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Dry Martini

This chapter is based upon the manuscript:

Dry Martini, a coarse-grained force field for (bio)molecular simulations with implicit solvent

C. Arnarez & J.J. Uusitalo, M.F. Masman, H.I. Ingólfsson, D.H. de Jong, M.N. Melo, X. Peri-
ole, A.H. de Vries, S. J. Marrink, in preparation



Abstract

Coarse-grain (CG) approaches, such as the Martini model, allow simu-
lating larger systems for longer times by decreasing the number of de-
grees of freedom as compared to atomistic models. In practice atoms 
are grouped into chemical compounds forming new interaction centers 
(beads), which are individually parameterized to reproduce a set of ex-
perimental physicochemical properties. In this chapter, we introduce an 
extension of the Martini model where the aqueous phase is represented 
implicitly and was thus nicknamed “Dry” Martini in contrast to its standard 
“Wet” version. The main set of lipids available in the wet Martini model was 
reparameterized to reproduce their behavior in the standard version and 
following the same philosophy used to develop the standard Martini: em-
phasis is given to partition free energies of beads and building blocks and 
to various other physicochemical quantities relevant to lipid systems. The 
Dry Martini force field reproduces relatively well common features such as 
area per lipid, bilayer thickness, bending modulus of the standard Martini 
lipids. The absence of water leads to a speed-up from the standard Martini 
and therefore allows the study of extremely large-scale objects up to the 
experimental system size in some cases. The parameterization of the Dry 
Martini model and its systematic comparison to the standard version are 
presented before the illustration of its power on a few application systems.
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Introduction

Coarse grain (CG) models have gained 
a lot of popularity lately in the field of (bio)
molecular simulation. Neglecting some of 
the atomistic degrees of freedom, CG mod-
els allow for a substantial alleviation of both 
the spatial and temporal limitations of all-
atom models [47,135]. The Martini model is 
an example of a CG force field that has been 
widely applied to study a large variety of bio-
molecular processes, with a focus on cellu-
lar membranes [52]. The Martini force field is 
based on a combined top-down and bottom-
up parameterization strategy. Experimental 
data, in particular thermodynamic data such 
as partitioning free energies of small organic 
compounds, are used as main targets for 
parameterization of the non-bonded interac-
tions, and all-atom simulations are used to 
derive effective bonded interactions. Careful 
calibration of the Martini building blocks has 
resulted in a versatile CG model that still re-
tains a close link to the underlying chemical 
structures it represents. Due to the reduced 
number of degrees of freedom, as well as 
the speedup resulting from the smoothen-
ing of the energy landscape and the ability 
to use larger time steps, the Martini model 
samples phase space about three orders of 
magnitude faster than all-atom models. 

However, solvent degrees of freedom 
are computationally expensive, even though 
the Martini force field unites four water mol-
ecules in a single CG bead. For instance, in 
a recent Martini application of tether pulling 
from lipid membranes [136] some of the sys-
tems simulated contained close to 4 million 
CG beads of which more than 90% were 
water, implying that almost all of the con-
siderable computational effort was spent 

on calculating interactions involving solvent 
beads. Additionally, Martini water is essen-
tially a Lennard-Jones fluid, neglecting ex-
plicit H-bonding, dielectric screening, and 
entropic contributions from individual water 
molecules. Primarily, the Martini water mod-
el is used to mediate the hydrophobic driving 
force and to carry hydrodynamic momen-
tum. The shortcoming of implicit screening 
can be alleviated by the use of polarizable 
water models for Martini [54,137], but a water 
model that represents four real water mol-
ecules by a single bead remains necessarily 
limited. 

Given the computational burden and 
the simplistic representation of water, one 
may wonder whether the Martini model 
could do without explicit water altogether. 
CG models with implicit solvent are abun-
dant, and have been applied to study many 
aspects of generic membrane behavior [138-
141]. Recently, several groups have attempt-
ed to incorporate fine chemical detail into 
such models using structure-based coarse-
graining. Examples include the models of 
Lyubartsev and coworkers [142], Wang and 
Deserno [143], Sodt and Head-Gordon [144], 
and Curtis and Hall [145], all of which use 
similar number of CG beads per lipid (10‒15) 
and derive their CG potentials from repre-
sentative atomistic simulations. Wang and 
Deserno and Sodt and Head-Gordon add 
long-range attractive interactions on the lipid 
tails to mimic the hydrophobic effect, which 
they tune to fit experimental data. Curtis and 
Hall use hard-sphere and square-well poten-
tials in order to use discontinuous molecular 
dynamics and gain even greater speedup. In 
a recent model of Srivastava and Voth [146], 
with 3‒4 beads per lipid, analytical potentials 
describing the generic behavior of the lipids 
are combined with detailed force match-
ing potentials that give the model chemical 
specificity. 

Here we aim to provide an aqueous 
solvent-free version of Martini, so-called Dry 
Martini. Advantage over existing solvent-free 
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models is the large diversity of molecules 
already parameterized with the standard 
Martini. By recalibrating the interaction ma-
trix of the Martini building blocks, the new 
model can be directly applied to a variety of 
processes involving lipid membranes with-
out the need to go through a time consuming 
parameterization process based on all-atom 
reference simulations. We demonstrate the 
efficiency of our approach by comparing a 
variety of membrane properties between wet 
and dry Martini. These include area per lipid, 
average tail order parameter, lateral lipid dif-
fusion coefficient, and membrane area com-
pressibility for a large set of lipid types. We 
also compare the behavior of the explicit and 
implicit water models in a number of other 
important membrane processes, such as 
formation of raft domains, membrane fusion, 
and tether formation, as well as explore the 
use of Dry Martini for simulating membrane 
embedded helices. Extension of the Dry 
Martini force field to soluble proteins and 
aqueous solutions in general still requires 
further optimization.

The remainder of this chapter is orga-
nized as follows. We first describe the com-
putational methods, followed by the results 
with details on the Dry Martini force field 
parameterization and an extensive compari-
son of Dry Martini with the standard Martini 
model for a wide range of systems. Finally 
we discuss the merits and limitations of the 
model. 

Methods

Simulation setup

Simulations were performed with 
versions 4.5.x and 4.6.x of the GROMACS 
package [42]. Time steps of 30 to 40 fs were 
used to integrate the equations of motion 
unless mentioned otherwise. All solvent-free 
simulations used the second order stochas-
tic dynamics (sd) integrator in GROMACS 
with the friction in the Langevin equation 
set with a time constant of τT = 4.0 ps and 

a temperature of 310 K, unless mentioned 
otherwise. Simulations with explicit solvent 
were performed with the velocity rescaling 
thermostat of Bussi et al. [44] unless men-
tioned otherwise. The time constant of the 
thermostat was set to τp = 1.0 ps and the 
same reference temperature was used as in 
solvent-free simulations. For pressure cou-
pling, a Parrinello-Rahman barostat [147] 
was used. Homogeneous systems were 
simulated using isotropic pressure cou-
pling with a 1 bar reference pressure, a time 
constant τp = 4.0 ps, and compressibility of 
3∙10-4 bar-1. All bilayer systems were simu-
lated with a semi-isotropic pressure cou-
pling. In explicit water the directions paral-
lel and normal to the bilayer surface were 
coupled separately to a pressure bath. In 
solvent-free the box was fixed in the direc-
tion normal to the bilayer surface by setting 
the compressibility to 0. Furthermore, the 
membrane was made tensionless by set-
ting the reference pressure in the plane of 
the bilayer to 0 bar. Both wet and dry Martini 
simulations use the same cut-off and neigh-
bor searching schemes. Van der Waals inter-
actions were shifted to zero between 0.9 and 
1.2 nm. Coulomb interactions are screened 
by a relative permittivity constant εr = 15 and 
were shifted to 0 between 0 and 1.2 nm. The 
neighbor list extended to 1.4 nm and was 
updated every 10 steps.

