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ABSTRACT
Assessing the permeation rate of drug-like molecules across a lipid membrane is of paramount
importance for pharmaceutical applications. While the Meyer-Overton rule relates the permeability
coefficient to a few thermodynamic properties, its accuracy is limited by the homogeneity assump-
tion. In this work, we extract an analogous relation for the permeation of a small solute through
a lipid bilayer. This is obtained by systematically screening a subset of chemical space by means of
high-throughput coarse-grained simulations, and relyingon theaccurate inhomogeneous solubility-
diffusion model (ISDM). We connect the permeability coefficient of a compound to two molecular
descriptors: partitioning free-energy and acid dissociation constant. In the ISDM the permeability
is a functional of the potential of mean force. We discuss how – and when – combining together
these profiles for a large variety of compounds can result in a smooth dependence of the perme-
ability on the molecular descriptors. We focus on acidic molecules: for weak acids, the permeability
largely depends on themain free-energydifferences of theproblem,whichdirectly link to ourmolec-
ular descriptors. For strong acids, the multivalued nature of the permeability requires to introduce a
third variable, characterising the amphiphilicity of the small molecule.

Abbreviations: CG: coarse-grained; HTCG: high-throughput coarse-grained; PMF: potential of
mean force; ISDM: inhomogeneous solubility-diffusion model; DOPC: 1; 2-Dioleoyl-sn-glycero-3-
phosphocholine
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1. Introduction

The strong binding affinity of a small drug-like candidate
to the specific intracellular target, alone, does not guaran-
tee its efficacy. In addition to toxicity issues, the efficacy
can be severely compromised by the presence of pro-
hibitively large time scales for the compound to cross the
lipid barrier enclosing the cell environment [1]. Under-
standing the transport mechanism of small molecules
through lipid bilayers is therefore of fundamental
importance for pharmaceutical applications.

CONTACT Roberto Menichetti menichetti@mpip-mainz.mpg.de Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz,
Germany

Transmembrane transport processes are usually
divided in two classes [2]: (i) carrier-mediated processes,
and (ii) passive permeation, i.e. diffusion of the per-
meant driven only by its concentration gradient and
thermal fluctuations. Although both classes can con-
tribute to the total transport of a solute, passive per-
meation is believed to play a dominant role in the
case of small drug-like molecules [3]. The permeabil-
ity coefficient, P, quantifies the rate of passive perme-
ation of a compound across the membrane. P is defined
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as [4]

P = J/�u, (1)

where J is the steady-state flux per unit area of the solute
arising from its concentration difference �u between
the two water compartments adjacent to the membrane.
Equation (1) makes it apparent that a compound charac-
terised by a low permeability coefficient will experience
more difficulties in crossing the lipid membrane, in this
way reducing the amount of substance delivered to the
intended intracellular target.

Pharmacokinetic issues associated to insufficient per-
meation are among the major causes of high attrition
rates in drug discovery [1]. Given the complexity of
in vivo experiments, several in vitro methods have been
developed to systematically estimate the permeability
coefficient of small molecules, in order to screen them
at early stages in the discovery process [5–7]. These sys-
tems have contributed to the expansion of permeabil-
ity databases due to the possibility of performing high-
throughput experiments. At the same time, they typically
provide limited insight into the microscopic origin of
permeation.

From a theoretical point of view, the first model
of solute transport across a lipid bilayer is the Meyer-
Overton rule [8,9]. It approximates the membrane as a
homogeneous slab, for which an application of Fick’s first
law of diffusion provides

P = KD/σ . (2)

In Equation (2), σ is the thickness of the bilayer core,
while D and K are the diffusivity and partitioning coeffi-
cient of the compound, respectively. In practice,K is usu-
ally further approximated by the partitioning coefficient
between water and a bulk apolar solvent (e.g. octanol).

