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lon Transport through Chemically Induced Pores in Protein-Free Phospholipid Membranes

Andrey A. Gurtovenko and Jamshed Anwar*

Computational Laboratory, Institute of Pharmaceutical lmation, University of Bradford, Bradford,
West Yorkshire, BD7 1DP, UK

Receied: July 18, 2007; In Final Form: September 13, 2007

We address the possibility of being able to induce the trafficking of salt ions and other solutes across cell
membranes without the use of specific protein-based transporters or pumps. On the basis of realistic atomic-
scale molecular dynamics simulations, we demonstrate that transmembrane ionic leakage can be initiated by
chemical means, in this instance through addition of dimethyl sulfoxide (DMSO), a solvent widely used in
cell biology. Our results provide compelling evidence that the small amphiphilic solute DMSO is able to
induce transient defects (water pores) in membranes and to promote a subsequent diffusive pore-mediated
transport of salt ions. The findings are consistent with available experimental data and offer a molecular-
level explanation for the experimentally observed activities of DMSO solvent as an efficient penetration
enhancer and a cryoprotectant, as well as an analgesic. Our findings suggest that transient pore formation by
chemical means could emerge as an important general principle for therapeutics.

Introduction cryopreservation, that involve modulation or disruption of ion

. . . or water transport across a cell membrane. Transient pore
Trafficking of ions through cell membranes, being coupled dg P P

s ormation by chemical means could emerge as an important
to energy transduction, is centra}l to many .cellular processes and, . eral principle for therapeutics.
functions! A notable example is that of ion transport across
cell membranes of neurons, which defines the signal (action p1athods
potential) that is conveyed from one nerve cell to another. While
the movement of ions across biological membranes is mainly ~ Atomic-scale molecular dynamics (MD) simulations of lipid
mediated by specialized proteins, ions (as well as some smallbilayers comprising 128 dipalmitoyl-phosphatidylcholine (DPPC)
hydrophilic molecules) can leak in small amounts unassisted lipids were performed in aqueous solution containing DMSO
through transient defeéthat include water poresUnassisted and monovalent salt (NaCl or KCI). Two concentrations of
but enhancedransport of solutes through cell membranes is DMSO, 10 and 15 mol % (lipid-free basis), were considered;
an important characteristic of many biomedical and biotechno- at each DMSO concentration, two independent simulations were
logical applications that include cryopreservation and drug and performed with either NaCl or KCI at the concentration
gene delivery. Clearly, in view of this prerequisite, it is highly 0.35 M.
desirable if one could induce, at will and in a controlled manner, ~ The united atom force-field of Berger et’@lwas used for
transient defects such as pores in biological membranes. describing DPPC lipids. For DMSO we employed the force-
Dimethyl sulfoxide (DMSO), a small amphiphilic molecule, ~field developed by Bordat et af, while water was modeled
seems to offer a potential means for achieving the above using the simple point charge (SPC) motfefor sodium and
objective. It is widely employed in cell biologys an effective ~ chloride ions, we employed the set of parameters developed by
penetration enhancércryoprotectant, and cell fusogehand Straatsma and Berendd@mnd supplied within the Gromacs
has been promoted clinically as a local analgesiod a  force-field!® Potassium ions were modeled following Roux and
protective agent against ischemic injdriRecent computational Beglovl’” The Lennard-Jones interactions were truncated at 1
studied? 1 suggest that the experimentally observed ability of nm. The electrostatic interactions were handled using the
DMSO to enhance the permeability of cell membranes is most particle-mesh Ewald (PME) methd&'°The simulations were
likely coupled to DMSO-induced water pores in membranes. performed at constant pressure of 1 bar (semi-isotropic coupling)
On the basis of realistiin silico experiments, we provide  and at constant temperature of 350 K which is above the phase
here compelling evidence that small amphiphilic solutes such transition temperature of DPPC bilayers in DMSO/water at all
as DMSO are able tpromotepore-mediated transport of ions ~ considered DMSO concentratioffsThe temperature and pres-
across protein-free phospholipid membranes. More specifically, Sure were kept constant with the use of the Berendsen coupling
formation of transient defects (pores) in the presence of DMSO Schemé;! using couplings constants of 0.1 and 1.0 ps, respec-
and subsequent transmembrane ionic leakage through thdively.
DMSO-induced water pores are witnessed at atomic resolution The initial configurations were prepared as follows. We
on a nanosecond time scale. These observations explain for thétarted with a DPPC lipid bilayer solvated in 3655 water
first time some of the important pharmacological actions of molecules, which was equilibrated for 50 ns at a temperature
DMSO, e.g., analgesia, protection against ischemic injury, and 0f 350 K. The resulting structure was then used for preparing
the initial configurations for all DPPC/DMSO/salt and DPPC/
* Author to whom correspondence should be addressed. E-mail: Salt systems. For the DPPC/salt systems, 20 cations and 20
j.anwar@bradford.ac.uk. anions were added to the water phase, replacing randomly
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TABLE 1: Summary of DMSO-Induced Pore Formation
and Pore-Mediated lon Leakage