Free energy calculations

Partitioning free energies were calcu-
lated using a free energy perturbation meth-
od to decouple the solute from the solvent. 
The free energy of each transformation was 
calculated with the Bennett’s acceptance 
ratio method (BAR) [148] as implemented in 
the g_bar GROMACS tool. Intramolecular 
interactions were not decoupled during the 
transformations. Each transformation was 
done with 15 windows and states placed 
twice as densely for λ between 0.30 and 
0.70. The soft-core parameters used were 
sc-α = 0.5, sc-power = 1 and sc-σ = 0.47. At 
each λ value the simulation time was 100 ns. 
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The sd integrator was used for both wet and 
dry Martini simulations to sample the weakly 
coupled states properly. The error estimates 
reported are standard errors obtained by di-
viding the data into 5 blocks. 

Potential of mean force calculations

The potentials of mean force (PMF) 
as a function of the distance between beads 
were obtained using umbrella sampling 
[149]. Umbrella windows were spaced 0.1 
nm apart and each window was simulated 
for 100 ns using a harmonic restraining po-
tential on the distance with a force constant 
of 1000 kJ.mol-1.nm-2. The separate distri-
butions were combined using the weighted 
histogram analysis method [113] as imple-
mented in the GROMACS program g_wham 
[114]. Bayesian bootstrapping of complete 
histograms was used to generate 200 PMFs, 
the standard deviation of which gave an es-
timate of the error on the PMF.

Radial distribution function calculations

Radial distributions functions (RDF) 
were calculated using the GROMACS tool 
g_rdf, according to

g(r) =
V

N2

〈
N∑

i=1

∑

j �=i

δ(r − rij)

〉
  

(6.1)

where V is the volume of the system, N the 
number of particles, δ is the Kronecker delta 
function and rij is the distance between par-
ticles i and j; the angle brackets indicate time 
averaging. The RDFs were calculated with a 
0.01 nm bin width.

Bilayer properties calculations

The bilayer thickness, lPO4, was taken 
as the distance between the density maxima 
of the PO4 beads (phosphate groups) of the 
lipids in the two leaflets (see below). The area 
per lipid, Al, was calculated from the average 
box area during the simulation divided by the 

number of lipids in each leaflet. The lipid tail 
order parameter, SCD, was calculated from 
the angle θ between the normal of the bilayer 
surface and the vector along each bond in 
the lipid tails, following

SCD =
1

2
(3〈cos2 θ〉 − 1)  (6.2)

The bilayer area compressibility, KA, 
was calculated as described in [48] from the 
amplitude of the box area fluctuations

KA = kBT
〈A〉

N〈(A−A0)2〉
  (6.3)

where kB is the Boltzmann constant, T the 
temperature, N the number of lipids in one 
leaflet and A0 the equilibrium area. The re-
ported errors are standard errors obtained 
from block averaging: the number of blocks 
is varied from having a single block until the 
number of blocks is high enough that each 
block has only five data points. The reported 
error is the maximum standard error found 
within the last 20% of the block sizes stud-
ied. 

The lateral diffusion of lipids was ex-
tracted from the mean square displacement 
(MSD) of the PO4 beads obtained with the 
g_msd tool in GROMACS. The center of 
mass motion of the system is first removed 
and the diffusion coefficient of the lipids, D, 
is obtained by fitting the MSD curve vs. time 
(omitting 10% of the data at both ends) with 
a linear regression MSD(t) = 4Dt + C, where 
the constant C takes care of the offset at 
t = 0. The reported error is the difference be-
tween fits done to the first and second half 
of the MSD curve. 

The lateral pressure profiles were 
determined using a modified version of the 
GROMACS package 4.0.2, available at ftp://
ftp.gromacs.org/pub/tmp/, following a for-
malism described previously [150]. Briefly, 
the lateral pressure, p(z), may be obtained as 
the difference between the lateral, PL, and 
normal, PN, components of the pressure ten-
sor, that is: PL = ½ (PXX + PYY) and PN = PZZ. In 
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practice the system is first divided into a 3D 
grid with a 0.3 nm cell size. The local pres-
sure tensor is then analyzed for each grid 
point and averages are calculated for x, y 
plane along the normal of the bilayer (z-axis). 

The membrane bending modulus, κ, 
was calculated from the undulation spec-
trum of a large lipid patch using the method 
described by Brandt et al. [151]. A wave vec-
tor bin spacing of 0.1 nm-1 was used. The q-
regime of the spectrum was fitted to 

Su(q) =
kBT

ALκq4
  (6.4)

where kB is the Boltzmann constant, T the 
temperature, AL is the area per lipid, and q is 
the wave vector.

The bilayer density profiles were calcu-
lated using the g_density tool in GROMACS. 
Note, density profiles of systems with a 
fixed dimension combined with a low preci-
sion used in the output file (0.01 nm poses 
problems but higher accuracy is fine) are 
sensitive to the number of slices used in the 
calculation. The reader is therefore warned 
that with some combinations of box size and 
number of slices artificially noisy profiles are 
produced. This is due to bins of the same 
width having a different number of discrete 
z values. With low precision each bin cov-
ers only ten or a few tens of values and a 
difference of 1 due to the binning can show 
up as 5‒10% spikes in the density profiles. 
This effect is not specific for Dry Martini but 
shows up as well in, e.g., standard Martini 
simulations with a fixed box length. Due to 
the way g_density treats the boundaries of 
the bins when the z dimension changes with 
pressure coupling this effect averages out in 
NpT simulations.

Constructions of planar bilayers and gi-
ant vesicles 

The planar bilayer systems were setup 
using the insane.py script, which distributes 
template lipids into a bilayer configuration 

minimizing conflicting overlaps; a subse-
quent energy minimization is sufficient to ob-
tain a conformation ready for equilibration. 
The initial bilayer structures are equilibrated 
in two steps. First, a short 0.5 ns simulation 
with a small time step (10 fs) is performed, 
followed by a 30 ns simulation with regular 
time step (30 fs) and using the Berendsen 
barostat [43] to equilibrate the box dimen-
sions. From this starting protocol several dif-
ferent membrane systems were simulated as 
detailed in the Results section. 

The vesicles were created with an-
other in-house script, vesicle-builder.py. 
The script builds arbitrary sized vesicles with 
arbitrary lipid composition in each leaflet. By 
approximating a vesicle with a polyhedron 
(each leaflet independently), the program 
orients and places lipids on a grid formed 
by each vertex such that planar lipid bilayer 
properties (area per lipid and bilayer thick-
ness, a weighted average in case of lipid 
mixtures) are respected. The deviation from 
these properties due to the curvature of the 
vesicles warrants careful relaxation before 
any production runs. Both scripts are avail-
able for download on the Martini portal, 
http://cgmartini.nl/.

Results 

Our aim is to build an implicit water, 
“Dry”, Martini force field, which while being 
much faster would reproduce the behavior 
of standard Martini as closely as possible. 
Thus, the most appropriate benchmark to 
test how well it performs is a direct compari-
son to results obtained using the standard 
wet Martini force field. After first introducing 
the parameters of Dry Martini, we compare 
the partitioning behavior of individual CG 
beads in wet and dry Martini, and investigate 
the dimerization of CG beads in different sol-
vents. Standard properties of lipid bilayers 
and details of their phase behavior are then 
described. Finally, we present a set of large-
scale applications. Issues related to the be-
havior of proteins in Dry Martini are present-
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ed in the last paragraph of this chapter. 

Dry Martini force field parameters

The Martini model differentiates be-
tween four main types of particle: polar 
(P), non-polar (N), apolar (C), and charged 
(Q). Within each type, subtypes are distin-
guished either by a letter denoting the hy-
drogen-bonding capabilities (d for donor, a 
for acceptor, da for both, and 0 for none) or 
by a number indicating the degree of polarity 
(from 1 for low polarity to 5 for high polar-
ity), giving a total of 18 particle types. Non-
bonded interactions between these particle 
types are described by a Lennard-Jones (LJ) 
12-6 potential. The strength of the interac-
tion, determined by the value of the LJ well 
depth, depends on the interacting particle 
types [46]. 

