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It is well-established that native plasma membranes are characterized by an asymmetric distribution of charged
(anionic) lipids across the membrane. To clarify how the asymmetry can affect membrane electrostatics, we
have performed extensive atomic-scale molecular dynamics simulations of asymmetric lipid membranes
composed of zwitterionic (phosphatidylcholine (PC) or phosphatidylethanolamine (PE)) and anionic
(phosphatidylserine (PS)) leaflets. It turns out that the asymmetry in transmembrane distribution of anionic
lipids gives rise to anonzeropotential difference between the two sides of the membrane. This potential
arises from the difference in surface charges of the two leaflets. The magnitude of the intrinsic membrane
potential was found to be 238 mV and 198 mV for PS/PC and PS/PE membranes, respectively. Remarkably,
this potential is of the same sign as the membrane potential in cells. Our findings, being in reasonable agreement
with available experimental data, lend support to the idea that the transmembrane lipid asymmetry typical of
most living cells contributes to the membrane potential.

I. Introduction above. In particular, several experimental studies of asymmetric
o . lipid membranes have supported the idea that an asymmetric
Asymmetry in distribution of lipids across cellular membranes qistribytion of lipid molecules across the membrane can also

IS an :lnhetretr:lt_ fﬁatdu:(; cz[f tT:OSt etUKar?l/OIt'C (I:éllﬁ.[iarn;:ﬂgrl, 't. | give rise to a nonzero electrostatic potential between the two
IS well-established that the extracellular ieaflets of biological o mprane leaflets:® A recent atomic-scale simulation study
plasma membranes are mostly composed of cholinephospho-

lipids, such as phosphatidylcholine (PC) and sphingomyelin confirmed this view by showing that the transmembrane

ST - . .’ potential can be nonzero even in the absence of salt ions,
while aminophospholipids, such as phosphatidylethanolamine . o

. J . provided that the lipid distribution is asymmet#t.

(PE) and phosphatidylserine (PS), are predominantly located o ) o
in the intracellular leaflet3. The asymmetric transmembrane In general, one should distinguish three different contributions
lipid distribution is known to be vital for many physicochemical that can make the intrinsic membrane potential nonzero (in
properties and functions of biological membranes; these include ddition to the ionic charge imbalance across the membrane):
membrane mechanical stabifiand programmed cell death. (i) an asymmetric transmembrane distributionzefitterionic

What is considerably less known is the effect of the (neutral) Iipi_d molt_ecu_les,_ (_ii) an asymmetric d_istribution of
transmembrane asymmetry on the electrostatic properties of cellcharged(mainly anionic) lipids and their counterions over the
membranes. Plasma membranes of living cells possess a nonzer§V0 leaflets, and (iii) an effect of salt ions on the lipid
potential across the membrane. This membrane potential is amembrane. All the situations are highly relevant to biological
key player in many membrane-mediated phenomena such ag’lasma membranes. The first step in the systematic study of
binding of charged proteins and drugs to membranes, conduc-the complex nature of the intrinsic membrane potential would
tance of ionic channels, insertion and orientation of integral be the consideration of the three contributions separately, thereby
membrane proteins, and transport processes across the mentevealing the generic features of each of them.
brane® Despite its major biological relevance, the origin of this (i) As far as zwitterionic lipids are concerned, they are known
potential is far from being well understood. to be the major lipid species in cell membranes, the dominant

