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The intrinsic membrane potential affects or even governs a = e — T T
variety of biological phenomena associated with cell membranes, L3p .
such as the binding of charged proteins and drugs to membranes, _ 1]?: :
insertion and orientation of integral membrane proteins, conductance m_g 1ok ]
of channels, and membrane transport processes oVvéNalethe- 30.9 - :
less, despite its major biological relevance, the origin of this gt .
potential is not well understood. It is generally accepted that the § g'gz ]
potential difference arises from the salt ion imbalance across the A osk 3
plasma membrane as the concentrations of, for example, proton, Z osk ]
sodium, and potassium ions on the extracellular and intracellular = 03f 3
sides of the cell are considerably differérRecent atomic-scale 02r 7
computer simulations have provided support for this point of 3_';: g

view 35

However, in this work, we show that this intriguing issue may
be considerably more complex: we show that a nonzero trans-
membrane potential can readily be observed in phospholipid
membranes in thabsenceof ions. More specifically, we provide
compelling evidence thatraonzeroelectrostatic potential between
two membrane surfaces is an intrinsic property of lipid membranes
that are characterized by asymmetric lipid distribution across
the membraneThis is shown here to give rise to an electrostatic
transmembrane potential difference of about 100 mV, which is of
the same order of magnitude as the potential difference (abeut 50
100 mV) in native plasma membran&s.

The asymmetry in transmembrane distribution of lipids is an
inherent feature of membranes of most animal celtsplays an
important role in various membrane properties and phenomena such
as membrane mechanical stabflignd programmed cell deatht
is well-known that, in plasma membranes of eukaryotic cells, 0.6
cholinephospholipids such as phosphatidylcholine (PC) and
sphingomyelin are located mostly in the extracellular leaflet,
whereas aminophospholipids such as phosphatidylethanolamine
(PE) and phosphatidylserine are predominant lipids in the intra-
cellular leaflett?

In this communication, we use this insight to consider an
asymmetric lipid membrane through atomic-scale molecular dy-
namics simulations. The asymmetric lipid membrane is comprised
of palmitoyl-oleoyl-PC (POPC) and palmitoyl-oleoyl-PE (POPE) 08
single-component monolayers, which therefore mimic the outer and J S TG NI TN N NN N
inner leaflets of plasma membranes, respectively (see Figure 1). 2 7z [nm] 2

Th.e S|mulat|0ns overa pEnod of 1OQ ns werg performed at the Figure 1. (Top) Mass density profiles of an asymmetric POPC/POPE
physiological temperaturd (= 310 K) using a united-atom force-  memprane. (Middle) A snapshot of a POPC/POPE membrane with
field of Berger et al! The periodic boundary conditions were phosphate groups (blue), choline groups (yellow), amine groups (cyan),

applied in all three dimensions. Additional studies were conducted POPC acyl chains (orange), POPE chains (green), and water (red). (Bottom)
Charge density profiles of a POPC/POPE membrane.
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5358 = J. AM. CHEM. SOC. 2007, 129, 5358—5359 10.1021/ja070949m CCC: $37.00 © 2007 American Chemical Society



COMMUNICATIONS

The asymmetric membrane was formed by adjoining POPC and IR B A B L R L
POPE monolayers extracted from corresponding 100 ns long
simulations of conventional single-component POPC and POPE
bilayers. Since lipids in a POPE bilayer are more densely packed
than in a POPC bilayer, the number of lipids in the two leaflets of
an asymmetric membrane was adjusted such that the average area
per lipid in each leaflet reproduced closely the average area per
lipid in corresponding single-component bilayers. This led us to
an asymmetric membrane with 51 lipids in the POPC leaflet and
64 lipids in the POPE leaflet. All of the simulations were performed
using the GROMACS suit&

The major difference between POPC and POPE lipids lies in
the nature of their head groups. In contrast to POPC, POPE has a ) P T TP T S PR
primary amine that makes it capable for the formation of intra- 3002 - 0 1 2 3
and intermolecular hydrogen bonds to lipid phosphate gréufs.
a result, the watetlipid interface on the POPE side of an Figure 2. Electrostatic potential versus distarcfeom the center of mass
asymmetric membrane is more densely packed and is considerabl)‘CM) of a POPC/POPE membrane. The potential is here chosen to be zero

. . t the CM of the membrane.
narrower than on the POPC side, as seen from the peak heights of
lipid density profiles shown in Figure 1 (top). Water permeates
into the membrane on the POPC side to a significantly larger extent

compared to the POPE side (see Figure 1 (top)), reflecting the well- intrinsic potential of the membrane in the inside of the cell to be

known difference in hydration level of PC and PE bilay¥rs. . . . L
Strong hydrogen bonding between PE head groups renders thenegatlve with respect to the outside. Thus, the observed intrinsic

h . . . potential due to lipid asymmetry has the same sign as the
average orientation of PN vectors (from phosphorus to nitrogen in transmembrane potential in plasma membrarfasthermore. the
the head group) on the two sides of the membrane different: the P P : !

; magnitude of the intrinsic potential turns out to be of the same
average angle between the PN vector and the outward IO'Iayerorder of magnitude as the potential in plasma membrah@serall
normal is found to be 78 and 9%or POPC and POPE leaflets, 9 P p y

. .. . . despite the simplified nature of the membrane model considered
respectively. This, in particular, means that there is a pronounced P P ’

: o . . it is however possible or even likely that transmembrane lipid
difference in lipids’ dipole moment per unit area in the two ) s .
asymmetry typical of living cells can contribute to some extent to
membrane leaflets.

. -, . . _the potential of cell membranes.

The partl_al charge der!smes of an asymme_trlc memprane, be_lng To summarize, in this communication, we have provided an
crucial for its electrostatic propertle_s, also differ considerably N atomic-scale pictl’Jre of how an asymmetri’c distribution of zwitter-
theermt\:evgteleislettie ?nnel;hbera:saigr ﬁ:?;f;’gtjnéngiﬁilsts thr:id-”y ionic lipids between the two membrane leaflets can give rise to a
P . nonzeraintrinsic potential difference between the two sides of the
s_,e_lves to partly c_ompensate for Chafges of phosphate and Cho.“nqipid membrane. Our findings strongly support the idea that the
lipid groups, leading to a smooth profile for the total charge density transmembrane lipid asymmetry and the intrinsic membrane
with a rather low peak (see Figure 1 (bottom)). In contrast, the

permeation of water into the POPE leaflet is considerably hindered foohennég;l;g%%s\lletﬁ;irr?trrri'nr;?gv %Té::t;’;?z{?eb; ﬁf Qigr;];f:rst is
by the densely packed PE head groups, so that water molecules P P y y

fail to compensate for the charges of lipid head groups to a possibly related to the various asymmetry-associated cellular
significant extent. This leads to a sharp high peak in the total Chargeprocesse%.
density profile in the POPE leaflet and, correspondingly, to a  Acknowledgment. We thank the HorseShoe (DCSC) super-
pronounced asymmetry in charge distribution across the POPC/cluster at the University of Southern Denmark and the Finnish IT
POPE membrane (see Figure 1 (bottom)). Center for Science for computing resources.
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