In Dry Martini, the removal of the 
aqueous phase has to be somehow com-
pensated for implicitly by other interactions 
of the force field. Instead of introducing a 
specific term to account for solvation effects, 
we chose to adjust the existing pairwise LJ 
interactions to retain the hydrophobic/hy-
drophilic behavior of molecules in standard 
Martini. The adjustment followed an iterative 
trial-and-error procedure where the effects 
of changes in the interaction matrix were 
tested against simulations performed with 
standard Martini. The general guideline for 
changing the relative strength of the inter-
actions followed our chemical and physical 
intuition coupled with our understanding of 
the Martini CG FF, as we describe below.

In standard Martini the hydrophobic 
effect is modeled by stronger pairwise inter-
actions between similar polar (P-type) and 
apolar (C-type) bead types than cross inter-
actions. In the implicit model where interac-
tions with the polar water phase are absent, 
the strength of interactions between polar 
beads had to be significantly decreased 
to mimic the hydration effect. In contrast, 
the interaction between apolar beads was 

strengthened to retain the hydrophobic ef-
fect as modeled in standard Martini. The 
resulting interaction matrix for Dry Martini is 
presented in Table 6.1. The original interac-
tion levels of standard Martini are kept al-
though the strongest levels (0 and I) are not 
used in Dry Martini. The description of the 
self-interactions between polar beads re-
quired the addition of three new interaction 
levels, X‒XII, with relatively weak interaction 
strengths: εX = 1.5 kJ.mol-1, εXI = 1.0 kJ.mol-1, 
and εXII = 0.5 kJ.mol-1. The treatment of ring 
particles in standard Martini, which are mod-
eled with smaller (S-type) beads, was kept in 
Dry Martini: σ is reduced to 0.43, and ε to 
75% of their normal values.

The lack of implicit solvent also led 
to the need of a readjustment of charge-
charge interactions. Charged beads (Q-type) 
are considered fully hydrated in Dry Martini. 
The Q-type self-interactions are therefore 
modeled with an increased σ = 0.60 nm. The 
screening of the Coulombic interactions is 
performed using a relative dielectric con-
stant εr = 15, the same as in standard Martini. 
Together with the shifting function applied 
on the potential this results in an effective 
distance-dependent screening, reaching in-
finity at the cutoff distance of 1.2 nm. 

Modifications of the non-bonded 
interactions lead inevitably to changes of 
the bonded parameters in a force field like 
Martini, where both terms are optimized si-
multaneously to reproduce the structural 
and thermodynamic properties of particu-
lar molecules and systems. For example, 
the increase of the interaction strength be-
tween apolar beads led to the need of an 
adjustment of the bonded parameters in 
the lipid tails to keep the same equilibrium 
bond lengths. Specifically the reference for 
the bond between the head group beads 
was shortened from 0.47 to 0.45 nm, while 
the bonds between the tail beads increased 
from 0.47 to 0.48 nm. The angle potential 
in the lipid tail was also adjusted to repro-
duce the areas per lipid and order param-
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eters of standard Martini lipid bilayers. The 
best fit was achieved by making saturated 
tails stiffer with an angle force constant of 
35.0 kJ.mol-1 (vs. 25.0 kJ.mol-1 in standard 
Martini) and changing the angle parameters 
of unsaturated tails to a reference angle of 
95.0° and a 20.0 kJ.mol-1 force constant (vs. 
100.0° and 10.0 kJ.mol-1 in standard Martini). 
The LJ interaction matrix and lipid topolo-
gies for Dry Martini are available at http://
cgmartini.nl/.

Partition free energies

The partitioning between polar and 
apolar solvents was a primary param-
eterization target for standard Martini [46]. 
Comparison between the partitioning be-

havior of wet and dry Martini is thus an im-
portant test. The properties of pure solvent 
models will naturally greatly influence the 
partitioning of the solutes. Despite the dras-
tic changes in the interaction matrix from 
wet to dry Martini, the densities of other 
solvents generally used for parameteriza-
tion (hexadecane, chloroform, ether, and 
octanol) are reasonably conserved in Dry 
Martini. Average densities were obtained 
from 100 ns simulation of systems contain-
ing 400 (solvents modeled by 1 bead) to 100 
(solvent modeled by 4 beads) solvent mol-
ecules at T = 310 K; values are reported in 
Table 6.2. Note that the particle types used 
to represent the solvents remain unchanged 
between wet and dry Martini: four C1 par-
ticles for hexadecane, C4 for chloroform, N0 
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Table 6.1 | The non-bonded interaction table for Dry Martini. The interaction levels dictate the strength 
of the Lennard-Jones potential between two bead types. Only the ε parameter changes according to 
the interaction level. From the strongest to the weakest interaction the levels have the following inter-
action strengths: ε0 = 5.6, εI = 5.0, εII = 4.5, εIII = 4.0, εIV = 3.5, εV = 3.1, εVI = 2.7, εVII = 2.3, εVIII = 2.0, 
εIX = 2.0, εX = 1.5, εXI = 1.0, εXII = 0,5 in kJ.mol-1. Note that Dry Martini only uses interaction levels II‒XII 
but the naming convention was kept the same as in standard Martini, e.g., level V of standard Martini 
has the same interaction strength as level V of Dry Martini. Most beads use the standard Martini inter-
actions distance σ = 0.47 nm. However, Q-Q interactions use σ = 0.60 nm. Note the interaction dis-
tance for level IX has been kept as σ = 0.62 nm as in standard Martini, for both regular and S-particles.
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for ether, and C1-P1 for octanol. The bonded 
interactions for aliphatic solvents (hexadec-
ane for instance), however, were adjusted 
in line with the changes operated on the 
bonded parameters for the lipids. Realistic 
masses were assigned to the CG beads for 
the calculation of the densities.

Although partitioning free energies 
can be obtained from equilibrium distribu-
tions of solutes in two-phase systems (vac-
uum/solvent in the case of Dry Martini), the 
method based on a thermodynamic cycle 
was used since it is more convenient and 
accurate. For Dry Martini the free energy 
of decoupling the solute from the solvent 
equals the partitioning free energy between 
that solvent and the implicit water phase. We 
used dodecahedron simulation boxes con-
taining 198 solvent molecules for single bead 
solvents, water and ether, 96 molecules in 
case of octanol and 69 molecules in case 
of hexadecane. All systems were simulated 
in a NpT ensemble at 310 K and 1 bar. The 
details of how the solute transformation was 
performed are presented in the Methods 
section. The resulting partitioning free ener-
gies of standard and Dry Martini, as well as 
experimental values are listed in Table 6.3. 
The correspondence between wet and dry 
Martini is rather good. The average unsigned 
deviation of the free energies is 2.9 kJ.mol-1 
and the median is 2.0 kJ.mol-1. Largest dis-
crepancies are found in case of charged 
particles (Q-type) partitioning between wa-
ter and either ether or octanol. With the cur-
rent range of interaction levels (cf. Tab. 6.1) 
we are unable to further optimize these par-
titioning free energies. However, due to the 

lack of experimental data for charged build-
ing blocks, it is difficult to assess how unre-
alistic the Dry Martini is in these cases.

Bead-bead PMFs & ion RDFs

To further examine the correspon-
dence between the standard and dry 
Martini, potentials of mean force (PMFs) be-
tween all possible pairs of bead type were 
computed both in water and in hexadecane 
(see Methods section for details). To accom-
plish this, simulated systems consisted of 
400 water or 100 hexadecane molecules in 
which the two solute beads were embedded. 
Examples of the resulting PMFs are shown in 
Figure 6.1. Note that the PMF between two 
beads in Dry Martini (implicit water) is equal 
to the non-bonded interaction potential be-
tween those beads.