Despite its simplicity, the Meyer-Overton rule identi-
fies key properties associated with the permeability: due
to the dependence on the partitioning coefficient, apolar
compounds are characterised by higher permeation rates
[10]. However, its main limitation stems from the homo-
geneity assumption, at oddswith the inherent asymmetry
of a lipid bilayer. Accounting for the heterogeneity of the
medium results in the inhomogenous solubility-diffusion
model (ISDM) [11,12], which describes the diffusion
process in terms of a one-dimensional Smoluchowsky
equation along z, the normal distance of the compound
from the bilayer midplane [13]. From the ISDM, the per-
meability coefficient of a compound can be calculated as
an integral over the membrane extension of its potential
of mean force (PMF), G(z), and local diffusivity, D(z), as

P−1 =
∫

dz R(z) =
∫

dz
exp[βG(z)]

D(z)
, (3)

with β = 1/kBT. Equations (2) and (3) become equiva-
lent only in the case of a flat potential of mean force and
constant diffusivity – i.e. if homogeneity holds. The ISDM
paved the way for an in silico estimation of permeabil-
ity coefficients, where G(z) and D(z) are determined by
means of enhanced-sampling classicalmolecular dynam-
ics simulations [13–19]. Predictions were shown to
exhibit extremely high correlation with either in vitro
or in vivo permeability measurements [15,20], making
in silico methods a robust, complementary approach to
experimental investigations. Unfortunately, the extensive
computational resources required for convergence of the
atomistic conformational sampling – roughly 105 CPU
hours per chemical compound – have so far limited these
calculations to few small molecules with very specific
chemistries, see e.g. Ref. [15,20].

The importance of the Meyer-Overton rule lied in
its ability to relate the permeability of a compound to
a key molecular descriptor directly linked to the ther-
modynamics of the process. However, the rule has been
recently shown to overestimate the permeabilities cal-
culated through the ISDM, which were observed to be
nonlinear in the partitioning coefficient [19]. Moreover,
in contrast to the ISDM theMeyer-Overton rule neglects
the impact of the protonation state of a compound on its
permeation rate [15].

Given the accuracy of the ISDM, being able to connect
its predictions to a set of simple thermodynamic proper-
ties would be of fundamental importance to obtain rapid
estimates of permeability coefficients. Equation (3) high-
lights that P is a functional of the diffusivity and potential
of mean force. For small molecules D(z) was shown to
be largely insensitive to the chemical detail [15], so that
the permeation rate is mainly affected by variations in
the PMF. Extracting the link between thermodynamics
and permeability in the ISDM would require to exten-
sively probe at least a representative subset of the spec-
trum of possible drug-like molecules, to systematically
investigate the impact of the PMF on the permeabil-
ity coefficient. The computational resources associated
to PMF calculations at an atomistic resolution, com-
bined with the estimated size of drug chemical space –
1060 compounds [21] – make this approach unfeasible in
practice.

The overwhelming number of possible compounds
thus calls for the introduction of new strategies that allow
to more comprehensively cover large regions of chemical
space. In this perspective, we recently proposed the use
of coarse-grained (CG) models as a powerful instrument
to preserve accurate thermodynamics while ‘clustering’
chemical space, in this way enabling a more systematic
and efficient in silico exploration of chemical diversity
[22,23].
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Figure 1. (a): we employ high-throughput coarse-grained simu-
lations to screen a representative subset of the chemical space
of small organic molecules. The systematic insertion of this large
variety of compounds with very different polarities in a lipid
bilayer results in an ensemble of PMFs, which dictate their per-
meability coefficient. (b): we highlight PMFs from the two main
classes of compounds analyzed in this work: polar (top) and apo-
lar (bottom). (c): Construction of the effective PMF GT(z) (yellow
area) contributing to the total resistivity RT(z) starting from the
neutral (red) and charged (blue) PMFs of a compound. We high-
light the main free-energy differences of the problem: the water
membrane free-energy �GW→M of the neutral compound, and
the acid/base free energy difference �Gb→a dictating the shift
between the two PMFs, directly linked to the apKa.

In CG models, subsets of atoms are grouped together
into elementary units (beads), with interactions tuned to
capture a set of structural and/or thermodynamic prop-
erties of the original system [24]. In the Martini CG
force field, the fundamental building blocks are a few
bead types that aim at reproducing the partitioning free
energy of small organic fragments between solvents of
different polarity [25,26]. Due to the nature of the prop-
erties chosen as target, Martini proved to be very suc-
cessful in reproducing the thermodynamics of insertion
of small molecules in lipid bilayers [27,28], at the same
time significantly reducing the computational investment
[29].

The finite number of interaction types in the model
is such that many chemically different small molecules
with similar shape and polarity aremapped onto the same
CG representation [22]. In contrast to traditional in sil-
icomethods at an atomistic resolution, the small number
of bead types further enables a more systematic explo-
ration of the possible variations in the thermodynamics
of a small molecule: this can be obtained by combinato-
rially constructing all coarse-grained compounds up to a
certain size (Figure 1(a)).

