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Molecular dynamics (MD) simulations based on detailed all-atom models offer a powerful approach
to study the structure and dynamics of biological membranes. However, the complexity of biological
membranes in terms of chemical diversity presents an outstanding challenge. Particularly difficulties are
encountered when a given lipid type is present at very low abundance. While considering a very large
simulation system with a small number of the low abundance lipid may offer a practical solution in some
cases, resorting to increasingly large system rapidly becomes computationally costly and impractical.
More fundamentally, additional issue may be encountered if the low abundance lipid displays a high
affinity for some protein in the simulation system. What is needed is to treat the simulation box as an
open system in which the number of lipid can naturally fluctuate, as in the Grand Canonical Monte
Carlo (GCMC) algorithm. However, this approach, in which a whole lipid molecule needs to be inserted
or annihilated is essentially impractical in the context of an all-atom simulation. To enforce equilibrium
between a simulated system and an infinite surrounding bath, we propose a hybrid nonequilibrium
molecular dynamics - Monte Carlo (neMD/MC) algorithm, in which a randomly chosen lipid molecule
in the simulated system is swapped with a lipid picked in a separate system standing as a thermodynamic
“reservoir” with the desired mole fraction for all lipid components. The neMD/MC algorithm consists
in driving the system via short nonequilibrium trajectories to generate a new state of the system that
are subsequently accepted or rejected via a Metropolis MC step. The probability of exchanges in the
context of an infinite reservoir with the desired mole fraction for all lipid components is derived and
tested with a few illustrative systems for a PC and PG lipid mixtures.

I. INTRODUCTION

Membranes in living cells are complex inhomoge-
neous systems, literally comprising hundreds of chemi-
cally distinct lipid species.1 This presents an outstand-
ing challenge to efforts aimed at simulating these sys-
tems using detailed atomistic models. The lipidome
of living organism comprises a considerable number
of chemically different lipids.2 Lipid composition af-
fects not only the mechanical properties of membranes
but also modulates the function of membrane pro-
teins through distinct mechanisms.3–6 The wide rang-
ing composition of biological membranes is such that
some components dominate the overall structure of
the membrane, while others are present at extremely
low abundance.7 Because of the rich compositional di-
versity, some molecules with low abundance nonethe-
less find themselves involved in local organizational
structures such as lipid rafts,8 or affect the properties
of cancer cells.9 The partitioning of hundreds of lipid
species, some at a very low abundance, may be associ-

a)Electronic mail: roux@uchicago.edu

ated with bilayer asymmetries and various functional
complexities.10–12

From a computational point of view, the sam-
pling challenges of biological membrane using all-
atom molecular dynamics (MD) simulations has long
been recognized.13 However, the accessible simulation
timescales are not sufficient to allow a satisfactory
sampling of inhomogeneous multi-component mem-
branes where lateral diffusion of the lipid molecules
is very slow.14,15 Efforts were dedicated to develop
and adapt various enhanced sampling algorithms to
more efficiently explore the accessible configurations
of membranes.16 Very few methods aimed at sampling
the configuration space of inhomogeneous bilayer us-
ing all-atom simulations have been proposed in recent
years.17,18 Alternatively, the use of simplified models
is one approach that can be used to simulation large
and complex cellular membranes.19 To decrease the
computational time, many simulation studies of lipid-
protein association in complex mixtures are based on
coarse-grained (CG) models, in which groups of atoms
are reduced to a single effective particle.15,20–22

