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Motivation 

•  Combating bacterial inherent resistance. 
•  Drug development mainly uses brute force rather than 

rational design. 
•  Current experimental approaches lack molecular detail. 
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Coarse-graining + enhanced methods= 
success 

studies of the lamellar to inverted hexagonal phase transforma-
tion35 and of the stability of bicelles40 suggested that the
spontaneous curvature of CG phospholipids is too negative, i.e.,
the tendency to form nonlamellar aggregates is too high. In both
studies an ad hoc solution (increasing the hydration strength of
the phosphate moiety) was found to lead to improved behavior.
Furthermore, the original CG model uses a water model which
has a tendency to freeze too easily, especially in confined
geometries (e.g., sandwiched between membranes). Finally, the
original model suffers from a somewhat too coarsened definition
of interaction energy levels, making the mapping of CG
interaction sites to real chemical compounds unnecessarily
crude.
Here we present an improved version of the CG forcefield

in which we solve the problems mentioned above by (i)
including more interaction energy levels and particle types and
(ii) performing a thorough analysis of partition free energies
linked to chemical functional groups, without compromising the
speed and simplicity of the previous version. In addition, we
present a protocol that allows the modeling of ring structures,
with an application to cholesterol. The new force field is coined
the MARTINI force field for biomolecular simulations. For one,
Martini is the nickname of the city of Groningen where the
force field was developed. It also reflects the universality of
the cocktail with the same name; how a few simple ingredients
(read: chemical building blocks) can be endlessly varied to
create a complex palette of taste. The version described in this
paper should be referred to as MARTINI 2.0.
The rest of this paper is organized as follows. A detailed

description of the new force field is presented in the next section.
The results/discussion section is subdivided into three main
parts: first it is shown how partitioning free energies of a large
range of small compounds can be reproduced; subsequently the
improved behavior for DPPC (dipalmitoyl-phosphatidylcholine)
membranes is illustrated; and finally the newly derived param-
eters for ring structures are applied to a DPPC/cholesterol
system.

2. Model

2.1. Interaction Sites. Similar to the previous model,23 the
updated model is based on a four-to-one mapping, i.e., on
average four heavy atoms are represented by a single interaction
center. For ring structures a different mapping is introduced, as
will be explained below. In order to keep the model simple, we
still consider only four main types of interaction sites: polar
(P), nonpolar (N), apolar (C), and charged (Q). Each particle
type has a number of subtypes, which allow for a more accurate
representation of the chemical nature of the underlying atomic
structure. Compared to the previous version, the total number
of subtypes has increased from 9 to 18. Within a main type,
subtypes are either distinguished by a letter denoting the
hydrogen-bonding capabilities (d ) donor, a ) acceptor, da )
both, 0) none), or by a number indicating the degree of polarity
(from 1, low polarity, to 5, high polarity). The mapping of some
of the molecules studied in this paper is shown in Figure 1. All
graphical images presented in this paper were prepared using
VMD.49
2.2. Nonbonded Interactions. The form of the interaction

potentials remains unchanged from the previous model. A
shifted Lennard-Jones (LJ) 12-6 potential energy function is used
to describe the nonbonded interactions

with σij representing the closest distance of approach between
two particles and ϵij the strength of their interaction. The same
effective size, σ ) 0.47 nm, is assumed for each interaction
pair, except for the two special classes of rings and antifreeze
particles (see below). There is one other exception: for
interactions between charged (Q-type) and the most apolar types
(C1 and C2) the range of repulsion is extended by setting σ )
0.62 nm. This change makes it more favorable for charged
particles to keep their hydration shells when dragged into an
apolar medium. The interactions within the new model are now
divided into 10 levels, instead of the 5 levels in the previous
version. This allows for more fine-tuning in the reproduction
of experimental solubilities. The interaction strength ϵ of each
of the interaction levels is as follows: O, ϵ ) 5.6 kJ/mol; I, ϵ
) 5.0 kJ/mol; II, ϵ ) 4.5 kJ/mol; III, ϵ ) 4.0 kJ/mol; IV, ϵ )
3.5 kJ/mol; V, ϵ ) 3.1 kJ/mol; VI, ϵ ) 2.7 kJ/mol; VII, ϵ )
2.3 kJ/mol; VIII, ϵ ) 2.0 kJ/mol; and IX, ϵ ) 2.0 kJ/mol (with
σ ) 0.62 nm). The level of interactions between the different
CG sites is summarized in Table 1. The most polar interaction,
level O, models compounds that are solid at room temperature.
It is also used for the strong hydration shell of charged groups.
The level I interaction models strong polar interactions as in
bulk water, levels II and III model more volatile liquids such
as ethanol or acetone, level IV models the nonpolar interactions
in aliphatic chains, and levels V-VIII are used to mimic various
degrees of hydrophobic repulsion between polar and nonpolar
phases. Level IX finally describes the interaction between
charged particles and a very apolar medium. Level I corresponds
to level I in the previous version of the model, levels II and III
are split from the old level II, level IV corresponds to the old
level III, level VI to the old level IV, and level VIII to the old
level V.
In addition to the LJ interaction, charged groups (type Q)