We recently took advantage of these features to shed
new light on the thermodynamics of insertion of a small

solute in a lipid membrane. In Ref. [22] we employed
high-throughput coarse-grained (HTCG) simulations to
sample a representative subset of the chemical space of
small organic molecules in the range 30−160Da. Our
comprehensive investigation highlighted that the over-
all shape of G(z) can be reconstructed only from the
partitioning free energy �GW→M – i.e. the free-energy
difference of transferring the solute from bulk water to
the bilayer midplane, see Figure 1(c).

InRef. [23], by feedingHTCGresults into Equation (3)
and accounting for the possible protonation states of a
compound we identified a smooth relation expressing
the permeability coefficient as a function of two molec-
ular descriptors: �GW→M and acid dissociation con-
stant, pKa. This enabled permeability predictions for an
unprecedented 500,000 small molecules including acidic,
basic, and zwitterionic compounds, whose accuracy was
validated against experimental as well as atomistic simu-
lation results.

Importantly, the relation in Ref. [23] connects the
permeation rate to only two thermodynamic proper-
ties, providing an alternative to the Meyer-Overton rule
for predicting permeability coefficients in the frame-
work of the accurate ISDM. Results were obtained by
combining together permeabilities for compounds with
highly different polarities, characterised by a large vari-
ety of neutral and charged potentials of mean force
(Figure 1(a)). In this work, we analyze in more detail
the impact of the molecular descriptors on the perme-
ation rate, resulting – when possible – in a smooth
dependence of the permeability coefficient on these ther-
modynamic variables. We here focus on acidic com-
pounds, described by the acidic pKa or apKa, separately
discussing neutral compounds (apKa � 8), weak acids
(4 � apKa � 8) and strong acids (apKa � 4). For neu-
tral compounds, the permeability is largely insensitive to
the detailed shape of the underlying PMF, butmainly dic-
tated by �GW→M (Figure 1(c)) [16]. This free-energy
difference is not correctly accounted for in the Meyer-
Overton rule, thus generating the observed discrepan-
cies with ISDM predictions [19]. Moving towards weak
acids, the apKa comes into play. However, the insen-
sitivity of the permeability on the shape of the PMF
suggests that the permeation rate mainly depends on
a combination of two free-energy differences: �GW→M
and �Gb→a, where the latter is the free energy of neu-
tralising the compound in bulk water, directly linked
to the apKa (Figure 1(c)). This results in the smooth-
ness of the permeability coefficient observed as a func-
tion of our thermodynamic variables. Finally, for strong
acids, at fixed apKa the permeability coefficient does no
longer smoothly depend on �GW→M. This requires to
introduce a third variable characterising the degree of
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amphiphilicity of the small molecule. In this case, our
results provide a lower bound for the permeation rate of
a compound: at a fixed apKa, the permeability coefficient
cannot be lower than a value dictated by the combina-
tion of the two free-energy differences, �GW→M and
�Gb→a.

2. Methods

2.1. Molecular dynamics simulations

Molecular dynamics simulations of theMartini force field
[25,26,30] were performed in Gromacs 4.6.6 [31]. We
employed an integration timestep δt = 0.02 τ , where τ is
the model’s natural unit of time. Control over the system
temperature (T = 300K) and pressure (P = 1 bar) was
obtained by means of a Parrinello-Rahman barostat [32]
and a stochastic velocity rescaling thermostat [33], with
coupling constant τP = 12 τ and τT = τ respectively. A
membrane of 36 nm2 containing N=128 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) lipids (64 per
layer), N ′ = 1890 water molecules, N′′ = 190 antifreeze
particles [26] and enough counterions to ensure charge
neutrality was generated by means of the Insane building
tool [34], and subsequently minimised, heated up, and
equilibrated.

We determined potentials of mean force G(z) by
means of umbrella sampling simulations [35]. For each
analyzed compound, we employed 24 windows with har-
monic biasing potentials (k = 240 kcal/mol/nm2) cen-
tred every 0.1 nm along the normal to the bilayer mid-
plane. In each window, two solute molecules were placed
in the membrane in order to increase sampling and alle-
viate leaflet-area asymmetry [36,37]. Each production
simulation was run for 1.2 · 105 τ , and potentials of mean
force were extracted by means of the weighted histogram
analysis method [38–40].