A particularly difficult situation is encountered
when simulating a system in which some lipid com-
ponents are meant to be at very low abundance. To
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illustrate the situation, let us consider a concrete sys-
tem in which one lipid type is supposed to be at 0.1%
mole fraction. In setting up a simulation, one might
want to include one copy of this molecule in a system
with 1000 lipids. While this may seem reasonable,
the fixed number does not account for the consider-
able fluctuations that could occur at low mole fraction.
Furthermore, this naive treatment may become invalid
if some protein or other component is present that
recruits and increase the present of the lipid at low
abundance. For example, the mean number of nega-
tively charged lipids may increase in the neighborhood
of a positively charged protein, but this cannot occur
in a finite system if the number of those lipids is too
small. Fundamentally, the mean response to a local
perturbation is associated with number fluctuations,
and simulations with a fixed composition are inher-
ently unable to adapt in response to a local perturba-
tion. Typically, the practical solution is to simulate a
very large system, for example, with 10,000 lipids in-
cluding 10 copies of the lipid component at low abun-
dance. However, resorting to increasingly large system
can become computationally prohibitive.

Fundamentally needed is a representation of the
simulation box as an open system, in which the num-
ber of lipid can naturally fluctuate in equilibrium
with an infinite bath or “reservoir” with the desired
mole fraction for all lipid components. In principle,
Grand Canonical Monte Carlo (GCMC) simulation
algorithms can address this type of issue.23–27 How-
ever, attempting the full insertion or annihilation of
an entire lipid molecule with a non-zero acceptance
Metropolis probability in the context of an all-atom
membrane simulation is nearly impossible. These
practical difficulties can be partly alleviated by sub-
stituting the insertion/annihilation with a swapping
process, in which the two different types of lipids are
exchanged. This is the essence of the hybrid nonequi-
librium MD Monte Carlo algorithm (neMD/MC) for
lipid exchange that has been proposed recently to bet-
ter sample the configurations of all-atom membrane
models.28 The general idea of neMD/MC consists in
driving a system via a short nonequilibrium trajec-
tory to generate a new state that is then subsequently
accepted or rejected via a Metropolis MC step.29–32
Stern first introduced the neMD/MC method to sim-
ulate systems at a constant pH,33 though the original
idea dates back to an extension of Widom’s test par-
ticle method by Athenes.34

These hybrid simulation methods combining the
advantages of MC with the strengths of MD offer
promising strategies to efficiently sample the config-
urations of complex molecular systems. The abil-
ity of neMD/MC simulations to sample equilibrium
configurations provide an important tool for studying
complex biomolecule systems.35–40 More specifically,
the concept of enforcing equilibrium with an exter-

nal thermodynamic reservoir with exchanges driven
by a hybrid neMD/MC algorithm been also pro-
posed in the case of aqueous electrolytes.41,42 Kindt
and coworkers reported the first example of a hy-
brid MD/MC simulation of a bilayer involving lipid
mutations,43–45 followed by Fathizadeh and Elber
with the MDAS algorithm (Molecular Dynamics with
Alchemical Steps).46–48

To enforce equilibrium between a simulated system
and an infinite surrounding bath, we propose a hy-
brid neMD/MC algorithm, in which a randomly cho-
sen lipid molecule in the simulated system is swapped
with a lipid picked in a separate system serving as
a thermodynamic “reservoir” with the desired mole
fraction for all lipid components. Theoretical devel-
opments regarding the probability of exchanges in
the context of an infinite reservoir with the desired
mole fraction for all lipid components are presented
in the next section. The neMD/MC reservoir algo-
rithm is then examined and tested for few illustrative
systems with exchanges of the zwitterionic dilauroyl-
phosphatidylcholine (DLPC) and anionic dilauroyl-
phosphatidylglycerol (DLPG) lipids.

II. THEORETICAL DEVELOPMENTS

We consider an extended combined system corre-
sponding to a membrane bilayer comprising a simula-
tion box (s) together with a very large external reser-
voir (r). There are two type of lipids in the extended
system, a and b. We want to swap the lipids of type
a and b between the simulation box and the large ex-
ternal reservoir, as depicted in Figure 1.