The set of interactions shown in 
Figure 6.1A-D covers the main type of in-
teractions encountered in the Martini force 
field: namely apolar (C-type, Fig. 6.1A), non-
polar (N-type, Fig. 6.1B), polar (P-type, Fig. 
6.1C) and charged (Q-type, Fig. 6.1D). In all 
cases the PMFs indicates comparable inter-
action strength in wet and dry Martini. The 
most notable difference is the loss of struc-
ture in Dry Martini. In the case of charge-
charge interactions, the bead size increases 
(σ = 0.60 nm), mimicking the hydrated char-
acter of the beads, and results in a shift of 
the minimum to bigger distances.

Given the substantial differences ob-
served for the effective interactions between 
charged bead pairs, it is interesting to ana-

 

Solvent Exp. Wet Dry 

Hexadecane 773 659 694 

Chloroform 1483 1422 1591 

Ether 714 883 798 

Octanol 827 879 803 

 

Table 6.2 | Densities of solvents. The experimental densities are reported together with values from 
standard and Dry Martini. All densities are reported in kg.m-3. Experimental values were measured at 
293 K [152].
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lyze the behavior of ionic solutions. To this 
end we simulated systems containing 200 
Na+ and Cl— ions in a box of 682 nm3 vol-
ume, which corresponds to a ~500 mM ion 
concentration. Simulations with Dry Martini 
were performed at constant volume (NVT ). 
Standard Martini simulations were run in a 
NpT ensemble and contained explicit Martini 
water beads. In both cases the temperature 
was T = 310 K. The simulations were 1.6 μs 
long, from which the first 10ns were discard-
ed as equilibration. In Figure 6.2, we pres-

ent the results from these simulations in the 
form of radial distribution functions (RDFs) 
between the various ion pairs. The RDFs 
of like charge ion pairs (Na+-Na+ and Cl—-
Cl—) show similar differences between wet 
and dry Martini (Fig. 6.2B). The first neigh-
bor peak is found at a greater distance and 
long-range structure is lost in Dry Martini. A 
broad second neighbor peak is present with 
a significant overlap with the first neighbor 
peak, due to an unlike charged ion bridging 
the ions with like charge. 

 

 ΔGH→W ΔGC→W ΔGE→W ΔGO→W 

 exp wet dry exp wet dry exp wet dry exp wet dry 

Qda ? -56 -52 ? -21 -18 ? -14 -8 ? -22 -9 

Qd ? -56 -52 ? -21 -18 ? -14 -8 ? -15 -9 

Qa ? -56 -52 ? -21 -18 ? -14 -8 ? -15 -9 

Q0 ? -56 -52 ? -21 -18 ? -13 -8 ? -15 -9 

P5 -27 -31 -24 (-20) -20 -18 -15 -14 -8 -8 -9 -7 

P4 -25 -24 -24 ? -14 -16 -10 -7 -6 -8 -9 -7 

P3 -21/-19 -22 -22 -9 -11 -12 -2 -8 -3 -5/-1 -9 -6 

P2 -13 -17 -17 -5 -3 -2 -3 1 -3 -2 -4 -2 

P1 -10/-9 -13 -11 -2 -3 -2 -1/0 1 3 0/1 -2 2 

Nda -5 -9 -6 2 -2 -2 4 1 3 4 2 3 

Nd (-6) -9 -6 (1) -2 -2 (-3) 1 3 (3) 2 3 

Na -6/-5/-4 -9 -6 1/(4) -2 -2 (-1)/2 1 3 -2/-1/3 2 3 

N0 1 -4 2 ? 6 5 (3) 6 9 (3) 4 7 

C5 (7) 3 8 ? 9 10 ? 9 9 (9) 7 11 

C4 11/(7) 7 13 14 13 15 ? 13 12 9/11 10 13 

C3 12 11 13 ? 13 15 ? 13 12 12/13 12 13 

C2 ? 14 13 ? 13 15 ? 13 12 14 14 13 

C1 18 16 13 ? 15 15 ? 12 12 16 14 12 

 

Table 6.3 | Partitioning free energies between different solvents. All partitioning free energies are re-
ported as the free energy of moving the solute from the other solvent to water in kJ.mol-1. W denotes 
water, H hexadecane, C chloroform, E ether, and O octanol. The statistical error in each partitioning 
free energy is under 0.3 kJ.mol-1, however, all numbers are rounded to integers as the accuracy of the 
force field is considered to be at most 1 kJ.mol-1. Experimental values are from [153-158] and collected 
at temperatures between 298‒300 K. The experimental values in parentheses denote that the value 
was obtained from the result of a similar compound. A list of values is given when there are more than 
one model compound for the bead type in Martini. The Wet Martini values were recalculated using 
an identical procedure to the dry ones. The differences between the values reported here and in the 
original publication [46] are due to the improved sampling, and the setup of these simulations being 
infinitely dilute. In the case of octanol the values here represent dry octanol.
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The Na+-Cl— RDF (Fig. 6.2A) differs 
considerably between the explicit and im-
plicit solvent simulations. The first peak is 
lower, broader and located at a larger dis-
tance in the dry Martini, reflecting the im-

plicit description of full hydration while wet 
Martini models ions as partially hydrated. 
The inclusion of the full hydration in dry 
Martini charge particles was designed to 
describe the hydrated character of charged 
lipid head groups. In turn this feature pre-
vents tight binding of ions. The overall loss 
of structure beyond the first neighbor shell 
directly reflects the lack of solvation. 

General bilayer properties 

The hallmark of the parameterization 
of Dry Martini was a realistic description of 
lipid bilayers, making their properties the 
strong focus of the design of the force field. 
We previously described the modifications of 
the non-bonded interactions and the associ-
ated fine-tuning of the bonded parameters 
needed to reproduce lipid bilayer proper-
ties of the standard Martini model. Here we 
describe the extent to which the final set of 
lipid parameters for Dry Martini reproduces 
bilayer properties of the standard version.

We first focus on the behavior of a 
bilayer-forming lipid, the ubiquitous palmi-
toyloleoyl phosphatidylcholine (POPC). Dry 
Martini POPC lipids self-assemble into bi-

Figure 6.1 | Comparison of four bead-bead 
potentials of mean force (PMF) in wet and dry 
Martini. A) Na-Na, reproducing for instance in-
teractions between glycerol linkers in the Martini 
lipids. B) C1-C3, representative of tail-tail inter-
actions. C) SP1-SP1, reproducing the interaction 
between cholesterols main frame for instance. 
D) Q0+-Qa—, modeling the interaction between, 
e.g., choline and phosphate beads of PC lipids. 

Figure 6.2 | The radial distribution functions 
(RDFs) of ~500 mM NaCl solutions in wet and 
dry Martini. The RDFs between ions with like A) 
and unlike B) charges are shown separately.
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layers, as shown in Figure 6.3A for a system 
containing 504 POPC lipids at T = 310 K. The 
self-assembly process is similar to that ob-
served in atomistic simulations as reported 
in [159] as well as standard Martini simula-
tions [46]; starting from a randomly dis-
persed lipid solution (snapshot at t = 0 ns), 
a rapid local clustering of lipid tails results 
in a dense mesh of tubular aggregates that 
quickly relaxes to a bilayer structure. This 
initial bilayer still contains defects in the form 
of pores (t = 50 ns), which eventually seal, 
leaving an intact membrane (t = 100 ns). 

Structural and dynamics properties 
of the equilibrated self-assembled POPC 
bilayer in Dry Martini is compared to a stan-
dard Martini equivalent in Figure 6.3B-C. 
The density profiles along the bilayer nor-
mal (Fig. 6.3B) show that the distributions of 
both lipid head groups and tails are similar in 
the two models. A slightly more pronounced 
density dip in the core of the membrane can 
be noticed for the standard Martini. Other 
properties (area per lipid, bilayer thickness, 
area compressibility, and average tail order 
parameter) also compare well between the 
two models (Fig. 6.3C). The lipid lateral diffu-
sion rate is an exception. It is decreased by 
roughly a factor of three in Dry Martini. The 
reason for this difference in lateral mobility is 
the warranted use of a stochastic integrator 
in the absence of solvent, introducing fric-
tion into the equations of motion. 

