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ABSTRACT Molecular dynamics simulation of the hydrated dimyristoylphosphatidylcholine (DMPC) bilayer membrane in the
liquid-crystalline phase was carried out for 5 ns to study the interaction among DMPC headgroups in the membrane/water
interface region. The phosphatidylcholine headgroup contains a positively charged choline group and negatively charged
phosphate and carbonyl groups, although it is a neutral molecule as a whole. Our previous study (Pasenkiewicz-Gierula, M.,
Y. Takaoka, H. Miyagawa, K. Kitamura, and A. Kusumi. 1997. J. Phys. Chem. 101:3677-3691) showed the formation of water
cross-bridges between negatively charged groups in which a water molecule is simultaneously hydrogen bonded to two
DMPC molecules. Water bridges link 76% of DMPC molecules in the membrane. In the present study we show that relatively
stable charge associations (charge pairs) are formed between the positively and negatively charged groups of two DMPC
molecules. Charge pairs link 93% of DMPC molecules in the membrane. Water bridges and charge pairs together form an
extended network of interactions among DMPC headgroups linking 98% of all membrane phospholipids. The average
lifetimes of DMPC-DMPC associations via charge pairs, water bridges and both, are at least 730, 1400, and over 1500 ps,
respectively. However, these associations are dynamic states and they break and re-form several times during their lifetime.

INTRODUCTION

Phosphatidylcholine (PC) is a most prevalent phospholipidlimyristoylphosphatidylcholine (DMPC) molecule, approx-
among those that make up eukaryotic cell membranes. It isnately one, on average, simultaneously forms H bonds
also a most extensively studied phospholipid in terms of thevith two oxygen atoms, mainly of the phosphate and car-
behavior in model membranes, the dynamics and interactiobonyl groups, of different DMPC molecules and forms an
of alkyl chains in particular. However, those of the PCintermolecular bridge. This result is consistent with water-
headgroups in the polar regions of the membrane have begnediated interactions between PC oxygen atoms deduced
studied much less despite their importance in determiningrom experimental results by Nagle (1976), l8uand
the membrane structure and interactions with molecules ifvohigemuth (1981), Slater et al. (1993), and Ho et al.
the agueous phase. (1995). Such interactions were postulated by Prats et al.
A PC molecule contains groups that are positively and(1987), Sakurai and Kawamura (1987), and Teissie et al.
negatively charged, whereas its net electrostatic charge {990) to explain 20-fold faster lateral transfer of protons
zero. Representative negatively charged groups of PC inguOng the membrane surface than in water.
clude the non-ester phosphate oxygen atoms (Ops) and theThe second class of short-distance interactions that are
carbonyl oxygen atoms in the esterllllnkages between gly_cﬁke|y to take place in the headgroup region in PC mem-
erol and acyl chains (Ocs). The positively charged group igyranes involves charge associations (charge pairs) formed

the choline moiety. _ _ , when the oppositely charged groups are located within 4.0
Two major classes of short-distance interactions OCCUR from one another, in analogy to salt bridges (links) in

betweeq the PC headgroups.. One is the formation of V‘_’ateﬁroteins (Creighton, 1983: Lounnas and Wade, 1997).
cross-bridges bgnNgen negatively charged groups in which a In the present study, we mainly addressed this issue. In
\tl\\,/\,a;eg Cr:n r$1|ce)lce ucll(jltlass ﬁ'?g&??:geunilﬁr;{:éggfnd(lr_:;g%nsdg\jsg)particular, we pursued further cluster formation of PC mol-
. . : . y . " ~’ecules caused by charge associations in the DMPC bilayer
simulation study of a PC bilayer membrane (Pasenhewmzhsing MD simulations
. 0 .
Gierula et "."I" 1997), we found that?O_/o of PC molecules First, we investigated the possibility of formation of
are cross-linked by H bonded water into clusters of two to harge pairs between a choline methvl aroun (NJCeF
seven molecules. Of 4.5 water molecules H bonded to eac@ne ?DMI?DC and non-ester phosphateyog carFl)Jo(n;Ipoxygen
atoms (Ops and Ocs, respectively) of another one. In this
sense, the present research was an additional development
Received for publication 31 July 1998 and in final form 23 November 1998-0f our previous investigation of the formation of PC clusters
Address reprint requests to Marta Pasenkiewicz-Gierula, Department %ased on water cross-bridaes. We found that. on average
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tween the phosphate and the choline groups of neighboring
phospholipid molecules in the liquid-crystalline bilayers.
Although phosphate—choline charge pairs are also present
in the DMPC single crystal, they are exclusively intramo-
lecular (Hauser et al., 1981). MD simulation of negatively
charged dipalmitoylphosphatidylserine (DPPS) bilayer
membrane in the liquid-crystalline state showed charge in-
teraction between the ammonium group of one DPPS mol
ecule and oxygen atoms of adjacent DPPS molecule
(Lopez Cascales et al., 1996).