Cowmso Toore cations  anions
system  [mol %]? salt [ns]® leaked leaked

1 10.0 NaCl > 100 0 0

2 10.0 KCI 50 21 13
3 15.0 NacCl 5 34 48
4 15.0 KCI 7 34 6

aMolar concentration of DMSO (lipid-free basi$)Time lapsed prior
to pore formation. For salt-free bilayer systems containing 10.0 and
15.0 mol % DMSO,Tpore = 20 ns andTpore = 4 NS, respectively?
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membrane normak(= 0 corresponds to the membrane center).
The PMFs are being used here only in a comparative way, as
we are aware that the density distributions for the ions, which
form the basis for the estimates, are far from being converged
considering the so few ion leakage events. To accurately
quantify the barriers, one would need to employ a more rigorous
approach such as umbrella samplfdg.

Addition of DMSO, at both concentrations 10 and 15 mol
%, leads to considerable expansion and thinning of the DPPC
membran&-2224coupled to formation of hydrophilic pores as
observed previously on the time scale 0f-20 ns for 10 mol
% DMSO and~5 ns for 15 mol % DMSO concentration.
Inclusion of salt ions into the systems reveals competition
between the DMSO, which partitions into the lipid/water
Figure 1. Estimated free energy profilekG(z) (potential of mean force !nterface and acts as a shacer between the lipid headgroups o
of%ons as a function of the digtér?ce fron(1 zh(g membrane center() ) induce membrane expanS|0n_and W:_ater pétésizand the lons
for membrane systems containing NaCl (top) and KCI (bottom). Solid that appear to promote formation of tight complexes of the lipids,
lines correspond to systems with 10 mol % DMSO and dashed lines effectively stitching the membrari&=2” At 10 mol % DMSO,
are for DMSO-free systems. both competing factors appear to be subtly balanced; the Na

ions (because of their relatively stronger binding with the
chosen water molecules. For the DPPC/DMSO/salt systems, a”phosphatidylcholine headgroups of the lipids) are able to

water molecules were removed f_rom the bo>_( leaving the DPPC 5vercome the effect of DMSO and prevent pore formation, while
bilayer and the size of the box in tiwdirection (the bilayer ~ ihe moderately binding K ions are only able to retard pore
normal) was increased. This bilayer system was then solvated.¢ormation. At 15 mol % DMSO. the effect of DMSO predomi-
first with DMSO and then with water, the total number of ate5 and we observe pore formation for both salt ions. For
solvent molecules (DMSO and water) being set to 3655. Fma_lly, easy comparison, the time taken for pore formation and number
randomly ghosen water molecules were replaced by 20 cationsy¢ leakage events (where applicable) for each of the systems
and 20 anions. . ) studied are tabulated in Table 1.

The time step was 2 fs. Four bilayer systems with DMSO ot the jow (10 mol %) DMSO concentration, the Na ions
and salt (two concentrations of DMSO and two types of 416 apje to prohibit pore formation (and consequently ion
monovalent salt) were simulated for 100 ns each. As a reference,gaxaqe) over the entire course of the simulation (100 ns). This
we also carried out two additional, 60-ns long simulations of is reflected by the permeation barriers for Na and Cl ions
DPPC m(_ambranes under influence of monova_lent salt (NaCl presented in Figure 1 (top). The presence of 10 mol % DMSO
or KCl) without DMSO. For the sake of comparison, two MD i, 3 pppC membrane with NaCl salt notably reduces the width
simulations of salt-free DPPC bilayers with 10 and 15 mol % ¢ the barrier for permeation of Na ions (due to the DMSO-
of DMSO were taken from ref 11. The combined simulated i,q,ced membrane thinning), but the height of the barrier is
time of all MD simulations amounted to 520 ns. All simulations ;i too high to allow ion leakage to occur. In comparison, K

were performed using the GROMACS suife. ions (whose interaction with lipids is considerably weaRer
while unable to prevent pore formation do slow down the
process, with pore formation now requiring up to 50 ns (versus
Because of the hydrophobic nature of its central core, a 20 ns for a salt-free DPPC system with 10 mol % DMSO). It
phospholipid bilayer under normal conditions is practically has to be emphasized that all the pore formation times mentioned
impermeable to ions. This reflects the prohibitively high free  above should be considered as suggestive rather than quantitative
energy barrier of the normal membrane to translocation of ions. because of the small number of (although individually rather
An indication of the relative magnitude of this barrier to the long) independent simulation runs. More reliable values for the
various ions is illustrated for the DMSO-free and the DMSO- characteristic times for pore formation would require a larger
containing systems in Figure 1. The figure presents the potentialset of multiple MD runs each starting from a slightly different
of mean force (PMF)AG(2), which is the variation in free initial condition.
energy as a function of position along the membrane normal The formation of the transient water pores dramatically
(the chosen reaction coordinate). The PMFs were estimated fromreduces the free energy barriers to permeation of ions through
the ion densities usindG(2)= ksT In(pedp(2)), Where peq is the membrane (Figure 1), so that ions are now able to leak across
the average density of ions in bulk water ai{d) is the average ~ the membrane, avoiding highly unfavorable contacts with
density of ions as a function of their position along the hydrocarbon chains in the membrane interior. For the bilayer
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Figure 3. Permeation of a potassium ion (shown in yellow) through
a transient water pore induced by the addition of 10 mol % of DMSO
to a DPPC bilayer system. Water is shown in red and white; lipids,
DMSO, and K and Cl ions are not shown.