bear a full charge qi,j interacting via a shifted Coulombic
potential energy function

with relative dielectric constant ϵr ) 15 for explicit screening.
The strength of the screening has been reduced slightly (from
ϵr ) 20) with respect to the previous version of the model. This
change was required to balance the increased hydration strength
of many of the CG particle types in comparison to the previous
model. In combination with a decreased screening, key structuralULJ(r) ) 4ϵij[(σijr )12 - (σijr )

6] (1)

Figure 1. Mapping between the chemical structure and the coarse
grained model for DPPC, cholesterol, and benzene. The coarse grained
bead types which determine their relative hydrophilicity are indicated.
The prefix “S” denotes a special class of CG sites introduced to model
rings.

Uel(r) )
qiqj

4πϵ0ϵrr
(2)
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can everything be 
coarse grained? 

•  They both help to overcome energy barriers while 
transitioning between states. 

•  When properly combined they become a very powerful 
sampling technic. 

	 Atomistic	level	 Coarse-grained	level	 Exp.	

Water	 1.4x10-3	(1)	
6.8x10-2	(2)	
4x10-2	(2)	
1.3x10-2	(3)	
1.6x10-2	(4)	
7x10-2	(5)	

4.44x10-4	 8.3x10-3	(6)	
7x10-3	(7)	
4x10-4	(8)	
6x10-4	(9)	
	

Acetamide	 8.2x10-2	(1)	
6.6*10-3	(3)	

4.6x10-4	 1x10-4	(10)	
1.7x10-4	(11)	
2.9x10-4	(5)	

Acetic	acid	 1.4x10-1	(1)	
1.3x10-1	(3)	

4.7x10-3		 6.9x10-3	(11)	
6.6x10-3	(12)	
5x10-3	(13)	

Butane	 7.3	(1)	 1.1	 ------------	
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and intramolecular effects like charge delocalization, internal electro-
static bonds, and folding often increase lipophilicity [6,13], and these
effects could make a difference also for the zwitterionic form of CPFX.

Taken together, the available data suggest that not only the small
fraction of neutral-form FQs translocates through the lipid bilayer. In-
stead, in some unknownmanner diffusion of zwitterionic FQs across a
bilayer does take place, too, to account for the high portion of the
translocated drug. Importantly, to understand the action of FQs in
general, one first has to unravel its translocation mechanism.

To this end, we use here atomistic molecular dynamics (MD) sim-
ulations to study the behavior of both neutral and zwitterionic CPFX
in water as well as their translocation across a lipid bilayer composed
of unsaturated phosphatidylcholine (PC) molecules. While many bac-
terial membranes consist of a mixture of phosphatidylethanolamine
(PE) and phosphatidylglycerol (PG) lipids, the PC bilayer considered
here offers a good starting point for our simulations, as it is the
most studied and best understood membrane model overall. Further-
more, we determine the free energy profile of CPFX across the lipid
bilayer and use it to discuss permeation characteristics of the drug. Fi-
nally, these classical simulations are complemented with quantum
mechanical (QM) calculations at density functional theory (DFT)
level to address questions raised by atomistic MD simulations and
to propose a complete picture of the penetration process.

2. Computational methods and models

2.1. Molecular dynamics simulations

Atomic-scale MD simulations of neutral and zwitterionic CPFX
molecules were performed both in the presence and in the absence
of 1,2-Dilinoleoyl-sn-Glycero-3-phosphatidylcholine lipid bilayer.
We used a previously equilibrated lipid bilayer [14] consisting of
128 PC molecules, which are phospholipids with di-unsaturated hy-
drocarbon chains, each including 18 carbons with double bonds at
positions 9 and 12 (linoleic acid, 18:2c9,12). Long tails were chosen
as they ensure that the bilayer is in the fluid phase. Fully hydrated bi-
layers with either ~3250 or ~7500water molecules were considered,
resulting in two different thicknesses for the water layer. In the
starting configuration 10 CPFXmolecules were distributed randomly
in the water phase.