As a final test on the POPC bilayer we 
computed the lateral pressure profile for a 
system containing 64 POPC lipid molecules 
in each leaflet and simulated with both wet 
and dry Martini. The two profiles are shown 
in Figure 6.3D, together with one obtained 
with the same method but from a simulation 
of a model at atomistic resolution [160]. In 
both versions of Martini the pressure profiles 
are smoother than at the atomistic resolution 
but the overall features of the profile, e.g. 
negative pressure in the head group regions 
and a positive pressure in the tail region, are 
preserved. However, in the dry version of 

Martini, these features are less pronounced 
compared to standard Martini. 

To extend our comparison of bilayer 
properties to other lipids than POPC, we 
created a large set of pre-formed lipid bilay-
ers combining four different phosphate head 
groups (phosphatidylcholine, PC; phospha-
tidylethanolamine, PE; phosphatidylglycerol, 
PG; and phosphatidylserine, PS) with 18 dif-
ferent lipid tails. Tail length was varied from 
two to six CG beads (representing atomistic 
tails from 8 to 26 carbons) and the level of 
saturation in the tail was varied from fully un-
saturated to fully saturated. Together this set 
of lipids covers a large variety of biologically 
relevant lipid species. Each system was com-
posed of 242 lipids and simulated for 1 ms at 
T = 310 K using the dry model. Reference 
simulations using standard Martini were 
performed under the same conditions, at full 
hydration level (> 11 CG water beads or 44 
waters molecules per lipid). In each case, 
the last 0.9 μs were used for analysis of the 
area per lipid, bilayer thickness, average tail 
order parameter, lateral lipid diffusion coef-
ficient, and membrane area compressibility. 
Correlation plots of dry vs. wet Martini for the 
area per lipid and bilayer thickness are given 
in Figure 5.4. The results for the remaining 
properties are available upon request. 

Overall, dry bilayers behave very simi-
larly to their respective wet version. A linear 
fit of the data gives a slope of 0.81 and 1.24 
with R2 values of 0.90 and 0.92 for areas per 
lipid and bilayer thicknesses, respectively. 
In both cases there is a high correlation 
between wet and dry Martini. However the 
deviation of the slopes from unity indicates 
that in dry Martini bilayers of short lipids 
are slightly too thin and the tails spread out, 
whereas bilayers of long lipids are slightly 
too thick and densely packed. As a direct 
consequence dry Martini lipids tend to go 
into gel phase at lower temperatures than in 
wet Martini, following more closely the ex-
perimental behavior. Lipids in different phas-
es in dry or wet Martini were excluded from 
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the bilayer properties comparisons above. 

Another property of interest is the 
bending rigidity of the membrane. To com-
pare the bending rigidity of Dry and standard 
Martini lipids, a bilayer patch of 8,192 DMPC 
lipids was simulated for 2.5 μs. This simu-
lation was used to calculate the undulation 
spectrum as described in Methods, discard-

ing the first 500 ns as an equilibration pe-
riod. The bending modulus, κ, obtained for 
dry DMPC lipids, 8.5∙10-20 J, is considerably 
smaller than the value recently published for 
wet Martini, 15‒16.6∙10-20 J [151]. However, it 
is very close to the value found for atomistic 
simulation, 7.5∙10-20 J [151], and in the range 
of experimental values reported for DMPC 
5‒10∙10-20 J [161]. The decreased bending 

Figure 6.3 | Properties of POPC bilayers in Dry Martini: A) self-assembly of a bilayer from a set of 
randomly oriented lipids. B) Normalized densities of the various moieties (phosphatidyl, PO4; choline, 
NC3; lipid tails) composing POPC lipids along the axes perpendicular to the bilayer plane (origin put at 
the center of the bilayer). Both wet (top) and dry (bottom plots) models are reported. C) Comparison of 
various POPC lipid physicochemical properties between wet (black) and dry (blue) Martini. D) Lateral 
pressure profiles for atomistic [160], wet, and dry Martini.
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modulus compared to wet Martini indicates 
that bending the bilayer becomes easier, 
which in turn leads to more undulations. This 
is consistent with the slightly broader distri-
butions in the lateral density and the lateral 
pressure plots of POPC (Fig. 6.3B and 5.3D 
respectively).

Lipid phase behavior 

To test further the parameterization of 
Dry Martini we simulated ternary mixtures of 
cholesterol (which includes ring particles), 
saturated (DPPC), and poly-unsaturated (di-
lineoyl phosphatidylcholine, DLiPC) lipids. 
Such ternary mixture is known to phase sep-
arate into liquid-ordered (Lo) and liquid-dis-
ordered (Ld) domains, both experimentally 
[162] and in standard Martini [163]. We simu-
lated bilayers containing 2000 lipids with 
DPPC:DLiPC:cholesterol ratios of 42:28:30 
and 28:42:30 for a minimum of 26 µs at T = 
310 K and starting from a randomized lipid 
lateral distribution. The final configurations 
from these simulations are shown in Figure 
6.5A-B. The system with the higher DPPC 
content phase separates into a distinct Ld 
phase enriched in DLiPC and a Lo phase 
composed of mostly DPPC and cholesterol. 
The system with higher DLiPC content also 
segregates, but the size of the Lo domain is 
decreased and the domain boundary is less 
sharp. In both cases the extent and compo-
sition of the domains is very similar to what 
has been observed with wet Martini [163]. A 
additional test simulation was performed on 
a binary DPPC:DLiPC 3:1 system. It shows 
some non-ideal mixing but no phase sepa-
ration, again in good agreement with results 
obtained with standard Martini.

One of the first successful application 
of standard Martini was the transition from 
a multi-lamellar to an inverse hexagonal 
phase for dioleoyl phosphatidyethanolamine 
(DOPE) lipids [164]. We repeated these sim-
ulations with Dry Martini. The system con-
sists of two stacked DOPE bilayers with 256 
lipids each simulated at 350 K. To help the 
nucleation of the two bilayers, an anisotropic 
pressure coupling was used together with 
non-null off-diagonal components of the 
compressibility matrix, set to 3∙10-5 bar-1. 
However, we did not observe the expected 
transition to the inverted hexagonal phase 
in any of the 13 trial simulations of various 
length, totaling ~20 μs. Starting from a DOPE 

Figure 6.4 | Correlation plot of lipid properties 
from wet and dry Martini. Comparing A) bilayer 
thickness and B) area per lipid of 72 different 
types of phospholipids. The dotted black line 
marks equality and the dashed black line shows 
a linear fit to the data (excluding lipids that go 
into gel-phase in Dry Martini). Lipids with differ-
ent headgroups are colorcoded: phosphatidyl-
choline (PC, black), phosphatidylethanolamine 
(PE, blue), phosphatidylglycerol (PG, green) and 
phosphatidylserine (PS, red). 
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Figure 6.5 | Lipid phase behavior with Dry Martini. A) Planar bilayers of ternary mixtures of cho-
lesterol (blue), DPPC (green), and DLiPC (red), after simulations of at least 26 µs. Compositions are 
DPPC:DLiPC:cholesterol 42:28:30 (shown as top and side views) and 28:42:30 (shown only as a top 
view). The two beads of the PC headgroups, as well as the bead containing the cholesterol OH group, 
are highlighted as spheres. B) Transition from multi-lamellar to inverse-hexagonal phase of a pure 
eicosapentaenoyl phosphatidylethanolamine system. Phosphatidyl and ethanolamine moieties are col-
ored in pink and cyan respectively, glycerol backbone in black, and the aliphatic section of the lipid 
tails in gray. C) Gel (250 to 329 K and 350 to 319 K) and fluid (250 to 331 K and 350 to 321 K) phases 
of a pure DPPC bilayer. Phosphatidyl and choline moieties are colored in pink and green respectively, 
glycerol linker in black.



dry martini

88

system in an inverted hexagonal configura-
tion, on the other hand, it remained stable 
with Dry Martini, pointing to a possible kinet-
ic trapping of either phase in Dry Martini. The 
spontaneous transition between the lamellar 
and inverted hexagonal phase could only be 
observed with long and highly unsaturated 
lipids, i.e. lipids with 2 or more unsaturations 
in both tails of at least 5 beads in length. An 
example of this transition is shown in Figure 
6.5B. Note, due to the absence of explicit 
solvent, the box volume shrinks during the 
transition. The water channels of the final 
(dry) inverted hexagonal phase are “filled” 
with the hydration shells of the lipid head 
groups, implicitly included in the increased 
size of the Q-type particles. 

