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ABSTRACT: The high membrane permeability of H2S
was studied using polarizable molecular dynamics
simulations of a DPPC lipid bilayer. The solubility−
diffusion model predicts permeability coefficients of H2S
and H2O that are in good agreement with experiment. The
computed diffusion coefficient profile shows H2S to diffuse
at a lower rate than H2O, but the barrier for H2S
permeation on the Gibbs energy profile is negligible. The
hydrophobicity of H2S allows it to partition into the
paraffinic interior of the membrane readily.

Hydrogen sulfide (H2S) is an exceptionally toxic gas, with a
recommended exposure limit of 10 ppm.1,2 H2S is also an

intrinsic gasotransmitter that is involved in neural and
cardiovascular systems3 with potential therapeutic applications.4

This potent biological activity is possible because H2S crosses
cell membranes readily. In contrast to molecules like water,
where passage is facilitated by aquaporins,2 no facilitator is
needed for H2S permeation; experiments by Mathai et al.5

determined that the permeability coefficient of H2S through a
lipid bilayer is at least 0.5 cm/s, which is 4 orders of magnitude
higher than that of H2O. This degree of permeability is
comparable to those of nonpolar molecules like O2 and CO2,

6

despite the polarity and hydrogen-bonding capability of H2S.
Molecular simulations have emerged as a powerful tool for

understanding membrane permeability. The solubility−diffu-
sion model provides a straightforward strategy for calculating
the permeability coefficient of a solute (P).7 In this model, P
can be expressed as a function of the Gibbs energy (ΔG(Z))8
and diffusion coefficient (D(Z)) of the solute along the
transmembrane axis (Z). These properties are calculated along
this coordinate from restrained molecular dynamics (MD)
simulations. An integral along the axes spanning the membrane
(z1 and z2) provides P (eq 1). To determine the origin of its
high permeability, we computed the permeability of H2S using
MD simulations. For comparison, we also computed the
permeability of H2O.
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Permeability calculations require accurate molecular models
of the solute, bilayer, and surrounding solution. Many
conventional models neglect the effect of induced polarization,
which is significant in these simulations because the solutes
move from a polar aqueous solution across the nonpolar
membrane interior. The Drude polarizable model was used in
this study because it is possible to perform molecular dynamics

simulations of large systems efficiently9 and parameters have
been developed for H2O,

10 H2S,
11,12 and DPPC lipids.13 This

model incorporates the effect of induced polarization, so the
change in polarization of the solute during the permeation
process is included rigorously. The Drude force field was also
developed so that diffusion coefficients calculated with it are
accurate. For example, the TIP3P water model that is
commonly used with nonpolarizable lipid models predicts a
self-diffusion coefficient of 5.3 × 10−5 cm2/s, which is more
than double the experimental value of 2.30 × 10−5 cm2/s. In
comparison, the SWM4-NDP Drude water model used in this
study is in excellent agreement, predicting a value of 2.33 ×
10−5 cm2/s.10

The model used in these simulations was a planar bilayer of
132 DPPC lipids surrounded by 8538 water molecules in an
orthorhombic simulation cell (63 Å × 63 Å × 105 Å).14 The
simulations were performed in the isothermal−isobaric
ensemble with a temperature of 298.15 K and a pressure of
1.0135 bar, corresponding to the experimental conditions of the
permeability measurements. We note that although this
temperature is below the experimental melting temperature of
314 K for a DPPC bilayer, the bilayer remained fluid in all of
the simulations. The full details of our model and simulations
are included in the Supporting Information.
The Gibbs energy profile ΔG(Z) was calculated by an

umbrella sampling simulation.15 Neale et al.16 showed that
transmembrane Gibbs energy profile calculations are sensitive
to the initial configuration and require very long simulations to
reach convergence. To address this, two independent
simulations were performed for each solute, sampling a total
of 2 μs of MD for each profile. The diffusion coefficient profile
was calculated from a second set of simulations using the
autocorrelation function of a harmonically restrained solute.17

The profiles are discussed in terms the regions defined by
Marrink and Berendsen:7

• region 1: lipid tail ends (Z < 5 Å)
• region 2: lipid tails (5 Å < Z < 13 Å)
• region 3: headgroups (13 Å < Z < 20 Å)
• region 4: bulk water (Z > 20 Å)

The Z-dependent diffusion coefficients for the two solutes
show significant variation across the bilayer (Figure 1a). The
diffusion coefficient of H2O is highest in the disordered lipid
tail ends (region 1), where there are no hydrogen-bonding
interactions to impede its movement. The diffusion coefficient
of H2S is lower at the center of the membrane than in solution,
indicative of the higher effective viscosity of the lipid tails in
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comparison with water. The diffusion constants of both solutes
decrease to ∼1 × 10−5 cm2/s in the tails and headgroups
(regions 2 and 3). The diffusion coefficients are attenuated in
the water layer at the membrane interface; both solutes only
reach their bulk liquid values at ∼15 Å above the water−bilayer
interface. This is consistent with observations of changes in
water dynamics at lipid bilayer interfaces.1819

The Gibbs energy profiles of permeation for H2O and H2S
show sharper differences (Figure 1b). The barrier for H2O
permeation reaches a maximum of 27 kJ/mol when H2O is in
the lipid tails (region 1), consistent with earlier simulations.7,20