We used the all-atomOPLS (optimized parameters for liquid simula-
tions) force field [15–18] with partial charges on the PC head group
taken from Takaoka et al. [19]. Details of the force field implementation
are given in ref. [14]. It was shown by Rog et al. that this parameteriza-
tion reproduces correctly the properties of lipid bilayers composed of
the given phosphatidylcholines [20]. Partial atomic charges for CPFX
were derived in line with the OPLS methodology by fitting them to
the electrostatic potential using the RESP procedure [21]. First, the
Merz–Kollman molecular electrostatic potential (MEP) was computed
for the optimized molecule structure [22]. The MEP calculations were
performed at Hartree–Fock level by employing the 6–31G* basis set
using the Gaussian 03 program [23]. The charge fitting was done auto-
matically using the RESP ESP charge derived (R.E.D.) software version

III (a, b, c). Water was described by the TIP3P model, which is compat-
ible with the OPLS parameterization [24].

Simulations in every system were performed using the GROMACS
software package [25,26] over a time scale of 300 ns. The steepest-
descent algorithmwas employed tominimize the energies of the initial
structures prior to actualMD simulations. Periodic boundary conditions
were used in all directions with the minimum image convention. The
LINCS algorithm [27] was employed to constrain covalent bonds, and
the time step was set to 2 fs. The simulations were carried out at con-
stant pressure (1 bar) using semi-isotropic control [28]with a time con-
stant of 2 ps. The bilayer systems were kept in the fluid phase at 310 K
with theweak coupling Berendsen scheme [28] using a time constant of
0.2 ps. The Lennard–Jones interactions were cut off at 1.0 nm, and for
the electrostatic interactions we employed the particle mesh Ewald
method with a real space cutoff of 1.0 nm. The list of non-bonded
pairs was updated every 10th time step. The simulation protocol used
in this study has been successfully applied in many previous MD simu-
lation studies of lipid bilayers [14,20,29–31].

2.2. Free energy profiles from z-constraint calculations

In order to obtain detailed information on the energetics of CPFX
partitioning, a set of simulations with constraints was performed for
both the zwitterionic and the neutral forms of CPFX. The center of
mass of CPFX was constrained in z direction (along the membrane nor-
mal direction) at a total of 35 different locations from the membrane
core to the bulk water phase with a spacing of 0.1 nm. The starting con-
figurations for these windows were obtained by first pulling the CPFX
molecule from the water phase to the membrane center with an um-
brella potential, whose reference point was moved at a constant veloc-
ity. The frames with correct distances between themembrane center of
mass and the CPFX molecule were then extracted from the obtained
trajectory.

Each windowwas simulated for 15 ns, and the latter half was used
in the analysis. A rather long equilibration time was employed to en-
sure that the molecule probed its equilibrium orientations within the
membrane. Even though the z coordinate of the CPFX molecule was
constrained in the simulations, the molecule was allowed to diffuse
freely in the xy-plane. The value of the force experienced by CPFX in
z direction was saved every 10 steps. The excess free energy with re-
spect to water at a chosen depth z from the bulk water phase was
obtained through integration of the mean of this force in the direction
of pulling. All free energy profiles were calculated for one lipid leaflet
and have been symmetrized. Other simulation parameters were kept
at the same values as in the equilibrium MD simulations described in
Section 2.2.

2.3. Quantum mechanical calculations

Density functional calculations (DFT) with the gradient corrected
BLYP (Becke–Lee–Yang–Parr) functional and the double zeta valence
with polarization (DZVP) basis set, as implemented in the Turbomole
software package [32], were employed in all calculations. The Grimme's

Fig. 1.Molecular structures of neutral and zwitterionic CPFX. The central structural unit of CPFX is a quinolone ring with the fluorine atom at C-6, a piperazine moiety at C-7,
a cyclopropyl ring at position 1 and a carboxyl group at position 3.

2564 O. Cramariuc et al. / Biochimica et Biophysica Acta 1818 (2012) 2563–2571

is essential since the drug-receptor associations and drug–
membrane interactions are involved in the molecule-mole-
cule interaction with the complementary conformations. On
the basis of microspecies distribution, explaining interac-
tions between amphoteric quinolones and ordered phospho-
lipid membrane will be discussed in a later report. A
concentration ratio of neutral/zwitterionic forms of GPFX
(7.64%) was near 4-fold greater than that for CPFX
(2.09%), leading to reduced zwitterionic and increased
neutral fractions for GPFX (Fig. 5). It had been found that
the ratio varied greatly among the quinolones [13] and heav-
ily influenced their apparent partition coefficients [17].