In addition to identifying the short-distance PC-PC in-
teractions in the membrane, we examined the lifetimes OE
the water bridges as well as of the choline—phosphate an
the choline—carbonyl charge pairs. The average lifetime of
water bridging of two DMPC oxygen atoms is about 50 ps.
The average lifetime of a DMPC-DMPC pair linked by
water molecules is-730 ps, indicating a fast exchange of H benQing force constants. The bond angles and force constants for the
bonds and water bridges, as postulated by Prats et al. (198?20Ime group were set in analogy to OPLS parameters for lysine. The van

. . r Waals parameters for the phosphorus atom were calculated based on
and Teissie et al. (1990)' The average lifetimes of Op_N'the AMBER parameters and then re-adjusted to satisfy the proportion

CHs; an'd Oc-N-CH charge pairs are 140 and 174 ps, (o/N~S/P) between the van der Waals parameters for the oxygen (O),
respectively. For a DMPC-DMPC pair linked by charge nitrogen (N), sulfur (S), and phosphorus (P) atoms. For water, TIP3P
pairs, the average lifetime is 1416 ps. This indicates thearameters (Jorgensen et al., 1983) were used. The united atom approxi-

presence of multiple charge pairs between DMPC molemation was applied to the DMPC molecule to reduce computation time.
cules in most cases The atomic charges of the DMPC molecule used in this simulation were

. . . taken from Charifson et al. (1990) except for the first 800 ps of the
DMPC-DMPC associations linked by either or both of simulation. During the initial 800 ps, the charges used were those calcu-

S.h(_)rt'diStan'Ce interactio'ns,.shovy higher stability. The lowej,eq in pasenkiewicz-Gierula et al. (1997) in which the choline and
limit of their average lifetime is 1500 ps, 24% of the carbonyl charges were similar to those from Charifson et al. (1990),

association live longer than 3100 ps, the time window of thewvhereas the charges for the phosphate group atoms were 10-20% lower.
present analysis. The dipole moment of the DMPC headgroup calculated for the charge

In this study we show that 98% of DMPC molecules in distribution from Charifson et al. (1990) was 20t42.8 Debye and was

the liguid-crvstalline bilaver are linked via water bridges lower than that calculated for the charge distribution from Pasenkiewicz-
q y Y g Gierula et al. (1997) of 26.6= 3.3 Debye (both averaged over 500 ps

and/or ChOI'ne_phOSphate and/or choline— Carbonyl Charg@etween 1100 and 1600 ps). The value for the dipole moment of the DMPC

pairs to form long-lived clusters. This result suggests thaheadgroup given in the literature-i20 Debye (Shepherd and B, 1978;

headgroup-headgroup interactions greatly contribute to thecott and Lee, 1980; Bt and Wohlgemuth, 1981; Frischleder and Peinel,

stability of the membrane structure. 1982; Bowen and Lewis, 1983; Taylor et al., 1990). For this reason, MD
simulation from 800 ps onward was carried out using atomic charges of
Charifson et al. (1990).

GURE 1 Molecular structure of DMPC with numbering of atoms
hemical symbol for carbon atoms, C, is omitted).

METHODS

Simulation system Simulation conditions

The membrane consisting of 72 (6 6 X 2) DMPC molecules was . . o . . o
hydrated with 1622 water molecules and simulated for 5100 ps usmgThree-dlmensmnal periodic boundary conditions using the usual minimum

AMBER 4.0 (Pearlman et al., 1991). There ar@3 water molecules/ 'Mage convention were used. The SHAKE algorithm (Ryckaert et al,,
DMPC (~38% by weight), which is thought to be sufficient to fully 1977)was used to preserve the bond lengths of the water molecule, and the
hydrate the membrane (Gawrisch et al., 1978; Arnold et al., 1983; Naglelime step was set at 2 fs (Egberts et al., 1994). For nonbonded interactions,
1993; Salsbury et al., 1972; Rand and Parsegian, 1989). The starting residue-based cutoff was used with a cutoff distance of 12 A. To reduce
configuration was the minimized structure of Vanderkooi (1991) in the calculation time of nonbonded interactions, each DMPC was divided into
second arrangement. The system was equilibrated for 1100 ps. DetaifiX residues. Each residue was chosen in such a way that the total electro-
concerning the membrane construction and equilibration have been detatic charge on the residue was close to zero and the integrity of its
scribed in Pasenkiewicz-Gierula et al. (1997). Fig. 1 shows the structurehemical groups was preserved (Pasenkiewicz-Gierula et al., 1997). The
and numbering of atoms in the DMPC molecule. list of nonbonded pairs was updated every 50 steps.