In the extended combined system, the total number
of lipids of type a is Na, and the total number of
lipids of type b is Nb. The number of lipids of type
a and b in the simulation system is na and bb, and
the total number of lipids in the simulation system,
Ns = na +nb, is fixed. The number of lipids of type a
and b in the external reservoir is Na−na and Nb−nb.
For clarity, the formal development is pursued with
a finite number of lipids in the extended system. At
the final stage, we will take the limit that the external
reservoir is much larger than the simulated system,
with Na � na and Nb � nb.

We write the constrained partition function of the
extended system as,

Ξ =
∑
na≥0

∑
nb≥0

δna+nb,Ns

Na!

na!(Na − na)!

Nb!

nb!(Nb − nb)!∫
s

dRs e
−βUs(na,nb)

∫
r

dRr e
−βUr(Na−na,Nb−nb)

(1)

where Na and Nb are the total number of molecules.
Introducing the scaled coordinates X ≡ {xa, . . . ,xn}
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+ +

Figure 1. Schematic representation of lipid swapping within a combined system (dashed line box) comprising a finite
simulation system (left) and a thermodynamic reservoir (right). Depicted is a lipid exchange between a simulation box
(left) and a large external thermodynamic reservoir (right) of the polar head group of a lipid of type a (blue) with a lipid
of type b (purple) while retaining the original conformation of the hydrocarbon chains (green for type a and and red for
type b).

such that the coordinates become dimensionless and
varies between 0 and 1, we re-write this as,

Ξ =
∑
na≥0

∑
nb≥0

δna+nb,Ns

Na!

na!(Na − na)!

Nb!

nb!(Nb − nb)!

(Vs)
na+nb

∫
s

dXse
−βUs(na,nb)

(Vr)
Nb−nb+Na−na

∫
r

dXr e
−βUr(Na−na,Nb−nb)

(2)

The probability of a given configuration with na and
nb particles in the inner region is

P(na, nb) =
1

Ξ

Na!

na!(Na − na)!

Nb!

nb!(Nb − nb)!
(Vs)

na+nb (Vr)
Nb−nb+Na−na

e−β[Us(na,nb)+Ur(Na−na,Nb−nb)] (3)

An important prerequisite in constructing a valid
non-equilibrium simulation algorithm is that the sys-
tem relaxes to the correct statistical properties when
the channel is submitted to equilibrium boundary
conditions. Let us construct a Markov chain for the
system in which the fraction of particles 1 and 2
can vary by +1 (creation) or −1 (destruction) via
random transitions. This random walk in the number
of particles can be indicated schematically as,

· · · ↔ (na − 1, nb + 1)↔ (na, nb)↔ (na + 1, nb − 1)↔ . . .

Stepping toward the right replaces a lipid b by
a lipid a, Stepping toward the left replaces a lipid a
by a lipid b. There is an infinite number of Markov
chains with transition probabilities kna,nb→na+1,nb−1

and kna+1,nb−1→na,nb
converging towards the equi-

librium probabilities given by Eq. (3). A sufficient
condition to insure that the transition probabilities
will yield the correct equilibrium probabilities is to
impose the condition of detailed balance, i.e.,

P(na, nb) kna,nb→na+1,nb−1

= P(na + 1, nb − 1) kna+1,nb−1→na,nb
(4)

To proceed further, we need to determine the ra-
tio of the equilibrium probabilities, P(na + 1, nb −
1)/P(na, nb). If we add one molecule of type a and
remove a molecule of type b,

P(na + 1, nb − 1)

P(na, nb)

=
na!(Na − na)!