3 . : . .
or KCI, which naturally translates into the difference in numbers

Figure 2. Estimated free energy profilAG(z) of ions as a function of permeation events f(_)r_ Clions, 48 vs 6. This probably results
of the distance from the membrane center for systems containing NaCITom @ greater competition between the Cl and K ions for the
(top) and KCI (bottom). Solid lines correspond to systems with 15 mol Water pore, relative to that between Cl and Na ions. With the
% DMSO and dashed lines are for DMSO-free systems. NaCl salt, the stronger interaction of Na ions with the lipid
headgroups is expected to limit the Na crossing events in favor
system with 10 mol % DMSO containing KCI, where pore of Cl crossings. Additionally, we note that the water pore size
formation was observed, we noted 21 and 13 leakage eventsfor the KCl-containing system was somewhat smaller than that
for K and Cl ions, respectively. The numbers of events seem for the NaCl system, which could be serving to increase the
commensurate with the free energy barriers for the K and CI barrier to Cl ions.
ions as given in Figure 1. From Table 1 we note that chloride leakage is considerably
For the 15 mol % DMSO systems, we observe pore formation more pronounced at the lower DMSO concentration. The time
and associated ion leakage for both salts, NaCl and KCI. The for which the pore stays open for 10 mol % DMSO system is
free energy profiles for the various ions across these membranesimost half of that of the 15 mol % DMSO system (because of
are presented in Figure 2. The profiles for K and Cl ions indicate the mentioned delay in pore formation) and yet the former
that the barrier for chloride leakage across the membrane issystem yields 13 Cl ion leakage events compared with only 6
somewhat higher compared to what was seen for the systemevents at the higher DMSO concentration. This disparity most
with 10 mol % DMSO, while the barrier for permeation of likely results from DMSO molecules competing with Cl ions
potassium ions is almost the same in both cases (cf. Figures Ifor permeation through the pore, with such competition being
(bottom) and 2 (bottom)). Overall, for such a system containing much greater in systems containing higher concentrations of
NaCl, we witnessed 34 leakage events for Na ions and 48 DMSO molecules.
leakage events for Clions over a periocd¥0 ns. Remarkably, A series of simulation snapshots visualizing a typical leakage
the total number of Na ions leaked is found to be smaller than event of a potassium ion via a water pore for the 10 mol %
that of Cl ions despite the lower barrier for permeation of Na DMSO system are shown in Figure 3. The permeation of ions
ions as seen in Figure 2. This we believe is because of the strongacross the membrane is a stochastic process driven mainly by

interaction of sodium ions with lipid headgroufss® which thermal forces. In a certain sense the situation here differs from

considerably slows down the Na ion permeatiaf (this what has been observed for pore-mediated ionic leakage under
interaction of Na ions with the membrane’s carbonyl region influence of the transmembrane charge imbalance where

gives rise to the deep minima observed\iG(z) for the DMSO- electrostatic forces played a crucial rél& Because of its

free bilayer in Figure 2 (top)). stochastic nature, each transmembrane ionic leakage was found

The general picture observed for the bilayer system with KCI to be accompanied by several unsuccessful (partly successful)
and 15 mol % of DMSO is in many ways similar; the only permeation events. The characteristic time of ion leakage turns
difference is that potassium ions, being larger than sodium ions, out to be highly sensitive to the type of ion; sodium ions cross
interact only weakly with the lipid headgroups,and the the membrane considerably slower as compared to potassium
transport kinetics of the two ions, K and Cl, now more closely and chloride ions. This is again because of the strong interaction
conform to the dictates of the respective free energy profiles of the Na ions with the carbonyl region of a DPPC membrane
(Figure 2). In all, we witnessed 34 leakage events for potassiumas well as with the lipid headgroups that form the “walls” of
ions and just 6 such events for chloride ions. Clearly, there seemshydrophilic poreg>28 As a result, a transmembrane ion
to be a large difference in the barrier heights for chloride permeation event which takes around 1 ns for K and Cl ions
permeation (Figure 2) depending on whether the salt is NaCl (Figure 3) can require an order of magnitude longer time in the
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known to be capable of destabilizing phospholipid mem-
braned*3132and hence are considered to be good candidates.
We are currently investigating this issue.
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