3.2. pH-Dependence in the apparent partition coefficient for
GPFX and CPFX

In Fig. 6, log DO/B,pH versus pH profiles for GPFX and
CPFX took the form of bell-shape and both peaks were
reached at near pI of GPFX (7.95) and CPFX (7.46) deter-
mined in this study, respectively. Also, DO/B,7.4 of GPFX
(5.13) was 31-fold greater than that of CPFX (0.166),
suggesting that GPFX was far more lipophilic than CPFX.

Recent studies had shown that GPFX uptake by human
polymorphonuclear leukocytes achieved a maximum at pH
around pI and demonstrated the similar contour to profile of
log DO/B,pH versus pH [15]. This implied that the high appar-
ent partition coefficient was associated with high membrane
permeability and resulted in maximum uptake at pI. In addi-

tion, it was found that the antibacterial activity of GPFX was
lowered when pH decreased from pH 8.0 to 6.0 [3]. These
may have contributed to the pI of GPFX (7.95) which lies in
basic region due to reduced acidity of 3-carboxyl group by

J. Sun et al. / European Journal of Pharmaceutics and Biopharmaceutics 54 (2002) 51–5856

Fig. 5. Distribution of four microspecies. (A) GPFX; (B) CPFX.

Fig. 6. Apparent partition coefficient of GPFX and CPFX in an n-octanol/
buffer system. Solid lines represented the calculated log DO/B,pH versus pH
profiles based on estimated log PO/B values.

Given that Cipro can be 
neutral, is there any 
a d v a n t a g e  f o r 
translocation?.  

First Guinea pig 
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3.4. CPFX inside the bilayer

The free energy simulations allow us to investigate several charac-
teristics of CPFX at different depths in the membrane. Fig. 6 reveals
that the molecules rotate freely in the water phase, while inside the bi-
layer there are some clear tendencies. The zwitterionic molecule tends
to align perpendicular to the membrane normal to compensate for its
charges. This holds inside the bilayer down to about 0.4 nm from the
membrane center, where zwitterionic CPFX suddenly changes its orien-
tation, aligning itself to be in parallel to the membrane normal. We dis-
cuss this behavior below in more detail. Meanwhile, the neutral drug
aligns mostly parallel to the membrane normal, maximizing its hydro-
phobic interactions with the acyl chains.

The lateral diffusion coefficient of the drug inside the membrane
can be calculated from the free energy simulations despite the con-
straint with respect to the z axis. Both degrees of freedom along the
x and y axes in the membrane plane are retained, and thus the lateral
diffusion coefficient can be calculated from the mean squared dis-
placement (MSD) of the atoms in the xy plane as a function of time.
In each case, a trajectory over 7.5 ns, representing the second half of
each simulation was used in the calculation and the fit was performed
to the MSD data starting from 50 ps to 1 ns. The obtained results

indicate that both forms of CPFX exhibit quite fast lateral diffusion in-
side the membrane. We find diffusion coefficients to be in the order of
10−6 cm2/s (see Fig. 7), which is one order of magnitude larger than
the lateral diffusion of lipids in fluid-phase (cholesterol-poor) mem-
branes. Also, our results indicate that in the core region of the bilayer,
neutral CPFX moves faster than zwitterionic one, promoting its
chances for permeation through the free energy barrier in the center
of the membrane. As longer free energy simulations would be appro-
priate for a quantitative estimation of lateral diffusion coefficients, we
have validated our results by comparing the lateral diffusion coeffi-
cients of lipids with the ones obtained from free energy calculations.
A simulation over 140 ns was found to yield a lipid lateral diffusion
coefficient of 1.05×10−7 cm2/s, which, considering the large size
of a lipid molecule, compares reasonably well with the value of
1.54×10−7 cm2/s obtained from free energy calculations. The lipid
diffusion coefficient we found is also in very good agreement with
experimental values that range around 1×10−7 cm2/s [45,46] for
numerous phospholipids close to physiological temperature. When
free energy estimates for lateral diffusion are considered for mole-
cules that are smaller than lipids, one expects smaller deviations,
highlighting that the main qualitative conclusions outlined above
for CPFX are therefore valid.

Fig. 5. Excess free energy of both zwitterionic (dashed line) and neutral (full line)
CPFX molecules as a function of distance from the center of the bilayer. The curves
are mirrored to show the values in the whole bilayer system. Error limits are drawn
as gray areas. Key values of the curves are explicitly listed in the figure. Membrane
center is at z=0.