A generally accepted view is that the transmembrane potential lipid types being very different for the inner and outer leaflets.
difference arises from a charge imbalance of salt ions acrossRemarkably, the transmembrane asymmetry of zwitterionic
the plasma membrarfelndeed, the concentrations of, e.g., lipids turns out to be coupled to the intrinsic membrane potential.
sodium and potassium ions inside and outside the cell differ Dipole potential measurements of asymmetric membranes with
considerably. However, the nature of the membrane potential leaflets composed of bacterial PE and 1,3-diolein (two lipids
can be much more involved than the traditional view presented with different polar (neutral) head groups) revealedoazero
intrinsic membrane potentidlRecent atomistic simulations of
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membranes of that type results from a subtle difference in the groups were described following the POPE model of Tieleman
dipole moments of the two zwitterionic leaflets. and Berendse®. Force-field parameters for POPS lipids were
(ii) The situation is more complicated when a membrane taken from ref 22. Water was modeled using the simple point
includes charged (anionic) lipids as well as their counterions. charge (SPC) modéf.As counterions of anionic POPS lipids,
This case of an asymmetric charged membrane is most typicalWe used sodium ions for which the set of parameters supplied
for living cells: PS lipids characterized under physiological Within the GROMACS force-field was employétiThe Len-
conditions by a net negative charge are mainly located in the nard-Jones interactions were cut off at 1 nm. The particle-mesh
inner leaflets of cell membranes. What is more, the appearanceEwald (PME) metho#f2°was used for electrostatic interactions.
of PS lipids in the outer leaflet (externalization) initiates cell The simulations were performed in thepT ensemble at
clearance and eventually leads to cell déatfiherefore, most ~ Physiological temperaturdl (= 310 K) and at a pressure set to
animal cells restrict negatively charged PS lipids to the inner 1 bar; the Berendsen scheme was employed for both temperature
leaflets, leading to a pronounced asymmetrical distribution of @and pressuré’ The periodic boundary conditions were applied
lipid charges across the membrane. Such a difference in surfacén all three dimensions. The time step used was 2 fs.
charges on the two sides of the membrane apparently can induce Simulations of asymmetric lipid membranes were set up and
a nonzero transmembrane potential difference; a few experi- performed in three steps:
mental studie€s’ have provided some evidence that this is (i) First, single-component symmetric bilayers composed of
possibly the case. 128 POPC, POPE, and POPS lipids and around 5000 water
(iif) As far as salt ions are concerned, they are known to molecules were simulated for a period of 100 ns. On the basis
interact with lipid molecules and therefore affect the structural of these simulations, the information regarding the equilibrium

and dynamic properties of cell membrad&s® Recent atomic- values for the area per POPC, POPE, and POPS lipids were
scale computational studies demonstrated that salt ions are ablextracted. For a POPC bilayer, the area per lipid was found to
to influence the membrane electrostafi®t®18 Furthermore, be 0.65 nr, being in very good agreement with available