(na + 1)!(Na − na − 1)!

nb!(Nb − nb)!
(nb − 1)!(Nb − nb + 1)!

e−β∆W

=
(Na − na)

(na + 1)

nb
(Nb − nb + 1)

e−β∆W (5)

where ∆W is the neMD work to go from the poten-
tial energy [Us(na, nb) +Ur(Na − na, Nb − nb)] to the
potential energy [Us(na + 1, nb − 1) + Ur(Na − na −
1, Nb − nb + 1)]. Therefore, we have that

kna,nb→na+1,nb−1

kna+1,nb−1→na,nb

=
P(na + 1, nb − 1)

P(na, nb)

=
(Na − na)

(na + 1)

nb
(Nb − nb + 1)

e−β∆W (6)

Detailed balance provides only a constraint on the rel-
ative magnitude of the transition probabilities. We
write

kna,nb→na+1,nb−1 =

(
(Na − na)nb

C

)
min

{
1, e−β∆W

}
(7)

and

kna+1,nb−1→na,nb
=

(
(na + 1) (Nb − nb + 1)

C

)

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

02
30

22
6



4

min
{

1, e−β∆W
}

(8)

Setting the constant, C = (Na−na)nb+(na+1) (Nb−
nb + 1), we get,

kna,nb→na+1,nb−1 =(
(Na − na)nb

(Na − na)nb + (na + 1) (Nb − nb + 1)

)
min

{
1, e−β∆W

}
(9)

and

kna+1,nb−1→na,nb
=(

(na + 1) (Nb − nb + 1)

(Na − na)nb + (na + 1) (Nb − nb + 1)

)
min

{
1, e−β∆W

}
(10)

which can be shifted to the initial state na, nb by de-
creasing na by 1 and increasing nb by 1,

kna,nb→na−1,nb+1 =(
na (Nb − nb)

(Na − na + 1) (nb + 1) + na (Nb − nb)

)
min

{
1, e−β∆W

}
(11)

to obtain an expression for the removal of a lipid of
type a, Now, we take the limit that the external reser-
voir is much larger than the simulated system, with
Na � na and Nb � nb, and that it can essentially be
treated as an infinite reservoir with fixed mole frac-
tions fa = Na/(Na +Nb) and fb = Nb/(Na +Nb),

lim
Na,Nb→∞

kna,nb→na+1,nb−1

= P incr
a

×min
{

1, e−β∆W
}

(12)

and

lim
Na,Nb→∞

kna,nb→na−1,nb+1

= P decr
a

×min
{

1, e−β∆W
}

(13)

where

P incr
a =

(
(Na/Nb)nb

(Na/Nb)nb + (na + 1)

)

=

(
(fa/fb)nb

(fa/fb)nb + (na + 1)

)
(14)

and

P decr
a =

(
na

(Na/Nb) (nb + 1) + na

)

=

(
na

(fa/fb) (nb + 1) + na

)
(15)

are the probability for attempting to increase or
decrease the number of lipid of type a, respectively.
Similar statistical prefactors accounting for the

number density of the molecule of interest appear
also in the Grand Canonical Monte Carlo

algorithm.49 It is noted that the probabilities for
increasing or decreasing are symmetric with respect
to a and b. These expressions were derived assuming
that only lipid a and b are exchanged. However, if
the lipid of type a is anionic, it may be necessary to

simultaneously swap a cation (c) with a water
molecules (w) to maintain charge neutrality in the
simulated system. Further analysis shows that

accounting for this additional exchange introduces a
factor of ((nc + 1)/nw) (fw/fc) multiplying (na + 1)

in the expression for P incr
a , or the na in the

expression for P decr
a , where fc = Nc/(Nc +Nw) and

fw = Nw/(Nc +Nw) are the mole fraction of cations
and water molecules in the reservoir, respectively.

This analysis shows that, as long as the salt solution
in the simulated system remains stably at the same
concentration as the reservoir, the multiplicative

factor should be very close to unity with
((nc + 1)/nw) ≈ (fc/fw). For the sake of simplicity,
this additional factor was not included in the present
simulations. The basic steps of the algorithm are

given in Scheme II. [!h]

