's displacement. Speciﬁcally, Filipe et al. demonstrated that an
order parameter with a cylindrical boundary that dynamically deﬁnes
a subset of nearby lipids [116] leads free energy simulations to converge
more rapidly, presumably by reducing the amplitude of ﬂuctuations in
local lipid structure [61]. This cylindrical deﬁnition of |z| has also been
used by Zocher et al., among others, to reduce the PMF's dependence
on membrane undulations [41]. Separately, Huang and García conducted US simulations in which the deﬁnition of |z| was based on the position of the Cζ atom of a single residue of a cyclic arginine nonamer and a
dynamic selection of lipids within a very small (0.5 nm) cylindrical radius [102]. Near |z| = 0 this formulation led to the formation of a pore that
substantially reduced the free energy of peptide translocation compared
to the pore-free, single-defect translocation predicted by simulations
that deﬁned |z| based on the center of mass of all lipids [102]. Essentially, this cationic peptide recruited lipids from one leaﬂet toward the
bilayer center and the small radius of the cylindrical cutoff enforced
the simultaneous approach of lipids from the other leaﬂet. The use of
a cylindrical boundary potential in the dynamic selection of lipids that
deﬁne |z | may also protect against artifacts due to bilayer asymmetry
resulting from spontaneous lipid ﬂip ﬂop, a process whose rate can be
dramatically enhanced by using lipids with short acyl chains [92] or
via the presence of charged or polar solutes near the bilayer center [66].
In a slightly different approach, Mao et al. evaluated the binding of
monatomic cations to POPC and POPG bilayers using an order parameter based on the distance between the solute and its nearest lipid
phosphorus atom [117]. It is unclear if this approach is applicable to
larger solutes and PMFs across the entire lipid bilayer.
Lin and Grossﬁeld recently introduced a radically different order parameter based on the extent of solute-lipid interactions and eschewing
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distance restraints altogether [118]. The insertion of an antimicrobial
lipopeptide micelle into a lipid bilayer was enforced in US simulations
by dialing up the number of hydrophobic contacts between the
lipopeptide molecules of the solute and the lipid molecules of the
bilayer. This approach allowed the authors to capture the rate-limiting
steps in the insertion process. The sampling efﬁciency of this study,
especially considering the size and the complexity of the solute, is due
in part to the use of a coarse-grained potential, which smoothens the
energy landscape. In addition, its focus on solute–solvent interactions
is well suited to the dissolution of a molecular aggregate into the bilayer,
which cannot be captured with insertion depth alone.
Accordingly, another strategy to reduce systematic sampling errors
in bilayer PMFs computed along | z | is to increase the dimensionality
of the order parameter. In an atomistic study using a bias-exchange
metadynamics framework and the approach of Ghaemi et al. [119],
Galassi and Arantes showed that the number of contacts between the
solute and lipid or water molecules is an important degree of freedom
orthogonal to |z| that can be used to enhance sampling for amphiphilic
ubiquinones with long hydrophobic chains [46]. Given that lipid
headgroups are involved in the vast majority of the hidden free energy
barriers covered in this review, this approach appears well suited to the
task at hand.
For solutes with complex intramolecular landscapes, it may also be
useful to use multidimensional order parameters that control solute
conformation, an approach taken by Jämbeck and Lyubartsev to sample
the substantial free energy barriers controlling the conformational
isomerization of Aspirin and Ibuprofen [59].
6.2. Simulations with multiple solute molecules
The slow convergence of bilayer PMFs underscores the need for
strategies to improve the efﬁciency of simulations. For small solutes,
such an improvement may be achieved trivially, by placing multiple
solute molecules in the same simulation box. Bemporad et al. computed
the bilayer PMFs of water and other small molecules using simulation
systems containing ﬁve solute molecules restrained to different values
of |z| [120], thus obtaining ﬁve times more sampling per unit of computational resource than would have been achieved with a single solute in
the simulation cell. Similarly, MacCallum et al. computed the bilayer
PMFs of amino acid side-chain analogs using two solute molecules per
simulation cell, thus doubling computational efﬁciency without affecting the resulting PMF of n-propylguanidinium [88]. This approach has
also been used by Arcario et al. to study anesthetics [72] and has been
extended to include solute separation in the bilayer plane, in some
cases using up to 20 solutes per simulation without changing the bilayer
PMF of tryethylamine [41]. However, given the large bilayer distortions
induced by some solutes [40,42,44,61,65,66,84,85,88,90,92–94,96,97]
and the cooperative binding of solutes such as n-propylguanidinium
[121], it is possible that unexpected cooperative or anti-cooperative
effects exist for certain solutes even when they are far apart from one
another. Therefore, this approach deserves special caution.
7. Conclusions
Using molecular simulations to quantify the interaction of molecular
solutes with lipid bilayers is an active area of research. Although free
energy simulations of solute-bilayer systems have become routine, it
has recently become apparent that even simulations of simple solutes
are prone to signiﬁcant systematic sampling errors. In this review, we
have presented recent progress in computing free energy proﬁles for
inserting molecular solutes into lipid bilayers together with a detailed
analysis of the sources and the nature of systematic sampling errors
affecting these simulations. Such errors are due to slow relaxation in degrees of freedom orthogonal to the order parameter(s). When the order
parameter is the commonly-used insertion depth of the solute, such
“hidden barriers” frequently occur during solute adsorption, insertion,
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and translocation across the bilayer center. These hidden barriers
depend on the interactions of the solute with water molecules, lipid
headgroups, and lipid acyl chains, and reﬂect the visco-elastic nature
of the bilayer.
The sources of these systematic sampling errors can be generally
formulated in terms of degeneracy of the free energy landscape along
the order parameter or reaction coordinate—degeneracy of the solute
conformations and orientation as well as of solute-bilayer interactions
and bilayer deformations. To tackle this degeneracy, different approaches may be used. The simplest, most general recommendation
consists of using multiple replicas starting from different bilayer conformations as well as different solute conformations and orientations,
which may include different initial states obtained by moving the solute
in opposite directions along the membrane normal. In addition, using
replica exchange (or other methods involving a random walk of the
solute along the membrane normal) not only reveals the loci of systematic sampling errors but also helps bypass insertion-depth-dependent
barriers impeding solute reorientation, conformational isomerization,
and reorganization of the bilayer.
Arguably the most promising strategy to improve the efﬁciency and
the accuracy of free energy simulations of solute binding to lipid bilayers
is to use novel order parameters that accelerate the crossing of these
hidden barriers. Of particular interest is the approach taken in two
recent studies, in which the order parameter either consisted of [118]
or included [46] a count of solute-lipid contacts. The long-term success
of contact-based order parameters may depend on whether or not they
are applicable to a broad range of molecular solutes and lipid bilayers.
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