2.2. Permeability coefficients

The permeability coefficient of a compound is obtained
as an integral of its resistivity R(z) over the membrane
normal, see Equation (3). While CG simulations provide
access to the potential of mean force G(z), the acceler-
ation of the dynamics introduced by CG models [41]
makes the estimation of the inhomogenous diffusivity
D(z) a priori difficult. However, atomistic simulations of
several small molecules in a DOPC membrane showed
thatD(z) is largely insensitive to the chemical detail [15].
Moreover,D(z) only provides a logarithmic correction to
the log10 P of a compound, see Equation (3). In our calcu-
lations we thus relied on a unique diffusivity profile, and

parametrised it as

D(z) = α + β

e−γ (x−δ) + 1
, (4)

with α = 0.85 · 10−6 cm2/s, β = 9.15 · 10−6 cm2/s, γ =
7.5 nm−1, δ = 3 nm, which correctly captures the main
features of its atomistic counterpart [15].

In the case of acidic compounds, accounting for
deprotonation requires to slightly modify Equation (3)
to include the flux of both neutral and charged species.
The total resistivity reads [15] RT(z)−1 = RN(z)−1 +
RC(z)−1, where RN and RC are the resistivities of the
neutral and charged forms of the compound, respec-
tively. The corresponding potentials of mean forceGN(z)
and GC(z) must be offset by the acid/base free-energy
difference in bulk water [36]

�Gb→a = Gacid − Gbase = kBT(pH − apKa) ln 10, (5)

where we consider the case of neutral pH = 7.4. Assum-
ing that the diffusivity does not depend on the proto-
nation state of the compound, the combination of the
two PMFs in the total resistivity RT can be represented
by an effective potential GT(z) = min[ḠN(z), ḠC(z)] for
all z, see Figure 1(c), from which RT(z) ∝ exp[βGT(z)].
Ḡi(z), i = N,C indicate the shifted counterparts of the
neutral and charged PMFs, respectively.

Permeability coefficients predicted by the CG model
were validated in Ref. [23] against atomistic simulations
results as well as experimental measurements for sev-
eral chemically different small molecules covering a wide
range of pKa. In both cases we observed a mean absolute
error well within one log10 unit, demonstrating the accu-
racy of the CGmodel in reproducing the permeation rate
of a compound.

3. Results

We considered all possible CG compounds consisting of
a single Martini bead (‘unimers’) as well as those gen-
erated by binding together all possible combinations of
two beads (‘dimers’), representative of a subset of the
chemical space of small organic molecules in the range
30–160Da [22]. We calculated the PMF GN(z) for all
neutral unimers and dimers, 119 in total. For each neutral
compound, we then determined GC(z) for its depro-
tonated counterpart. At the CG level, deprotonating a
chemical group amounts to replacing the original bead
type with a negatively charged one. We always represent
deprotonated fragments by means of a Qa type, follow-
ing the standardMartini notation. In the case of unimers,
this choice automatically determines the CG represen-
tation of the deprotonated form of a compound. In the
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case of dimers, we initially assumed that deprotonation
always occurs in the chemical fragment represented by
the bead of higher polarity, but relax this assumption
along the discussion, vide infra. By combiningGN(z) and
GC(z) in the total resistivity RT(z), we calculated the
permeability coefficient of every compound as a func-
tion of the apKa every 0.2 apKa unit. The set of perme-
ability data was then projected on the (apKa,�GW→M)

plane.
To analyze how the resulting permeabilities are

affected by a change in the two molecular descriptors, we
separately discuss the case of neutral compounds/weak
acids (apKa � 4) and strong acids (apKa � 4).

3.1. Neutral compounds/weak acids: revisiting the
Meyer-Overton rule

Figure 2 displays a two-dimensional projection of the
permeability data on the (log10 P,�GW→M) plane for
neutral compounds and weak acids, apKa � 4. We
present results for a subset of apKa values, and colour the
data accordingly. Panels (a) and (b) distinguish between
the permeabilities obtained for Martini unimers and
dimers, effectively amounting to a segregation in molec-
ular weights [22].

Due to the finite number of interaction types in the
Martini model, simulation results are located at a dis-
crete set of partitioning free energies. In both cases,
the regularity of the points at fixed apKa as a func-
tion of �GW→M allows to reconstruct continuous per-
meability profiles. We include these interpolations in
the corresponding panels of Figure 2. The indepen-
dence of the interpolated curves on the CG represen-
tation, together with the dense covering in �GW→M
generated by CG dimers, highlight the smoothness of
the permeability coefficient as a function of apKa and
�GW→M. These results enable the calculation of the
permeation rate only starting from two thermodynamic
properties, providing a phenomenological alternative to
theMeyer-Overton rule in the framework of the accurate
ISDM.