Fig. 6. Angle between the vector from the carbon of the carboxylic group to the nitro-
gen of the secondary amine group and the z axis at different constraint depths. Data for
the zwitterionic and neutral forms of CPFX are drawn in dashed and continuous lines,
respectively. Standard deviation is shown as gray areas around the curves. Membrane
center is at z=0.

Fig. 4. (a) Selected snapshot taken at the end of a 300 ns MD simulation revealing zwitterionic CPFX in the water phase aggregated in stacks. (b) Density distribution of zwitterionic
CPFX (full line) and phosphorous atoms in lipids (dotted line). Membrane center is at z=0.
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Classical atom-scale molecular dynamics simulations, constrained free energy calculations, and quantumme-
chanical (QM) calculations are employed to study the diffusive translocation of ciprofloxacin (CPFX) across
lipid membranes. CPFX is considered here as a representative of the fluoroquinolone antibiotics class. Neutral
and zwitterionic CPFX coexist at physiological pH, with the latter being predominant. Simulations reveal that
only the neutral form permeates the bilayer, and it does so through a novel mechanism that involves disso-
lution of concerted stacks of zwitterionic ciprofloxacins. Subsequent QM analysis of the observed molecular
stacking shows the important role of partial charge neutralization in the stacks, highlighting how the zwitter-
ionic form of the drug is neutralized for translocation. The findings propose a translocation mechanism in
which zwitterionic CPFX molecules approach the membrane in stacks, but they diffuse through the mem-
brane as neutral CPFX monomers due to intermolecular transfer of protons favored by partial solvation
loss. The mechanism is expected to be of importance in the permeation and translocation of a variety of
ampholitic drugs with stacking tendencies.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Fluoroquinolones (FQs) developed by modifications of an old
antibacterial agent (nalidixic acid) have since the mid-1980s dra-
matically changed the antibiotic market. Their discovery has gener-
ated considerable clinical and scientific interest due to their broad
antibacterial spectrum with less resistance, rapid bactericidal effect,
and good oral absorption properties. As such, ciprofloxacin (CPFX,
see Fig. 1), which belongs to the second generation of FQs, is one of
the most widely used antibiotics for the treatment of respiratory,
urinary, and enteric infections. Very importantly, similarly to other
clinically antibacterial drugs, FQs have intracellular target sites.
Therefore as a first hypothesis their broad spectrum of action is
due to their ability to cross bacterial envelopes and cytoplasmic
membranes [1], and consequently the antibacterial activity of FQs
appears to result from the combination of efficient cellular mem-
brane penetration and DNA gyrase inhibiting activity. The central

issue at the moment is that the molecular-scale entry mechanism
of these drugs through membranes is still under debate, see below.

Membrane proteins play an important role in the uptake of FQs by
Gram-negative bacteria through their outer membrane [2,3]. Mean-
while, translocation through the inner membrane takes place via pas-
sive diffusion, both in Gram-negative bacteria and in the membrane
of Gram-positive organisms [1,4]. Recent parallel artificial membrane
permeability assay studies have also proven that as much as 80% of
CPFX passively permeates through the membrane, while paracellular
permeability through pores is responsible for the rest 20% [5]. Consid-
ering the passive diffusion of FQs, one has to take into account that they
have two ionization states coexisting at physiological pH: a zwitterionic
(and overall uncharged) form with a significant dipole, and an un-
charged neutral form (with negligible/minor dipole; see Fig. 1) [6–9]. De-
spite their predominant zwitterionic character [7–9] FQs are known to
cross membranes via passive transport. This view is also supported by
various membrane vesicle and liposome experiments [10–12], which
suggest that the zwitterionic species is responsible for the diffusion
through the cellular membrane [10].

It is common knowledge that the intrinsic lipophilicity of neutral
species is greater than that of cations and anions. In contrast, much
controversy surrounds the lipophilicity of zwitterions, which is very
low according to some authors but marked according to others [6],
and no direct experimental method is available to determine sepa-
rately their individual partition coefficients. What is more, inter-

Biochimica et Biophysica Acta 1818 (2012) 2563–2571

Abbreviations: FQ, fluoroquinolone; CPFX, ciprofloxacin; MD, molecular dynamics;
PC, 1,2‐Dilinoleoyl‐sn‐Glycero‐3‐phosphocholine; QM, quantummechanical; OPLS, op-
timized parameters for liquid simulations; CHelpG, CHarges from ELectrostatic Poten-
tials using a Grid based method; BLYP, Becke–Lee–Yang–Parr; DZVP, double zeta
valence with polarization; COSMO, conductor‐like screening model
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The CG force field can be parameterize to 
quantitatively match atomistic calculations 
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