Fundamentally, Scheme II separates the probabil-
ity of the complete exchange event into two distinct
steps. In the first step, the probabilities P incr

a and
P decr
a from Eqs. (14) and (15) are used to deter-

mine whether one should attempt increasing or de-
creasing the number of lipid of type a. This is then
followed in a second step by calculating the computa-
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tionally expensive nonequilibrium work to accept or
reject this attempted exchange using the Metropolis
probability criterion.31 The resulting exchange proba-
bility is the product of the probability of each step. A
similar two-step scheme involving a probability asso-
ciated with the inherent pKa of ionizable residues was
also included in a neMD/MC constant pH simulation
algorithm.37,38

III. COMPUTATIONAL METHODOLOGY

A. Swapping protocol

Following Scheme II, the character of the attempted
swapped is randomly chosen based on the probabilities
P incr
a and P decr

a based on Eqs. (14) and (15). Figure 2
shows a detailed representation of the swapping proce-
dure. If the attempt is to increase (decrease) the num-
ber of lipid of type a, then a lipid of type a (type b) is
randomly chosen in the simulation system (called s in
Figure 2). Simultaneously, a lipid of type b (type a) is
randomly chosen in the reservoir (called r in Figure 2).
To maintain charge neutrality, a negative lipid is asso-
ciated with a random cation, and the neutral lipid is
associated with a random water molecule. The lipids
are swapped in the membrane, and the water molecule
and ion are exchanged in the bulk. The exchanges
follow the two steps “constrained dual-topology” pro-
cedure previously developed by the authors.28 For
the molecular system s, the lipid a (b) is chosen, then
copied in vacuum. The position of all the atoms of
a (b) is restraint. The lipid b (a) chosen in r is then
copied in this box of vacuum, such that the carbon
tails, common between the two lipids, are aligned, the
polar heads are approximately superposed, and the
oxygen of the water is aligned on the ion. A weak
restraint is added between the polar heads and an-
other one between the ion and water. A simulation
in vacuum is run to equilibrate the conformation of
the molecule b (a). Then, an alchemical simulation
is run in the molecular system s, with the common
atoms of a and b restraints, and the conservation of
the weak restraint between the polar heads, and the
water and ion. During this alchemical exchange, the
molecule a (b) is decoupled, and the molecule b (a)
are coupled. From this simulation, the nonequilib-
rium work associated with the exchange carried out
over the finite switching time tsw is computed using a
Thermodynamic Integration (TI) procedure,

W s
int =

∫ tsw

0

(
∂Uint

∂λ

)
λ̇(t) dt (16)

The same method is used for the molecular system
r. During the alchemical simulation r, the molecule b
(a) is decoupled and the molecule a (b) are coupled,
and the work associated with the exchange W r

int is

Figure 2. Schematic representation of the “constrained dual-
topology” exchange methodology. The variables s and r repre-
sent the simulation system (s) and the reservoir (r), xa,s

0 and
xb,r
0 are the coordinates and velocities of the molecules a and
b in their initial systems, ra,s0 and rb,r0 are the coordinates of

the molecules in the vacuum, ra
′,r

0 , rb
′,s

0 , xa′,r
0 and xb′,s

0 are
the coordinates (and velocities if written as x) of the molecules
in their new conformation in the other molecular system before
the exchange, xa,r

1 and xb,s
1 are the positions and velocities of a

and b in their final state after the exchange, Xs and Xr are the
coordinates and velocities of the rest of the systems, indexed as
0 for the initial values, and 1 for the final values.

computed using the same equation 16. The free en-
ergy associated with swapping configurations in the
constrained dual-topology paradigm depicted in Fig-
ure 2 is believed to be small in the present case and
is neglected.28 Then, a Metropolis test is run on the
nonequilibrium work to accept or reject the exchange:

T (a)(xa,s0 ,Xs
0,x

b,r
0 ,Xr

0 → xa,r1 ,Xs
1,x

b,s
1 ,Xr

1)
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6

= min

[
1, e−∆W/kBT

]
(17)

where ∆W = W s
int + W r

int. This Metropolis test
ensures the microscopic detailed balance, and thus
the convergence toward the equilibrium Boltzmann
distribution.31 Symmetric momentum reversal con-
ditions are applied before and after the attempted
exchange.30