The permeability coefficient weights the contribu-
tions of both the charged GC(z) and neutral GN(z)
of a compound in an effective potential GT(z) which
approximately dictates the shape of the total resistiv-
ity, lnRT(z) ∼ βGT(z) (Figure 1(c)). Understanding the
smooth dependence of the permeability on both descrip-
tors thus requires to more carefully analyze how the
underlying potentials of mean force combine in GT(z).
For this purpose, within the class of weak acids we
separately discuss the case of neutral compounds – or
‘extremely weak’ acids – with apKa � 8, and weak acids,
4 � apKa � 8.

Figure 2. Two-dimensional projection of the permeability data
on the (log10 P,�GW→M) plane in the case of neutral com-
pounds and weak acids, apKa � 4. Data are coloured according
to the value of the apKa. Panels (a) and (b) distinguish between
results obtained for Martini unimers and dimers. For neutral com-
pounds with apKa � 8, the permeability becomes independent
on the value of the acid dissociation constant. Accordingly, we
only show data up to apKa = 10. We present permeability coef-
ficients obtained from HTCG simulations (points) and the corre-
sponding interpolated permeability profiles (lines). For neutral
compounds, we include predictions from the Meyer-Overton rule
in the presence of flat potentials of mean force with heights equal
to�GW→M (‘Overton-mem’, dashed lines), see text.

3.1.1. Neutral compounds: apKa � 8
For neutral compounds, the permeability is independent
of the acid dissociation constant. This stems from the
fact that by increasing the apKa beyond apKa ≈ 8 the
charged repulsive PMF GC(z) is shifted towards increas-
ingly higher values, and does not contribute to the effec-
tive PMF (Figure 1(c)). One obtains GT(z) � GN(z),
such that RT(z) ∼ exp[βGN(z)].

For�GW→M � 0, Figure 2 shows that log10 P roughly
plateaus. The reason is straightforward: apolar com-
pounds are characterised by a negative, attractive well
of GN(z) within the membrane core (Figure 1(b)). This
well gives a negligible contribution to the integral in
Equation (3) compared to the regions in which the PMF
reaches saturation – i.e. as the compound approaches the
bulk water environment.
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Moving towards �GW→M � 0 the repulsive nature
of GN(z) (Figure 1(b)) increases the resistivity RT(z),
resulting in a reduction of the permeation rate. In this
case, Figure 2 highlights a linear dependence of log10 P
as a function of �GW→M. It was recently observed that
for polar compounds the permeability is mainly dictated
by the height of the repulsive PMF (i.e. �GW→M) irre-
spective of its detailed shape – e.g. width, presence of
attractive tails [16]. This suggests the linearity in Figure 2
to be a consequence of this insensitivity.

We thus approximated themembrane as a bulk homo-
geneous solution, and employed the Meyer-Overton
rule to calculate the corresponding permeabilities. In
Equation (2), we assumed K = KWM = exp[−β�

GW→M] and set σ ,D equal to the average thickness and
diffusivity values. The use of KWM amounts to replac-
ing an ensemble of repulsive PMFs smoothly approach-
ing zero by square-well potentials with heights equal to
�GW→M. We stress that KWM differs from the parti-
tioning coefficient K in Equation (2), which is instead
calculated accounting for the inhomogeneous nature of
the membrane, vide infra.

Permeabilities obtained from this homogenous model
are included in both panels of Figure 2 (dashed lines).
In the case of polar compounds results only slightly
underestimate ISDM ones, the maximum deviation
being roughly one log10 unit. This confirms that for
�GW→M � 0 the permeability mainly depends on the
height of the repulsive PMF [16], and explains the linear-
ity of log10 P as a function of �GW→M. On the contrary,
for�GW→M � 0 the homogeneousmodel strongly over-
estimates the permeability coefficient: this stems from the
fact that the square-well potentials neglect the saturation
of the PMFs that occur by approaching the bulk water
environment – the only region that for apolar compounds
contributes to the resistivity.