the effect of monovalent salt was found to differ considerably experiment&f-31and computational studié33233For the area
for the inner and outer leaflets of plasma membrdfies. per lipid of single-component POPE and POPS bilayers, we
However, the cumulative effect of salt ions and transmembrane found values of 0.52 and 0.535 Amespectively. Again, these
lipid asymmetry on the membrane electrostatics is still to be values are in line with reported MD studies of #E* and
understood in detail. Our preliminary studies show that these PS2353¢membranes under similar conditions. On the experi-
two factors can even cancel each other to a certain extentmental side, a value of 0.56 Rmwvas found for the area per
[Gurtovenko, A. A.; Vattulainen, 1., 2007, unpublished work]. lipid for a POPE bilaye?’ The experimental data for PS lipid
Considering the many factors that have a role to play in the bilayers can scatter considerably, the reported values being in
membrane potential, it is evident that detailed atomistic simula- the range from 0.45 to 0.55 rit#3° Therefore, the area per
tions could provide a great deal of insight into understanding lipid for all the simulated bilayer systems is proved to be
the nature and origin of the potential. Rather surprisingly, realistic, validating thereby the molecular model employed in
though, there is currently only one study that has elaborated onthis study.
this mattert® In the present work, we discuss this issue further (i) Using the data for the area per lipid, two asymmetric
by considering the contribution of the asymmetric transmem- membranes, PS/PC and PS/PE, were formed by adjoining POPS
brane distribution of charged (anionic) lipids to the intrinsic monolayers with POPE and POPC monolayers. The number of
membrane potential (item (ii) in the above list), as the role of lipids in the two leaflets of the two asymmetric membranes was
this type of lipid asymmetry is still not well understood. To adjusted such that the average area per lipid in each leaflet
elucidate this problem, we have performed atomic-scale mo- reproduced closely the average area per lipid in corresponding
lecular dynamics (MD) simulations of asymmetric membranes single-component bilayers. This led us to an asymmetric PS/
composed of zwitterionic and anionic lipid monolayers. Two PC membrane with 64 lipids in the POPS leaflet and 53 lipids
different bilayer systems were considered, namely asymmetricin the POPC leaflet, and to a PS/PE membrane with 62 lipids
PC/PS and PE/PS membranes. Although the outer leaflets in the POPS leaflet and 64 lipids in the POPE leaflet. The
of most plasma membranes consist of not more than3206 approach used here ensures that the spontaneous curvature of
of PS lipids? here we chose to consider one of the two leaflets the bilayer corresponds to a flat membrane as in giant unila-
to be formed exclusively of anionic lipids to make the effect of mellar vesicles.
the asymmetry most pronounced. (i) Because of periodic boundary conditions, sodium ions
Overall, our simulations provide compelling evidence that needed to neutralize anionic PS lipids can easily appear on the
lipid membranes with an asymmetric transmembrane distribution zwitterionic side of an asymmetric membrane and get bound to
of anionic lipids can be characterized by a nonzero potential its carbonyl regiofd217.18To overcome this undesirable peri-
difference between two surfaces of the membrane, lending odicity-related artifact, a double bilayer setup (i.e., two lipid
support to the idea that the membrane asymmetry and thebilayers in a simulation box) was employed (see Figure 1). Such
intrinsic electrostatic potential in cell membranes are coupled. a setup provides an independent control over the electrolyte
composition of two agueous compartments separated by bilayers
Il. Methods and was successfully used in a number of preceding computa-
tional studied®4%-45 For the purposes of the present study, the
We have performed atomic-scale MD simulations of two double bilayer system was built up from two asymmetric
asymmetric lipid membranes composed of zwitterionic (palmi- membranes such that anionic POPS lipids were adjusted to the
toyl-oleoyl-phosphatidylcholine (POPC), or palmitoyl-oleoyl- same water compartment; a proper number of Mms were
phosphatidylethanolamine (POPE)) and anionic (palmitoyl- then added randomly into that compartment to keep the system
oleoyl-phosphatidylserine (POPS)) single-component monolayers.electroneutral (see Figure 1). In the resulting double bilayer
Force-field parameters for POPC and POPE lipids were takensystem sodium ions do not have access to the zwitterionic
from the united atom force-field of Berger et &.PE head leaflets.
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Figure 1. A snapshot of a double PC/P®ilayer system in aqueous solution with Neounterions after 100 ns of MD simulations. Shown are
POPC lipids (head groups in lime, and acyl chains in green), POPS lipids (head groups in red, and acyl chains in orange), water (blue), and sodium
ions (yellow).

Overall, a typical simulation system consists of two asym- by considering one of the two leaflets to be composed of anionic
metric lipid membranes (PS/PE or PS/PC membranes plts Na PS lipids only (inner leaflets of most plasma membranes contain
counterions) and from 10600 to 11500 water molecules, usually no more than 30 mol % of anionic lipids). A more
amounting to~45 500 and 47 200 atoms for PS/PE or PS/PC elaborate study for realistic mixtures of many-component
membranes, respectively. Both asymmetric bilayer systems werecellular membranes will be discussed elsewhere.

simulated over a period of 100 ns. All simulations were  The component-wise density profiles of the asymmetric PS/
performed using the GROMACS suté. PC membrane are shown in Figure 2 (top). The difference