Following Scheme II, there is a first test using the
probabilities based on Eqs. (14) and (15) to know if a
given exchange should be attempted (and which lipids
would be exchanged). The Metropolis test involving
the nonequilibrium work ∆W is executed as a second
step, only if an exchanged is attempted. It is worth
noting that there is no systematic bias in the two-
step algorithm, with the probabilities P incr

a and P decr
a

from Eqs. (14) and (15). For instance, it can verified
that the desired mole fraction fa is obtained exactly
in a simulation with an “ideal gas” representation of
the system setting ∆W artificially to zero (Supporting
Figure S1).

B. Simulation details

Four examples are being studied. The lipids con-
sidered are DLPG and DLPC. Two patches are being
equilibrated, each of them with 50 DLPC per layer.
One is a pure membrane, the other one has a peptide
in the middle of the membrane. The peptide is a he-
lix of 22 leucines in the membrane, with 9 arginines at
both ends. The arginines of this peptide should have
a high affinity with negatively charged lipids. These
two patches are equilibrated with two reservoirs: one
is a homogeneous mixture of DLPG and DLPC, with
50 lipids of each kind per layer and the other one is a
membrane with 99 DLPC and 1 DLPG per layer. The
two patches and the two reservoirs are shown Figure
3. The four examples studied are the equilibration of
each patch with the two reservoirs.

All the systems are created using the CHARMM-
GUI membrane builder.50 The two reservoirs are ap-
proximately 80 Å × 80 Å × 80 Å, with about 50,000
atoms. The small patch without peptide is 55 Å ×
55 Å × 80 Å,with about 25,000 atoms, and the one
with a peptide is 50 Å × 60 Å × 94 Å with about
35,000. In each system, the concentration of NaCl is
set up to be at 0.1 M. All simulations are performed
using NAMD51, in the NPT ensemble. The water is
described using the TIP3P model52, the lipids, ions
and peptide are described using the nonpolarizable
force field CHARMM3653. To keep the temperature
fixed at 315 K and the pressure fixed at 1.0315 bar,
Langevin thermostat and piston are used54. To han-
dle long-range interactions, the Particle-Mesh Ewald
algorithm is used55, and the van der Waals and elec-
trostatic interactions are truncated above 12 Å at

Figure 3. Simulated systems used for the study. On the first
row, the two patches that need to be equilibrated. On the
second row, the two reservoirs. In green: DLPC, in red: DLPG,
in blue and cyan: the peptide. The beads correspond to the
position of the phosphate group of each lipid.

a switching distance of 14 Å. To constrain covalent
bonds, the SHAKE/RATTLE56,57 algorithm is used,
and the SETTLE algorithm58 is used for the water.
The Hydrogen Mass Repartitioning (HMR) scheme59
is used, and all equilibrium MD and neMD/MC sim-
ulations were carried out with a time-step of 2 fs.

The alchemical exchanges are performed over 50 ps,
and the equilibrium MD simulations are 100 ps long.
The length of the MD is independent of the switches,
so can be made longer if desired. The main focus
of this project being to exchange lipids between two
systems, it was not necessary to make it long in this
context. The alchemical exchange is done without
soft-core potential60,61, with a linear modification of
the van der Waals and electrostatic interactions for λ
varying from 0 to 1. The alchemical TI code developed
by Radak39 was used.

It was shown previously that the efficiency of the
neMD/MC algorithm decreases if the switch is too
long, even though it would increase the probability to
accept and exchange.32 Therefore, the length of the
alchemical switch has been chosen to be as short as
possible. The two alchemical simulations (the one in
the small patch and the one in the reservoir) are done
using the same parameters. The equilibrium MD is
performed after 65 attempts. One attempt starts with
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7

the probability test described by the equations (14)
and (15). If this test does not allow to increase or
decrease the number of lipids, the attempt ends here.
If it allows to change the lipid distribution, the at-
tempt then continues to the corresponding alchemi-
cal exchange and the Metropolis test described by the
equation (17).