This homogeneous model differs from the Meyer-
Overton rule, in which the partitioning coefficient K of
a compound reads

K = 1
σ

∫
dz exp[−βGN(z)]. (6)

Predictions from the rule were recently shown to overes-
timate ISDM ones [19], and the permeability coefficient
was observed to be multivalued in K. By approximating
D(z) in Equation (3) with its average value, a compari-
son with Equation (2) highlights that in the latter we are
replacing the inverse of the integral of exp[βGN(z)] with
the integral of its inverse. The regions contributing to
the two integrals are essentially swapped: for apolar com-
pounds the negative well becomes the major contributor
to Equation (6), while in the ISDM its contribution is neg-
ligible compared to the region of saturation of the PMF.

The opposite occurs in the case of polar compounds,
where the free-energy barrier�GW→M that dictates per-
meation rate in the ISDM does now not contribute to
Equation (6), which is instead governed by the regions
where the PMF reaches saturation or exhibits attractive
tails [19]. This lies at the origin of the failure of theMeyer-
Overton rule in reproducing ISDM permeabilities for
neutral compounds.

3.1.2. Weak acids: 4 � apKa � 8
At fixed �GW→M, Figure 2 shows that weak acids with
4 � apKa � 8 are characterised by a reduction in the per-
meability coefficient with respect to neutral compounds.
In addition to polarity, the deprotonation of a small
molecule affects its permeation rate.

By decreasing the apKa, both the neutral and charged
PMFs of a compound contribute to the total resistivity.
The neutral PMF GN(z) is shifted towards increasingly
higher values by a factor of �Gb→a, and the minimum
between the two profiles dictates the shape of GT(z)
(Figure 1(c) and Section 2.2), withRT(z) ∼ exp[βGT(z)].
We performed this construction for all compounds inves-
tigated in this work, resulting in the combination of a
large variety of PMFs. However, Figure 2 highlights that
at fixed apKa the only differences between the perme-
abilities of acidic and neutral compounds as a function
of �GW→M consist in the length of the initial plateau
and in the presence of a negative offset for the linear
regime.

To understand the origin of this behaviour, Figure 3
displays two examples of the construction of GT(z) for
a polar and an apolar compound with apKa = 5. For
�GW→M � 0 (main plot in Figure 3), combining the
neutral and charged PMFs results in a repulsive GT(z)
with an effective barrier given by the sum of �GW→M
and �Gb→a. As for polar compounds the permeability
coefficient is mainly dictated by the height of the PMF,
increasing this by a factor �Gb→a – which is constant at
fixed apKa and independent of �GW→M, see Figure 1(c)
– preserves the linearity of log10 P in �GW→M but gen-
erates the offsets observed in Figure 2.

For �GW→M � 0 (inset in Figure 3), the effect of a
small vertical shift of GN(z) for a fixed apKa is to reduce
the attractive well that in the neutral case was not con-
tributing to the resistivity. By increasing �GW→M, the
well crosses zero and GT(z) becomes repulsive. At this
stage, the permeability starts following the linear regime.
This explains the reduction in the length of the plateau
observed in the permeability profiles for �GW→M � 0
by increasing the strength of the acid.

Overall, our results suggest that in the case of weak
acids the permeability is mainly dictated by the combina-
tion of two free-energy differences: the water/membrane
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Figure 3. Construction of GT(z) (blue) for an acidic compound
from its charged GC(z) (red) and neutral GN(z) (orange) PMFs.
In calculating GT(z), GN(z) is vertically shifted by �Gb→a =
kBT(pH − pKa) ln 10, and we consider apKa = 5. We present
results for a polar (main plot) and an apolar (inset) dimer.

partitioning free energy �GW→M, and the acid/base
free-energy difference�Gb→a, which directly links to the
apKa (Figure 1(c)). This is observed irrespective of the
detailed shape of the underlying PMFs, and explains the
smooth dependence of the permeability observed as a
function of the two molecular descriptors.

The construction of GT(z) allows for a further discus-
sion about the role of the charged PMF of a compound
in the permeation rate. Figure 3 shows that if GC(z) has
reached the shifted neutral PMF within the membrane
core – a saturation condition always satisfied for apKa �
4 – an increase in its amplitude does not affect GT(z).
It follows that the permeability becomes largely inde-
pendent on the polarity of the deprotonated form of the
compound.

For a small molecule mapping to a CG dimer we orig-
inally assumed that deprotonation always occurred in
the chemical fragment represented by the bead of higher
polarity. We thus recalculated permeability coefficients
relying on the opposite assumption – i.e. deprotonating
the less polar bead. The resulting charged PMFs are char-
acterised by a stronger repulsion within the membrane
core, an example being shown in the inset of Figure 4.