The transition from a fluid to a gel 
state membrane has also been success-
fully simulated in standard Martini [165]. To 
test whether the same transition can be ob-
served in Dry Martini, we simulated a DPPC 
bilayer of 2,048 lipids from initially in a fluid 
phase (350 K) or in a gel phase (250 K) at 
different temperatures, from 281 to 339 K 
by steps of 2 K. Simulations were 10 μs long 
to ensure the convergence of the observa-
tion. Gel phase was obtained between 319 
and 321 K starting from a totally fluid sys-
tem, and the transition to fluid between 329 
and 331 K starting from a system initially in 
a gel state. The transition temperature of dry 
DPPC is slightly higher that standard Martini 
(295 ± 5 K [165]): 325 ± 5 K. This shift reflects 
the changes made to the bonded and non-
bonded parameters of the lipids. The behav-
ior of the system at 319/321 K and 329/331 
K is shown in Figure 6.5C. Note, the shift in 
transition temperature is not the same be-
tween wet and dry Martini for all lipids. In the 
evaluation of general membrane properties 
we found that, for some lipids, Dry Martini 
bilayers enter the gel phase whereas stan-
dard Martini bilayers remain fluid. 

The change in the transition temper-
ature seems to be dependent on the lipid 
type. Especially Dry Martini lipids with long 

fully saturated tail lipids and PE or PC head 
groups adopt a gel phase at lower tempera-
ture than with standard Martini. Interestingly, 
this behavior is more in line with experimen-
tal observations [162].

Another type of phase behavior that 
has been widely studied with standard 
Martini is micelle formation. The use of Dry 
Martini would offer a great computational 
benefit for these highly diluted systems. 
However, simulations of a number of sys-
tems comprising hundreds to thousands of 
surfactants, including lysoPC and negatively 
charged caprylic acid, reveal that although 
micelles are formed, the individual micelles 
have a strong tendency to cluster together. 
This is a direct consequence of the use of 
attractive pair potentials in Martini; the ab-
sence of explicit solvent allows the system to 
minimize its overall free energy by clustering 
of individual aggregates.

As a final characterization of lipid 
phase behavior, we calculated the PMF of 
moving a lipid through the membrane to 
quantify how likely lipid flip-flops are and how 
difficult it is to extract a lipid from a mem-
brane in dry Martini vs. standard Martini. A 
bilayer of 125 POPC lipids was used, 62 lip-
ids in each leaflet and one pulled through. 
Simulations were performed at T = 310 K, 
using umbrella sampling as described in the 
Methods. The PMFs obtained with wet and 
dry Martini are shown in Figure 6.6. The two 
curves are very similar except for the lower 
free energy barrier in the center of the bi-
layer in dry Martini. In each case, the barrier 
is large enough to prevent spontaneous flip-
flops on microscopic time scales, in line with 
the experimental evidence pointing to flip-
flop rates of seconds to days for phospho-
lipids [166]. Concerning the energy required 
extracting a lipid from the membrane, it is 
quite remarkable that Dry Martini reproduc-
es the free energy profile from membrane to 
water despite the total lack of interactions 
the lipid molecule experiences in the implicit 
water phase. 
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Large-scale applications 

Dry Martini offers a significant speed-
up in systems where water occupies a large 
proportion of the simulation box. Liposomes 
are prototypical examples of such systems. 
In standard Martini, the size of lipid vesicles 
is currently limited to 20‒40 nm in diameter. 
Alternative approaches such as mean-field 
boundary potentials removing a significant 
amount of the water from both the inside and 
outside of the vesicle, have been developed 
[167] to extend this range toward ± 100 nm 
in size. These sizes are the smallest range of 
vesicles that can be probed experimentally.

To study the properties of lipid ves-
icles modeled with Dry Martini, we first 
looked at the lamellar-to-vesicle transforma-
tion process. For this matter, a pre-equili-
brated POPC bilayer (361 lipids per leaflet) 
was placed at the center of a simulation box 
large enough so that the periodic boundary 
conditions were removed. The system was 
allowed to fully relax without any constraints 
under NVT conditions, at T = 310 K (Fig. 
6.7A). Rapidly, lipid head groups replaced 
the lipid tails exposed at the edges of the 
bilayer patch to form a bicellar intermediate 
(snapshot at t = 10 ns). A rather fast closure 
of the bicelle followed (t = 60, 70 ns) to form 
of a small vesicle (t = 100 ns). This process 
of vesicle formation is identical to that de-

scribed for standard Martini [168].

We then explored vesicles fusion with 
Dry Martini. To reproduce previous simu-
lation studies of this event with standard 
Martini [49], two pre-equilibrated POPC 
vesicles (composed of 722 lipids each) were 
placed approximately 1 nm apart and simu-
lated (at T = 310 K. The sequence of events 
depicted in Figure 6.7B shows a rapid en-
counter of the vesicles potentially driven 
by the absence of explicit solvent quickly 
followed by the formation of a hemifused 
state (t = 10 ns). Subsequently, a fusion pore 
opened connecting the two inner leaflets, 
leading to an elongated vesicle (t = 20 ns), 
which slowly relaxed to a spherical shape 
(t = 2 μs). Apart from this last relaxation 
event, the stages of vesicle fusion observed 
in wet and dry Martini are similar.

Another application involving large 
proportions of solvent is the formation of 
tethers. A recent publication described the 
study of this process using standard Martini 
[136], but at a large computational expense. 
We repeated some of these simulations us-
ing Dry Martini, removing 90% of the system 
that was water, with a consequential drastic 
decrease in computational cost. Two mem-
brane patches were simulated, a small one 
containing 4,608 lipids and a large one with 
21,632 lipids, both at T = 310 K. We used the 
modified version of DOPC lipids derived by 
Baoukina et al. [136]. The increased softness 
gained from the used of softer angle poten-
tials to describe the unsaturated tail eases 
the deformation of the bilayer and is man-
datory in both wet and dry Martini. Bond 
lengths and angle potentials were adjusted 
as for all other lipids in dry Martini. Tethers 
were pulled from both small and large mem-
brane patches using seven different pull-
ing forces (10, 20, 50, 100, 150, 200 and 
400 kJ.mol-1.nm-1), applied on a lipid patch 
with a 3 nm radius. Details of the pulling 
setup can be found in the original publica-
tion [136]. In Figure 6.7C, the development of 
the tether is shown for pulling forces of 100 

Figure 6.6 | Free energy profiles for the process 
of flip-flop and extraction of a single POPC lipid 
through a POPC bilayer. Profiles for both wet and 
dry Martini model are reported. The distance of 
0 denotes the position of the membrane center. 
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and 200 kJ.mol-1.nm-1 on the large patch with 
a snapshot at 1.3 μs of the system at high 
pulling force. Similarly to what Baoukina et 
al. [136] reported, it was found that a pulling 
force higher than 100 kJ.mol-1.nm-1 is neces-
sary for a tether to grow. Forces lower than 
100 kJ.mol-1.nm-1 did not result in tether for-
mation, but rather into protrusion and bend-
ing of the bilayer. Linear elongation of the 
tube was also limited by the finite bilayer size 
in the simulation. Like with standard Martini, 
the tether formation was reversible; reduc-

tion or removal of the external force resulted 
in tether retraction or complete membrane 
re-spreading. Thus, our results utilizing the 
Dry Martini force field correlate very well with 
those reported by Baoukina et al. [136]. It is 
worth mentioning that this type of simulation 
did not lead to tether formation when carried 
out in standard DOPC lipid systems. The 
need of extra flexible lipid tails seems to be 
crucial for the formation of tethers, at least at 
the time scale accessible to our simulations.