The concentration of the lipids in the reservoir is
supposed to be constant. Therefore, it is not neces-
sary to keep the lipid distribution after the exchange.
To limit the computational cost associated with the
reservoir, a unique trajectory of the membrane is gen-
erated using brute force MD. At each exchange, a
frame is randomly selected in the trajectory, and from
this frame, the coordinates of the molecules as well as
their velocities are extracted. These are used during
the alchemical exchange, but, after the exchange, once
the simulation is done and the work is computed, the
newly generated lipid distribution is not conserved.
The next attempt is done using another frame of the
initial trajectory. While Eqs. (14) and (15) are writ-
ten for an infinite reservoir, in practice, a finite simu-
lation system is used to calculate the nonequilibrium
work ∆W associated with the lipid exchange. This
approximation is expected to be valid as long as the
simulation system is sufficiently large.

IV. RESULTS

Figure 4 shows the work associated with the ex-
changes of lipids between the patch with peptide and
the reservoir at 1 % of DLPG. The histograms for the
other simulations are all similar (not shown). Figure

Figure 4. Histogram of the work associated with the exchanges
of lipids between the membrane system with a peptide and the
reservoir at 1 % of DLPG. Brown and indigo stand for rejected
and accepted exchanges, respectively.

5 shows the evolution of the mole fraction of DLPG in
each membrane equilibrated with the reservoir at 1 %
of DLPG. The observed mole ratio in the simulation

is about 0.56 % in the membrane without the peptide,
and 0.75 % in the membrane with the peptide, which
is somewhat lower than the expected value of 1 % set
by the reservoir.

Figure 5. Evolution of the number of DLPG in the simulated
systems equilibrated with a reservoir at 1 % of DLPG. Shown
are the membrane system without a peptide (top) and with a
peptide (bottom). The average without peptide is 0.56 %. The
average with peptide is 0.75 %.

Further analysis indicates that this discrepancy is
reduced when increasing the duration of the equilib-
rium MD trajectory between attempted exchanges or
the frequency. A close examination of the work asso-
ciated to the exchange attempts reveals that decreas-
ing the number of DLPG is associated with a lower
value of the work compared to increasing the num-
ber of DLPG (Supporting Figure S2). The observed
mole ratio of DLPG is larger when an equilibrium
MD simulation carried out is every 10 moves (Fig-
ure 5) compared to when when it is carried out only
every 65 moves (Supporting Figure S3). While this
does not indicate the presence of a systematic bias in
the algorithm, it suggests that convergence is slower
if the successive attempted exchanges are too strongly
correlated. Presumably, the local environment in the
membrane must be allowed to relax to a more stable
configuration after adding a new DLPG. In this case,
the algorithm would benefit from a longer equilibrium
MD between the attempted exchanges to converge to-
ward the correct mole fraction.

Figure 6 shows the evolution of the mole fraction of
DLPG in each membrane equilibrated with the reser-
voir at 50 % of DLPG. Both membranes show fluc-
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8

Figure 6. Evolution of the number of DLPG in the sim-
ulated systems equilibrated with a reservoir at 50:50 of
DLPG and DLPC. Shown are the membrane system with-
out a peptide (top) and with a peptide (bottom). The
average without peptide is 50.6 %. The average with pep-
tide is 50.6 %.

tuations around 50 % of DLPG. The membrane with
the peptide converges faster to this value than the sys-
tem without the peptide. It indicates that the peptide
drives and stabilizes the composition of membrane.
Figure 7 shows the lipid distribution within 2 Å of the
peptide. When the membrane is equilibrated with the
homogeneous reservoir, the attempts to increase the
number of DLPG are the majority, at least until a ho-
mogeneous composition of the membrane is reached.
The DLPG inserted in the membrane have more time
to relax before there is an attempt to get removed, so
they diffuse to bind to the peptide. The specificity of
protein-lipid binding is reproduced by the neMD/MC
method.