In our previous study for zwitterionic lipids, we found that between POPC and POPS lipids is essentially twofold and lies
the membrane potential in an asymmetric membrane can deviatén the nature of their head groups. First, POPS head groups
from zero even in the absence of SélThis implies that the  possess a net negative charge under physiological conditions,
potential in the vicinity of the two opposite membraneater while zwitterionic POPC lipids are characterized by polar but
interfaces is different, and one is tempted to ask whether this neutral head groups. Second, POPS lipids have a primary amine
plays any role in simulations with a single lipid bilayer in their head group region, thus POPS is capable of the
surrounded by the water phase. In ref 10, the results wereformation of both intra- and intermolecular hydrogen bonds. In
confirmed by considering different boundary conditions for the practice, the inter-lipid hydrogen bonding is so strong that it
single bilayer studied (using the slab geométig addition to leads to a considerably more densely packed structure of a POPS
the commonly employed periodic boundary conditions). Later, monolayer as compared to its POPC counterpart, despite the
we complemented those tests by repeating the simulations withelectrostatic repulsion between charged POPS head gf6ups.
the double bilayer setup and found that the results and  The more densely packed nature of the POPS leaflet is clearly
conclusions do not change (unpublished data). Here, for the sakeyaen from the peak heights of the lipid density profiles on the
of certainty, we carry opt all simulations employing the double 5 sides of a membrane (see Figure 2 (top)). The average
bilayer scheme (see Figure 1). orientation of PN vectors (from phosphorus to nitrogen in the
head group) with respect to the membrane normal on the two
sides of the membrane was found to be similar® fof POPS

A. Equilibration. System equilibration is of main concern and 78 for POPC. However, the structure of the water/lipid
in atomic-scale membrane simulations. This is particularly the interface is more complex in the POPS case, as negatively
case for membranes under the influence of ions, since thecharged PS head groups have to be accommodated in a rather
slowest relaxation process in such systems is associated withharrow interface region. Furthermore, one observes a tight
ion binding to the lipid/water interfacg:1822Therefore, along binding of sodium ions to the POPS leaflet interface. Remark-
with the area per lipid, we monitor the time evolution of ably, the density profile of sodium ions has two distinguished
coordination numbers of Na ions with carbonyl and carboxylate peaks (see Figure 2 (top)), indicating that'Nans are able to
oxygens of POPS lipids. It turns out that both the membrane bind to two distinct sites in the lipid/water interface, namely,
area and the cation binding require around-38 ns for to the carbonyl and carboxylate regions. A detailed analysis of
equilibration (data not shown). Correspondingly, only the part corresponding coordination numbers shows that sodium ions
of MD trajectories over the last 60 ns (out of 100 ns) was used mainly bind to the carbonyl oxygens located rather deep in the
for analysis. interface??

B. Asymmetric PS/PC Membrane.An asymmetric mem- All the above features of POPC and POPS leaflets are
brane built from POPC and POPS leaflets can be considered adranslated into the partial charge densities, which are crucial
a rough model for plasma membranes: zwitterionic PC lipids for the electrostatic membrane properties (see Figure 2 (middle)).
are dominant in the outer leaflet, while most anionic PS lipids On the POPC side of the membrane, water molecules readily
are localized in the inner monolayer. As mentioned in the permeate into the lipid/water interface and reorient themselves
Introduction, we intentionally enhance the effects of asymmetry to compensate for charges of phosphate and choline groups of

I1l. Results and Discussion
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. T T=ore T The electrostatic potential across an asymmetric PS/PC
—_ : — POPS i membrane was computed from the Poisson equation by twice
"E 10 1\ | Nt ] integrating over the charge densities measured from MD
*-g-, ] simulations (see Figure 2 (bottom)). As evident, the resulting
= 08 1 electrostatic potential of the PS/PC membrane turns out to be
%‘06: ] asymmetric with respect to the membrane center: there is a
s | ] nonzeropotential difference of 23& 19 mV between the two
2 o4t 4 surfaces of the membrane. It is important to emphasize that this
A § . membrane potential is not essentially related to the ionic charge
= 02f - imbalance across the membrane. Instead, there are two factors
00‘. \ L] that contribute to the potential: the difference in the surface

3.