Figure 6.7 | Prospective applications of Dry Martini. A) Formation of a vesicle from a patch of pure 
POPC bilayer. Phosphatidyl and choline moieties are colored in pink and green respectively, glycerol 
linker in black, and the aliphatic section of the lipid tails in gray. To ease the visualization, the system 
was cut along the (x,z) plane. B) Fusion of two DOPC vesicles, and stabilization of the new vesicle 
formed. Identical color-coding as in A), and the same system truncation was performed to show the 
fusion process. C) Tether pulling of a system composed of modified DOPC lipids [136]. The tether 
length as a function of time is reported on the left panel for the two pulling forces tested. On the right, 
the conformation of the last frame of the 200 kJ.mol-1.nm-1 simulation; same color-coding as A) and 
B). The insert shows an incision of the tubular section of the tether demonstrating that it is hollow (i.e., 
filled with implicit water).
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Proteins

In this section we describe some tests 
on the combination of the Dry Martini model 
with proteins. Differences may be expected 
due to the changes in the interaction ma-
trix. We first analyzed the behavior of single 
amino acid side chains by computing side 
chain-side chain PMFs in various solvents 
for which reference simulations are available 
for standard Martini [95]. PMFs were deter-
mined for every possible side chain pair, in 
both dry “water” and hexadecane. Results 
for three pairs are presented in Figure 6.8; 
the complete set of PMFs is available upon 
request. The general trend is as follows: 
PMFs for side chains consisting of a single 
bead (Asn, Cys, Gln, Leu, etc.) reproduce 
standard Martini values relatively well, in line 

with the results already shown. However, as 
soon as the complexity of the side chains 
increases, the lack of entropy contribution 
from the solvent becomes problematic, 
causing an overestimation of the dimer sta-
bility in aqueous phase and an underestima-
tion in apolar solvent. We also determined 
the partitioning free energies of each side 
chain analogue between the same five sol-
vents (same protocol as used for the single 
beads). The results and their comparison to 
standard Martini are presented in Table 6.4. 
Dry Martini reproduces reasonably well the 
partitioning of side chain analogues con-
sisting of a single bead but again the cor-
respondence gets increasingly worse with 
complexity of the side chain; partitioning 
free energies for the aromatic side chains 
do not match the reference values of the wet 

 

 
ΔGH→W  ΔGC→W  ΔGE→W  ΔGO→W 

wet dry  wet dry  wet dry  wet dry 

Ile, Leu AC1 16 13  15 15  12 12  14 12 

Val AC2 14 13  13 15  13 12  14 13 

Pro C3 11 13  13 15  13 12  12 13 

Cys, Met C5 3 8  9 10  9 12  7 11 

Ser, Thr, 

Glu0 
P1 -14 -11  -3 -2  1 3  -2 2 

Asp0 P3 -22 -22  -11 -12  -8 -3  -9 -6 

Gln P4 -24 -24  -14 -16  -7 -6  -9 -7 

Asn P5 -31 -24  -20 -18  -14 -8  -9 -7 

Asp, Glu Qa- -56 -52  -21 -18  -14 -8  -15 -9 

Lys0 C3-P1 -1 17  7 23  11 19  9 21 

Lys C3-Qd+ -39 -21  -10 7  -3 8  -2 10 

Arg N0-Qd+ -51 -33  -15 -5  -9 4  -8 3 

Arg0 N0-P4 -27 -12  -10 -3  -4 6  -6 4 

Tyr SC4-SC4-SP1 2 46  15 50  19 37  15 42 

His SC4-SP1-SP1 -17 24  0 34  9 28  4 31 

HisH SC4-SP1-SQd+ -50 -6  -16 19  -5 17  -4 22 

Phe SC5-SC5-SC5 11 69  20 66  20 46  17 54 

Trp SC4-SNd-SC5-SC5 7 78  18 75  21 51  21 64 

 

 

 

Table 6.4 | Partition free energies of residue side chains in both standard and Dry Martini. The statisti-
cal error in each partitioning free energy is under 0.3 kJ.mol-1, however, all numbers are rounded to 
integers as the accuracy of the force field is considered to be at most 1 kJ.mol-1. Alanine and glycine 
are not reported in this table, being modeled only by their respective backbone beads. W denotes 
water, H hexadecane, C chloroform, E ether, and O octanol.
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model at all.

To test the effect of these discrep-
ancies on a simple membrane protein, we 
performed a simulation of a transmembrane 
helix, KALP, embedded in either a wet or 
dry DPPC bilayer. The system consists of 
316 DPPC lipids and 4 copies of KALP, and 
was simulated for 1 μs at T = 330 K. In both 
cases, a dynamic equilibrium is observed 
between monomeric and dimeric configura-
tions of the peptides. We also note very simi-
lar tilting modes for the isolated helices, and 
comparable dynamics of the lysine residues 
located on each extremity of the peptides. 
To further characterize the behavior of KALP 

helices in a bilayer, PMFs for dimerization 
were computed in both wet and dry Martini 
using the umbrella sampling technique as 
described in the Methods section. A 200 ns 
simulation was performed at each helix-helix 
distance from 0.5 to 4.0 nm with a spacing 
of 0.1 nm. Resulting PMFs (Fig. 6.9B) have 
a similar shape and predict a stable dimeric 
state, but the level of attraction between the 
peptides is much reduced with Dry Martini.

Discussion

We presented a new flavor of the 
Martini CG model: the Dry Martini version, 
which omits the aqueous phase. We param-
eterized Dry Martini to reproduce the main 
features of the standard or wet version, fo-
cusing on lipid systems. We chose not to in-
clude an explicit solvation term in the model 
but rather to adjust the non-bonded interac-

Figure 6.8 | Side chain-side chain mean force 
potentials in both aqueous and apolar solvents. 
Three types of interactions involving different 
sizes and charges of side chain are reported: A) 
Leucine-methionine pair, B) histidine-phenylala-
nine pair, and C) tryptophan-tryptophan pair.

Figure 6.9 | Performance of Dry Martini for mem-
brane proteins. A) Snapshots of two KALP he-
lices (red/yellow) embedded in a DPPC bilayer 
simulated with Dry Martini. Phosphatidyl and 
choline moieties of the DPPC membrane are col-
ored in pink and green respectively, glycerol link-
er in black, and the aliphatic section of the lipid 
tails in gray. B) PMFs as a function of distance 
between the CoMs of KALP peptides.
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tion matrix of standard Martini. This choice 
allows for a large gain in computational cost. 
However, removing the solvent from simu-
lation boxes induced a few limitations. The 
adjustment of the non-bonded interactions 
to implicitly include the effect of water, led to 
the need of re-calibration of some bonded 
interactions as well. The decrease in num-
ber of degrees of freedom is turning the 
force field even “coarser”. Therefore, the 
solvent-free model is more qualitative in na-
ture, although properties of membranes are 
relatively well preserved between dry and 
wet Martini. Importantly, Dry Martini keeps 
the flexibility and simplicity of the Martini 
building block approach, allowing easy ex-
tension of the model to other (bio)molecular 
systems. Together with the drastic increase 
in speedup and the possibility to simulate or-
der-of-magnitude larger systems, we expect 
the Dry Martini model to become a useful 
alternative to existing solvent-free models. 
Below we discuss the limitations, benefits, 
and potential applications of Dry Martini in 
more detail.

Limitations of the model

A significant limitation of CG force 
fields in general is due to the reduction of the 
entropy contribution in the simulated sys-
tems. In Martini some degrees of freedom 
are removed to convert chemical groups into 
beads, and the total entropy of the system 
is not conserved [169]. This issue is usually 
fixed by counterbalancing the missing en-
tropy in enthalpic components. Dry Martini 
is not an exception: degrees of freedom 
were removed compared to its wet ver-
sion, and the missing entropy of the system 
(here: solvent degrees of freedom) needs to 
be accounted for. To do so, the LJ interac-
tions between apolar beads were increased, 
providing a driving force mimicking the hy-
drophobic effect. The strength of LJ interac-
tions involving polar and charged particles, 
on the other hand, was decreased to take 
into account the implicit screening effect of 
hydrating water molecules. Three new levels 

were added (X to XII) to describe these weak 
interactions. 