The Gibbs energy profile for H2S permeation is much flatter; a
small barrier of 2.6 kJ/mol occurs at the membrane−water
interface, but the profile decreases and then plateaus at −2.5
kJ/mol in the lipid tails (regions 1 and 2).
These data were used to calculate the permeability

coefficients of H2O and H2S using eq 1. The calculated and
experimental values are presented in Table 1. The calculated
value of 2.6 × 10−5 cm/s for the permeability of H2O matches
experiment exactly. This agreement is somewhat fortuitous
because there is some variety in the reported experimental
values and there are inherent limitations to the accuracy the
solubility−diffusion model. In comparison, the permeability

coefficient at 50 °C calculated using the CHARMM27/TIP3P
nonpolarizable force field is 1.3 × 10−3 cm/s.22 The calculated
permeability of H2S is 11 cm/s, which is comparable to those of
rapidly permeating gases like O2. This implies that the lower
bound of 0.5 cm/s determined experimentally by Mathai et al.
may be a significant underestimate.
The dominant factor that allows H2S to permeate much

more rapidly than H2O is its lower transmembrane Gibbs
energy profile. These profiles can be understood on the basis of
differences in solvation of the solutes in water and in
hexadecane, a model for the lipid tail region at the center of
the bilayer. These energies were calculated using free energy
perturbation23 and are collected in Table 2. For both solutes,

the dispersion components (ΔGdisp) in the two solvents are
roughly equal. The repulsive components (ΔGrep) for both
solutes are larger in water because of its stronger cohesive
forces, creating a small thermodynamic driving force for the
solutes to transfer to hexadecane. The largest difference occurs
in the electrostatic component: H2O has strong hydrogen-
bonding interactions with water that are absent in hexadecane,
so this component disfavors transfer of H2O from water to
hexadecane by 30.0 kJ/mol. The electrostatic component of
H2S solvation in water is relatively small (ΔGelec = −3.9 kJ/
mol) because its large van der Waals radius and modest dipole
moment preclude strong hydrogen-bonding interactions with
water.12 This weakly hydrophobic solvation causes H2S to be
roughly equally soluble in water or the paraffinic interior of the
bilayer, consistent with its relatively large experimental partition
coefficients with nonpolar solvents like hexadecane,24 n-octanol,
hexane, and DPLC liposome bilayers.25

This correlation between the high permeability of H2S and its
tendency to partition into the nonpolar interior of the
membrane is consistent with Overton’s rule, which predicts
that hydrophobic molecules will permeate more quickly.26 This
rule was quantified by Walter and Gutknecht,27 who showed a
very high correlation between the permeation coefficient and
the water/hexadecane partition coefficient (Khex/wat) for a set of
small molecules. Figure 2 shows the relation between the
permeabilities and partition coefficients for the molecules

Figure 1. (a) Diffusion coefficient, (b) Gibbs energy, and (c) average
solute dipole moment profiles for the permeation of H2O and H2S
across a DPPC lipid bilayer. The Z axis is the difference in the center
of mass of the bilayer and the solute. Profiles were averaged over both
leaflets so that they are symmetric about Z = 0 Å.

Table 1. Experimental and Calculated Membrane
Permeability Coefficients for H2O and H2S

permeability coefficient (cm/s)

solute calcd exptl

H2O (2.6 ± 0.5) × 10−5 (2.6 ± 0.5) × 10−5 a

H2S 11.9 ± 0.7 >0.5 ± 0.4b

a95% DPPC/5% DSPE-PEG2000 bilayer.21 bReconstituted bacterial
membrane.5

Table 2. Calculated Solvation Energies (in kJ/mol) of H2O
and H2S in Water and Hexadecane (hex); The Rows
Indicated by Δ Show the Water−Hexadecane Transfer
Energies

solute solvent ΔGelec ΔGdisp ΔGrep ΔGtot

H2O water −33.2 −13.8 23.5 −23.5
hex −3.2 −13.2 15.8 −0.6
Δ 30.0 0.6 −7.7 22.9

H2S water −3.9 −29.6 31.6 −2.0
hex −0.5 −27.2 21.6 −6.0
Δ 3.4 2.4 −10.0 −4.0
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reported by Walter and Gutknecht and for the experimental
and calculated data for H2S. The Khex/wat of H2S is consistent
with the high calculated permeability.
The average dipole moments of the solutes decrease when

they move from solution to the membrane interior (Figure 1c).
At the center of the membrane, the average dipole moments of
the solutes are equal to their values in the gas phase, indicating
that they do not experience any significant induced polarization.
H2O experiences a large decrease, from 2.5 to 1.9 D, because of
the loss of polarizing hydrogen-bonding interactions. Although
H2S is more polarizable than H2O,

28 it experiences a smaller
change in average dipole moment; its dipole moment decreases
from 1.2 to 1.0 D. H2S is only weakly polarized in water
because it is solvated like a hydrophobic solute, without strong
hydrogen-bonding interactions with water.12

In conclusion, the simulations performed in this study
provide a simple explanation for the high membrane
permeability of H2S. On the basis of the solubility−diffusion
model, the permeability coefficients of H2S and H2O were
calculated using an all-atom polarizable model and are in good
agreement with the experimental values. Although the diffusion
coefficient profile of H2S is systematically lower than that of
H2O, the differences in the transmembrane Gibbs energy
profiles are more dominant. H2S experiences essentially no
barrier to permeation because it is hydrophobic, so it can
partition into the paraffinic interior of the membrane readily.
This ability to pass through lipid bilayers freely helps explain
both the broad toxicity of H2S and its ability to serve as a
signaling molecule.
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Figure 2. Log−log plot of experimental permeability (P) vs water/
hexadecane partition coefficient (Khex/wat) for small-molecule solutes
(blue) and experimental and calculated values for H2S (red). The red
triangle and line correspond to the lower bound determined
experimentally. The red square corresponds to the value calculated
in this work.
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