Charge Density [e/nm]

charges of anionic and zwitterionic leaflets of the PS/PC
membrane, and the contribution due to counterions. Figure 2
(middle) depicts the charge densities of POPS, water, and
counterions. Comparing these with the total charge density
reveals that the qualitative form of the total charge density
follows the contribution due to POPS. The role of Na
counterions is of opposite nature but weaker than the contribu-
tion arising from PS head groups. Nonetheless, it is evident that
counterions and charged lipid head groups compete with each
other, and the total membrane potential results from their
complex interplay. In more realistic situations with physiological
salt conditions, it is likely that the same competition takes place.

The overall picture here is reminiscent of the situation
observed in MD simulations of a PC membrane that separated
two water reservoirs with and without s&ftIn that study,
binding of sodium ions took place only in the membrane leaflet

0.2f e adjoined to salt, so that one of the leaflets effectively became
- 1 positively charged, while the other one stayed neutral (zwitte-
0.0 i ] rionic). Such a salt-induced asymmetry of a lipid bilayer resulted
E_M B i in a nonzero potential difference between the two membrane
-g L ; sidest843
G 04F T The different composition in the two leaflets also gives rise
£ _0_6: ] to a prominent asymmetry in the shape of the electrostatic
! ] potential across the POPS and POPC leaflets. In particular, one
1] e it W= can notice the absence of a hump (typical in PC bilayers) close
o N to the water/lipid interface for the potential on the POPS side
B N of the membrane (see Figure 2 (bottom)). The origin of the hump
z[nm] observed in PC membranes lies in a subtle imbalance between

Figure 2. (top) Component-wise mass density profiles of an asym- the orientation of water molecules and PC lipid head groups.
metric POPS/POPC membrane as a function of distaricem the In PS membranes, such an imbalance is most likely suppressed
center of mass of the membrane. All profiles are averaged over two by the strong electrostatic interactions between anionic head

membranes in a simulation box. The average positions of phosphate . -
groups on both sides of the membrane (which define the membrane 3"OUPS and counterions. We also find that the shape of the

thickness) are shown by dashed lines. (middle) Charge density prof”eselectrostatlc potential and the value of the potential dlffer_ence
of a POPS/POPC membrane. To reduce noise in the data, the charg@cross PS and PC monolayers follow closely those for single-
densities shown here were fitted to splifiégbottom) Electrostatic component symmetric POPC and POPS bilayers and are in line
potential across a POPS/POPC membrane. The potential is chosen tavith previous computational resufg12.36

be zero at the center of mass of the membrane. Importantly, the observed intrinsic potential of the membrane

POPC lipids. This leads to a rather smooth profile for the total in the inside of the “cell” turns out to be negative with respect
charge density. In contrast, deep water permeation into the POPS0 the outside, provided that the POPC monolayer of the
leaflet is considerably hindered by the densely packed anionic asymmetric PS/PC membrane is considered to reflect the outer
PS head groups. In turn, sodium ions penetrate much deepeﬂeaﬂet of a plasma membrane. ThUS, the intrinsic pOtentiaI due
into the leaflet compared to water and are mainly responsible to asymmetry in the distribution of charged lipids across the
for the compensation of a net negative charge of PS head groupgnembrane has the same sign as the transmembrane potential in
(see Figure 2 (middle)); the charge density profile of Nans plasma membranes. As experimental measurements for PS/PC
again demonstrates two distinguished maxima. Water alsomembranes are not available, a direct comparison of the
contributes to the compensation of the charges of POPS lipids, magnitude of the transmembrane potential difference (238 mV)
the reorientation of water molecules being more pronounced With experiment is not feasible. We note, however, that in
inside the PS leaflet compared to the POPC leaflet. As a result,Plasma membranes of living cells, one can expect the corre-
the total charge density profile of the POPS leaflet has a more sponding potential difference to be considerably smaller than
rugged shape as compared to that for the POPC leaflet, reflectingthe reported value as only 280 mol % (and not 100% as in

a more complex structure of the water/POPS interface. Overall, the simulations) of all lipids in the inner leaflet are anionic.