V. CONCLUDING DISCUSSION

Adopting a finite model that is representative of
a complex biological lipid membrane to carry out
MD simulations is often challenging. The difficul-
ties are further heightened when considering an in-
homogeneous system in which some components are
present at low abundance. In practice, simulation of
membranes with a fixed composition are inherently
unable to adapt in response to a local perturbation.
For example, the mean number of negatively charged

Figure 7. Local enrichment of DLPG in the neighborhood
of the peptide resulting from the neMD/MC simulation. The
lipid molecules within 2 Å of the peptide (in yellow) in the
membrane equilibrated with the homogeneous reservoir at 50%
DLPG mole ratio. The blue sticks represent the arginine, the
DLPG are in red and the DLPC are in green.

lipids may increase in the neighborhood of a posi-
tively charged protein, but this cannot occur in a fi-
nite system if the number of those lipids is too small.
The mean response to a local perturbation is associ-
ated with number fluctuations, which are ignored in a
closed system with fixed composition.

To enforce equilibrium between a simulated sys-
tem and an infinite surrounding bath, we designed
a novel hybrid nonequilibrium molecular dynamics -
Monte Carlo (neMD/MC) algorithm, in which a ran-
domly chosen lipid molecule in the simulated system
is swapped with a lipid picked in a separate sys-
tem standing as a thermodynamic “reservoir” with
the desired mole fraction for all lipid components. In
essence, the algorithm is akin to standard experimen-
tal procedures, where the lipid composition of a sam-
ple in terms of the mole fraction is chosen deliberately.

Admittedly, there is a computational cost associ-
ated with explicitly simulating the lipid exchange in
the reservoir at every attempted move. However,
while this decreases somewhat the efficiency of the
neMD/MC method relative to using a tabulated ex-
change free energy for the reservoir, the latter ap-
proach could give rise to difficult calibration issues.
In practice, explicitly simulating the lipid exchange in
the reservoir is simpler and more advantageous.

The neMD/MC exchange algorithm was tested with
a few illustrative systems with a DLPC:DLPG lipid
mixture. In practice, the exchange algorithm at-
tempts to swap the PC and PG polar head groups
while retaining the conformation of the identical hy-
drocarbon chains. A cation picked randomly was as-
sociated with the anionic DLPG molecule to preserve
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9

charge neutrality.
The tests show that the algorithm is able to popu-

late the simulation system in a manner consistent with
the mole fraction present in the thermodynamic reser-
voir, and enable number fluctuations consistent with
the finite size. A particular advantage of a neMD/MC
formulation based on exchange between a simulated
system and a reservoir is that it bypasses the need to
determine the excess chemical potential of the lipid of
type a and b that would be required in a Grand Canon-
ical Monte Carlo algorithm. It is our hope that the
algorithm will provide a useful methodology to gener-
ate realistic simulations of complex multi-component
membranes.

In the immediate future, the neMD/MC exchange
algorithm will be expanded to treat multi-component
systems with variations in polar head groups and hy-
drocarbon chains.7,10–12 One specific focus will be the
phosphatidylinositol bisphosphates (PIP2) molecule,
which makes up around 1% of the plasma mem-
brane composition but is found in higher concentra-
tions near intrinsic proteins and separate membrane
domains.62,63

SUPPLEMENTARY MATERIAL

Three Supplementary Figures are included: (S1)
the mole ratio of DLPG in equilibrium with a reser-
voir at 1% of DLPG for an gas neMD/MC simulation,
(S2) a histogram of the work associated with the ex-
changes of lipids between the patch with peptide and
the reservoir at 1 % of DLPG, (S3) the evolution of the
number of DLPG in the simulated systems. The sys-
tems are equilibrated with a reservoir at 1 % of DLPG
with a shorter MD simulations between attempted ex-
changes.
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