Permeability coefficients obtained from the two
deprotonation prescriptions are presented in Figure 4
(main plot). Results are essentially indistinguishable.
Slight deviations are observed for apKa = 4, in which the
condition of saturation of GC(z) is not always satisfied as
we are moving towards strong acids – vide infra. Impor-
tantly, this analysis shows that while the permeation rate
could in principle depend onwhich chemical fragment of
the small molecule is subject to deprotonation, this does
not matter in practice.

Figure 4. Main plot: Permeability data of CG dimers (log10 scale)
calculatedby relying ondifferent CG representations of the depro-
tonated form of a compound. Starting from a neutral dimer,
coloured points are obtained by assuming that deprotonation
always occur in the chemical fragment encapsulated in the bead
of higher polarity. In dashed lines (‘Apolar-dep’) we always depro-
tonate the bead of lower polarity. Inset: Comparison of the
charged PMFs GC(z) arising from the two different CG represen-
tations of the deprotonated form of the neutral polar dimer in
Figure 3. The PMF of the compound obtained by deprotonating
the bead of lower polarity is characterised by a stronger repulsion.

3.2. Strong acids: the role of amphiphilicity

Panel (a) of Figure 5 displays permeability data of CG
dimers as a function of �GW→M for apKa = 2, together
with some previously analyzed results for apKa � 4. At
apKa = 2, data initially follow a linear trend analogous
to the one of weak acids due to the saturation of GC(z) in
the effective PMF.However, for�GW→M � 0we observe
a spread of the points over the (log10 P,�GW→M) plane:
the permeability coefficient at fixed apKa becomes mul-
tivalued in �GW→M. This does not occur in the case of
CGunimers, whose log10 P continue to behave linearly as
�GW→M increases (data not shown).

In strong acids, �Gb→a is such that neutral PMFs are
shifted towards high values with respect to their charged
counterparts (Figure 1(c)): only GC(z) contributes to
the effective PMF, and RT(z) ∼ exp[βGC(z)]. Differ-
ent permeabilities for a given �GW→M thus arise from
compounds presenting very different polarities in their
depronotonated forms, despite having similar ones in the
neutral case – i.e. similar �GW→M.

Martini assumes additivity in the partioning free
energy of its constituting beads. Many possible com-
binations of two neutral beads can result in the same
�GW→M: while these will lead to roughly the same
free-energy difference for the neutral PMFs GN(z), this
does not necessarily hold for their deprotonated coun-
terparts. As an example we consider a P5C1 dimer, com-
posed by the most polar (P) and most apolar (C) Martini
bead types, and a P2C5 dimer, in which we reduce the
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Figure 5. Panel (a): Two-dimensional projection of the perme-
ability data on the (log10 P,�GW→M) plane in the case of strong
acids with apKa = 2. We include as reference a subset of the
data obtained for weak acids, apKa � 4. Points were obtained
by assuming that starting from a neutral dimer, deprotonation
always occur in the chemical fragment encapsulated in the bead
of higher polarity. On the contrary, in dashed lines (‘Apolar-dep’)
we always deprotonate the bead of lower polarity. Panel (b): Com-
parison of the neutral (main plot) and charged (inset) PMFs GN(z)
and GC(z) of a P5C1 and a P2C5 dimers. In both cases, charged
PMFs are obtained by assuming that deprotonation always occurs
in the bead of higher polarity.

asymmetry in polarity between the two beads. Due to
additivity, the compounds are characterised by similar
neutral PMFs GN(z) (main plot in Figure 5(b)). Assum-
ing that deprotonation always occurs in the bead of
higher polarity, however, the charged form of the first
compound shows aweaker repulsion from themembrane
core (inset of Figure 5(b)). As RT(z) ∼ exp[βGC(z)],
P5C1 is characterised by a higher log10 P: −4.20 com-
pared to −6.0 for P2C5.