we observe a prominent asymmetry in charge distribution across It would be interesting to compare our results with a recent
the POPS/POPC asymmetric membrane. MD study of asymmetric lipid membranes composed of a PC
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L o e e e 3 R B Water permeates into the POPE leaflet to a significantly lesser
1 - ESBE ' ] extent as compared to the zwitterionic side of a PS/PC
e - ‘“h'f;ter . membrane (see Figures 2 and 3), reflecting the well-known
%1.0 - difference in hydration level of PC and PE membratfeEhis
= ] results in an insufficient compensation of partial charges of the
,?03 ] polar PE head group and in a rather sharp peak in the total
c 06 - charge density profile in the POPE leaflet, the peak being higher
a ] than that observed on the neutral side of a PS/PC membrane
@ 04 ] (see Figures 2 (middle) and 3 (middle), and also ref 10). As a
= i consequence, the potential difference across thenBiolayer
] is larger than what was seen in a PC monold§@nd one can
GG L L A L

T R R A expect a somewhat smaller magnitude of the intrinsic potential
across the entire asymmetric membrane. Indeed, the potential
T T T T T LT T T T T T difference between the two surfaces of an asymmetric PS/PE

_ T — ESEE ’ membrane turns out to beonzeroand amounts to 19& 8

= — Water 1 mV, which is smaller than the value of 238 mV observed for a
St =% f - PS/IPC memb

] Total membrane.

'El On the experimental side, the electrostatic properties of an
2 0 asymmetric PS/PE membrane has been probed by the nonactin
2 K+ complex? The experimentally observed shape of the
o, electrostatic potential across the PS/PE membrane is very similar
% to what was observed in MD simulations, the potential on the
S anionic side being lower than that on the neutral (zwitterionic)

|
[

side. The experimental value for the potential difference between
the two sides of the membrane was found to be 86&ie
value for the membrane potential measured through the simula-

L
4 3 -2 -1 0 1 2 3 4

0.4 T—r—T—r—T—T—T—TT—"—T——T—TT—TT tions (198 mV), while being of the same order of magnitude,
- 1 turns out to be considerably larger than the experimental one.
0.2 [ ] The difference between simulations and experiment is obviously
0.0k 4 in part due to error margins in both experiment and simulations,
= ] and also due to current limitations in force fields. However,
_:__3'0'2: ] we consider that the important issue here is the different
S 04 _ conditions used: the experiment was performed at a lower
E i ] temperature and in the presence of KCI &alhe role of salt is
‘Of’f 7 particularly relevant here, since the results in Figure 3 show
08k i that the charge density profile of counterions competes against
- 1 the corresponding one arising from PS head groups. On these
‘w':I R e e e E A' grounds, it is possible that the presence of salt decreases the
ST T 2 inm) total membrane potential; preliminary data is in favor of this

Figure 3. (top) Component-wise mass density profiles of an asym- view (unpublished data). P
metric POPS/POPE membrane versus distanftem the center of Nonetheless, one can conclude that the main findings of our

mass of the membrane. (middle) Charge density profiles of a POPS/atomic-scale MD simulations are in general agreement with
POPE membrane. (bottom) Electrostatic potential across a POPS/POPRvailable experimental data.
membrane. The potential is chosen to be zero at the center of mass of