These modifications led to some im-
portant limitations: simulations of systems 
involving mainly polar interactions are not re-
liable with Dry Martini. Highly polar solvents 
are weakly interacting in Dry Martini and thus 
prefer the gas-phase at room temperature. 
Dry Martini is meant for simulations where 
water is the main solvent and where the im-
plicit description of water can offer a large 
speedup compared to standard Martini. In 
all other systems, standard Martini should 
be used. It should be emphasized that in Dry 
Martini, a bead modeled to be in vacuum is 
actually in the (implicit) liquid water phase. 
This also means that by definition there is 
no gas-phase in Dry Martini. A traditional 
system of a solvent in a condensed phase 
co-existing with its gas-phase describes a 
two-phase system. In Dry Martini, particles 
that escape the condensed-phase to go to 
the gas-phase in fact enter the implicit liquid 
water phase. The related consequence is the 
impossibility to simulate systems solvated in 
polar solvents other than water. 

Another limitation of Dry Martini 
arises from the absence of purely repulsive 
interaction potentials (except between like-
charge particles). Non-bonded interactions 
being modeled by LJ potentials, all pair in-
teractions are attractive. This prevents the 
simulation of soluble proteins for instance, or 
equilibrium between membrane-bound and 
dissolved populations of compounds (drugs, 
amphiphiles, etc.). The inability to simulate 
the dynamics of micellar solutions is another 
example. Simulation of such systems will in 
general lead to a global aggregation of the 
molecules or aggregates present in the sim-
ulation cell. 

The lack of solvent also causes an un-
wanted stabilization of compounds formed 
of tightly packed beads, i.e. CG molecules 
in which beads partially overlap. This artifact 
is due to the way the implicit presence of 
water has been parameterized in the model: 
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the free energy term due to forming a cav-
ity in water has been included in the inter-
actions of the single beads with other sol-
vents, and especially with non-polar beads. 
This approach assumes that the cavity term 
will increase linearly with particle number 
for larger molecules. However, many of the 
protein side chains in Martini are formed of 
closely packed beads that require a cavity 
of significantly different size from the sum of 
cavities required by each of the beads indi-
vidually. This leads to difficulties in balanc-
ing the missing cavity formation term with 
other interactions present in the system. 
Consequently, partitioning and dimerization 
free energies for compact molecules are 
not properly reproduced with Dry Martini 
(cf. Fig. 6.8 and Tab. 6.4). As an example of 
the consequence of this effect in a biologi-
cal system, we showed the aggregation pro-
pensity of KALP peptides to be severely un-
derestimated (cf. Fig. 6.9). Even though this 
might actually be an advantage in terms of 
sampling, applications of this kind should be 
considered rather qualitatively.

Speed-up

The main advantage of Dry Martini 
is obviously the increase in computational 
speedup. The gain will naturally be propor-
tional to the number of water beads removed. 
In a simple bilayer system, where about half 
the system is composed of lipids, the im-
provement will be less significant than for a 
system composed of a large vesicle (thou-
sands of lipids) where > 90% of the simula-
tion box is filled with water (millions of parti-
cles). Within this study, we found a speed-up 
close to a factor of 2 for small bilayer sys-
tems to 1‒2 orders of magnitude for a ves-
icle with a diameter > 100 nm. Besides the 
computational advantage due to a reduced 
number of particles, a few other issues are 
also important in assessing the efficiency of 
Dry Martini. In the highly inhomogeneous ex-
ample of a large vesicle, the algorithm used 
(in GROMACS) to split the force calculations 
over multiple processors is also of prime 

importance. Most of the system now being 
vacuum (implicit water), the decomposition 
in domains for parallel computation needs 
to be chosen with care. Furthermore, the 
use of a stochastic integrator (introducing 
frictional components to the equations of 
motion) decreases the diffusive sampling in 
comparison to the standard Martini model. 
For lipids, for example, the lateral diffusion 
rate is reduced by a factor of three with the 
particular settings used in our simulations. 
A potential remedy for this slow down is the 
use of Dissipative Particle dynamics (DPD)-
type thermostats. DPD-based algorithms 
that minimize the effect on system dynamics 
are currently being developed [170]. Finally, 
some applications may benefit from the in-
creased sampling rate due to the decrease 
or absence of energetic barriers. In par-
ticular hydration barriers do not exist in dry 
Martini, causing, e.g., very fast membrane 
fusion (cf. Fig. 6.6B). The reduced tenden-
cy for membrane proteins to stick together, 
as exemplified for the KALP dimer (cf. Fig. 
6.9B), is computationally advantageous and 
opens the way for fast exploration of multi-
protein configurations. 

Potential applications

The Dry Martini force field has been 
primarily designed for simulations of sys-
tems containing a large amount of aqueous 
solvent. In its current form, aimed at repro-
ducing lipid properties, applications involv-
ing membrane remodeling seem most ap-
propriate. A useful application could be the 
study of the effects of curvature on proper-
ties of liposomes; with Dry Martini the mac-
roscopic limit is within reach. Tether forma-
tion and vesicle fusion and fission could be 
studied over a large range of system sizes, 
and state conditions can be systematically 
probed. The role of membrane domains such 
as lipid rafts, for instance, can be assessed. 
Furthermore, exploring the effect of curva-
ture generating additives (including a large 
variety of membrane active compounds and 
peptides) should be feasible. Finally, the dry 
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Martini model can be used to study the large 
scale lateral organization of complex mem-
branes, including sorting and clustering of 
membrane embedded proteins, at least for 
qualitative purposes.

Another range of applications of dry 
Martini is for equilibration purposes. Due to 
the reduction in particle numbers and the 
absence of hydration barriers, we found 
dry Martini to reach equilibrium states with 
much less computational effort compared 
to the wet version. An effective strategy for 
setting up a new system would be to equili-
brate it first with dry Martini, after which the 
system would be solvated and continued 
using standard Martini. Given the similarity 
between the wet and dry Martini models, the 
simultaneous use of both wet and dry mod-
els within the same system could be drafted, 
allowing “finer” descriptions of the inter-
actions badly reproduced by dry Martini. 
Knowing the relatively slow lipid flip-flop rate 
induced by these models, we could imagine 
filled vesicles with the outer membrane de-
scribed with dry Martini and the inner mem-
brane with wet Martini. 

In conclusion, we provided a water-
free version of the popular Martini CG force 
field, based on a careful recalibration of 
the pairwise interaction matrix of the build-
ing blocks (the CG beads). The new model, 

coined Dry Martini, performs well in describ-
ing general membrane properties. Area per 
lipid, membrane thickness, area compress-
ibility and lipid order compare well to stan-
dard Martini for a large set of different lipids. 
Collective processes such as domain forma-
tion and gel phase transition are also repro-
duced in Dry Martini. However the model 
has limitations. Notably in its current form 
the model does not mimic aqueous solutions 
very well, e.g. proteins or micelles cluster 
into global aggregates. Applications involv-
ing membrane proteins have to be consid-
ered with care. In general, more systematic 
testing has to be performed. Keeping these 
restrictions in mind, the potential of the Dry 
Martini model is large. The model benefits 
from the extensive set of existing well-stud-
ied systems of standard Martini. Compared 
to other CG models that often describe lip-
ids in a more simplified manners, Dry Martini 
maintains the chemical specificity between 
different sorts of lipid (head groups and side 
chains) while keeping the same increase in 
speedup and sampling induced by the lack 
of solvent. We expect Dry Martini to be par-
ticularly useful in the study of membrane 
processes involving 100,000‒10,000,000 
lipids, including e.g. liposome fusion and 
budding, tether formation, lateral domain 
formation, and large-scale membrane (re)
organization. §