The sensitivity of the permeability coefficient on the
asymmetry in polarity between the chemical fragments
composing the molecule suggests to introduce a third
molecular descriptor. The most natural choice is the dif-
ference between the partitioning free energies of the two
beads, �Gasy = �G2 − �G1, where beads are arranged
in order of decreasing polarity. For a given �GW→M,
increasing �Gasy amounts to decreasing/increasing the

Figure 6. Permeability coefficients (log10 scale) for CG dimers in
the case of strong acids with apKa = 2. We display results as a
function of �GW→M and the asymmetry �Gasy. �Gasy is calcu-
lated as thedifferencebetween thewater/membranepartitioning
free energy of the beads composing the dimer, sorting them in
order of decreasing polarity. In all cases, the charged form of the
compound was obtained by assuming that deprotonation always
occur in the bead of higher polarity.

polarity of the more apolar/polar chemical group. As
such, �Gasy is essentially quantifying the amphiphilicity
of the small molecule.

Permeability data for apKa = 2 as a function of
�GW→M and�Gasy are presented in Figure 6. The intro-
duction of �Gasy completely solves the degeneracy in
�GW→M observed in Figure 5(a): for a given �GW→M
of the neutral form of the acid, increasing �Gasy gener-
ates an increase in the permeation rate. On the one hand,
this is not surprising, meaning that the reduction in per-
meability generated by the deprotonation of a functional
group can be mitigated by coupling it with a highly apo-
lar one. However, in analyzing these results one has to
account for the tendency of Martini to underestimate the
PMF of charged compounds [27,42]. We thus repeated
our calculations by assuming that deprotonation always
occur in the bead of lower polarity, which as discussed
in Section 3.1 generates an increase in the repulsive bar-
rier of GC(z). Results are included in Figure 5(a) (dashed
line). In this case, the permeability coefficient follows a
linear regime analogous to the case of weak acids due
to saturation of the charged PMFs in GT(z). We con-
clude that if the permeability coefficient depends on the
amphiphilicity of the small molecule, due to the under-
estimation of the PMF of charged compounds in Martini
this will be observed at extremely low values of the apKa.
For strong acids, however, our results provide a lower
bound for the permeation rate: at a fixed apKa, the per-
meability coefficient cannot be lower than the linear rela-
tion dictated by combining two free-energy differences,
�GW→M and �Gb→a.



2908 R. MENICHETTI AND T. BEREAU

4. Conclusions

While the Meyer-Overton rule links the permeability
of a compound across a lipid bilayer to the partition-
ing coefficient, its validity is limited by the homogeneity
assumption. An analogous relation in the framework of
the accurate inhomogeneous solubility-diffusion model
(ISDM) was missing up to now. In the ISDM, the perme-
ability coefficient is a functional of the potential of mean
force (PMF). Identifying this relation would require to
probe large regions of chemical space to systematically
investigate the impact of the PMF on the permeation
rate. This is hampered by the overwhelming number of
possible compounds.

In this work, we rely on CG simulations to systemati-
cally explore the permeability variations in a subset of the
chemical space of small organic molecules, focussing on
acidic compounds. We connect permeability coefficients
calculated from the ISDM to two thermodynamic prop-
erties: the water/membrane free energy, �GW→M, and
acid dissociation constant, apKa. Results are obtained by
probing a large variety of small molecules with very dif-
ferent PMFs, both neutral and charged.We carefully ana-
lyze how – and when – combining together these profiles
can result in a smooth dependence of the permeability on
the two thermodynamic variables.

For neutral compounds, the permeation rate is inde-
pendent on the apKa and smoothly depends on�GW→M.
This is due to the fact that the permeability coeffi-
cient is mainly dictated by �GW→M irrespective of the
detailed shape of the neutral PMF. The deviation of the
Meyer-Overton rule from ISDM predictions stems from
incorrectly accounting for this free-energy difference.
For weak acids, the deprotonation of a chemical group
affects the permeation rate of a compound. In this case,
charged and neutral PMFs combine in an effective pro-
file whose water/membrane free-energy difference is the
sumof�GW→M and the acid/base free-energy difference
�Gb→a, the latter being a linear function of the apKa.
The insensitivity of the permeability coefficient on the
detailed shape of the effective PMF results in a smooth
dependence of the permeation rate on our thermody-
namic variables. Interestingly, we show that in weak acids
the permeability is independent of the chemical fragment
subject to deprotonation. For strong acids, the perme-
ability is no longer a smooth function of the two orig-
inal molecular descriptors. This requires to introduce a
third orthogonal variable characterising the amphiphilic-
ity of a small molecule. In this case, our results pro-
vide a lower bound to the permeation rate of a com-
pound: the permeability cannot be smaller than a linear
relation generated by the combination of �GW→M and
�Gb→a.
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