the membrane. IV. Conclusions
To explore how asymmetry in transmembrane distribution
of charged (anionic) lipids across plasma membranes affects
leaflet and of a mixed PC/PS leaflet, where the latter case membrane electrostatics, we performed atomic-scale MD simu-
contained around 33% of anionic lipiés.However, as the lations of asymmetric membranes with one leaflet composed
authors employed a single bilayer setup, the counterions of PSof zwitterionic PC or PE lipids, and another leaflet built from
lipids were able to interact with the purely zwitterionic leaflet, anionic PS lipids. Special care was taken to ensure that
making the overall picture smeared. Furthermore, the method counterions of the anionic leaflet do not affect its zwitterionic
used for calculating the electrostatic potential did not allow the counterpart. For doing that, a double bilayer setup (i.e., two
authors to get symmetric potential profiles even for symmetric lipid bilayers in a simulation box) was employed.
PC bilayers, rendering a direct comparison with our results It turned out that both PS/PE and PS/PC asymmetric
hardly possible. membranes are characterized byamzeropotential difference
C. Asymmetric PS/PE Membrane. To complement our between two membrane surfaces. This potential arises from the
findings, we performed additional atomic-scale MD simulations difference in the surface charges of the two leaflets of asym-
for another asymmetric zwitterionic/anionic membrane in which metric PS/PC and PS/PE membranes. Remarkably, the intrinsic
POPC was replaced by POPE (see Methods for details). Thepotential has a lower value on the anionic side of membranes,
major difference between these zwitterionic lipids is that POPE so that the potential due to transmembrane asymmetry is of the
lipids are more capable for hydrogen bondffigror the PS/PE same sign as the membrane potential in cells. The magnitude
bilayer, one hence expects a more densely packed structure thaof the intrinsic membrane potential was found to be 238 mV
is indeed readily observable from the peak heights of the density for a PS/PC membrane and 198 mV for a PS/PE membrane.
profiles (see Figure 3 (top)). Our findings, being in reasonable agreement with available
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experimental data, lend support to the idea that transmembrane (22) Mukhopadhyay, P.; Monticelli, L.; Tieleman, D.Blophys. J2004
lipid asymmetry contributes to the membrane potential of plasma 86 1601-1609.

membranes.

(23) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F;
Hermans, J. Iintermolecular ForcesPullman, B., Ed.; Reidel: Dordrecht,

Further research in the area could lie in the development of The Netherlands, 1981; pp 33842.

more realistic membrane models that would match closely the

lipid composition of cellular membranes. Of particular interest

(24) Lindahl, E.; Hess, B.; van der Spoel, I.Mol. Model.2001, 7,
7.

(25) Darden, T.; York, D.; Pedersen,L.Chem. Phys1993 98, 10089~

are asymmetric membranes with PC, sphingomyelin, and 10992.
cholesterol in one leaflet and PE and PS in another. The presence (26) Essman, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.;

of cholesterol, in particular, is of exceptional biological

interes®-52 Furthermore, as charged lipids such as cardiolipins 4 .

are abundant in mitochondrial membrafgthe role of mem-

Pedersen, L. GJ. Chem. Phys1995 103 8577-8592.

(27) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola,
Haak, J. RJ. Chem. Phys1984 81, 3684-3690.

(28) Hyslop, P. A.; Morel, B.; Sauerheber, R. Biochemistry199Q

brane lipid composition on the electrostatics and membrane 29, 1025-1038.

potential in these cellular power plants would deserve to be

clarified. Finally, cationic liposomé&$57 are increasingly being
considered for use in gene therapy, yet the role of lipid

(29) Lantzsch, G.; Binder, H.; Heerklotz, H.; Wendling, M.; Klose, G.
Biophys. Chem1996 58, 289-302.

(30) Kbonig, B.; Dietrich, U.; Klose, GLangmuir1997, 13, 525-532.

(31) Smaby, J. M.; Momsen, M. M.; Brockman, H. L.; Brown, R. E.

asymmetry on their electrostatic properties is only weakly Biophys. 1997 73, 1492-1505.

understood.
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