Simulation was carried out at a constant pressure (1 atm) and a constant
temperature (310 K= 37°C), which is above the main phase transition
temperature for the DMPC bilayer-@3°C). Temperatures of the solute
and solvent were controlled independently. Both the temperatures and
For DMPC, optimized potentials for liquid simulations (OPLS) parameterspressure of the system were controlled by the Berendsen method (Be-
(Jorgensen and Tirado-Rives, 1988) were used. In the original OPLS sefgndsen et al., 1984). The relaxation times for temperatures and pressure
the stretching, bending, and torsion parameters for the ester group wemgere set at 0.4 and 0.6 ps, respectively. Applied pressure was controlled
missing. These parameters were transferred from the MM3 set (Alinger eanisotropically, where each direction was treated independently and the
al., 1989) with the help of two calibration curves for the stretching andtrace of the pressure tensor was kept constant (1 atm).

Simulation parameters
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RESULTS simulation time. Approach toward a thermally equilibrated
DMPC bilayer in the liquid-crystalline phase has been de-
scribed in detail (Pasenkiewicz-Gierula et al., 1997). In that
paper we concluded that the membrane had reached thermal
Fig. 2 shows the time profiles of the simulation box dimen-equilibrium after 1100 ps of MD simulation.

sions (Fig. 2a), surface area/DMPC (Fig. ), number of Between 1100 and 5100 ps of MD simulation, the aver-
gaucheconformations/myristoyl chain (Fig. &), and sur- age surface area per DMPC of 60:21.0 A%, the average
face tension (Fig. 2l), from the onset of simulation until number ofgaucherotamers/myristoyl chain of 2.8 0.1,
5100 ps. Initial changes in the system dimensions (Fa&). 2 and the nearly zero average tilt angle of hydrocarbon chains
are caused by rescaling, temporary changes of the tempewith respect to the bilayer normal were obtained, which is
ature, and addition of another 600 water molecules (cfconsistent with experimental observations (Nagle et al.,
Pasenkiewicz-Gierula et al., 1997). At the beginning of thel996; Nagle, 1993; Casal and McElhaney, 1990; Moser et
equilibration process, the temperature of the system wasl., 1989; Meier et al., 1982), theoretical calculations (Carl-
raised to 550 K for 20 ps, which was effective in breakingson and Sethna, 1987), and other simulations (Tu et al.,
the initial crystalline structure. The temperature was therl995). The electron density profile of the bilayer and the
slowly lowered to 310 K and kept constant. The potentialprofile of the order parameter are in agreement with exper-

Characterization of the membrane system and
comparison with experimental data

energy of the system became stable after 500 ps of thinental data (Levine and Wilkins, 1971; Hubbell and Mc-

Connell, 1971).
The surface tension in the simulation box was monitored

1 from ~800 ps of the simulation time. After equilibration,
=< 804 Y in-ol the average surface tension (Zhang et al., 1995)0s5 =+
° In-pane 123 dyn/cm (Fig. 2d). Its nearly zero value is in good
.c‘,:; 60 agreement with theoretical predictions 6hday (1996) and
x40 MD simulation of Tu et al. (1996). Large fluctuations of this
o X inolane parameter are caused by large fluctuations in the system
201 — R T T T 1 pressure.
— Fig. 3 a shows the distribution of the orientation of the
80 P-N vector with respect to the membrane normal (the
< 70 av.=60.2+1.0 22 axis). The distribution of the inclination angle is broad and
O 60 almost uniform in the range of angles between 0 and 100°.
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FIGURE 2 Diagrams showing the time developments of #)esimula-
tion box dimensions (along the in-plane and y-axes, and the bilayer

FIGURE 3 @) Normalized distribution of the orientation of the phos-
phorus-nitrogen (P-N) vector with the bilayer normabl{d line). The
distribution of the orientation was divided by tk@ function to compare
with the uniform distribution of angles in the range of 1-18@&sh ling.

(b) Normalized distribution of the orientation of the P-N vector with the

normal, z-axis), @) surface area per DMPC, the average surface area isn-planex-axis: in the single crystal, vertical lines (for DMPC A and B in

60.2 + 1.0 A, (©) number ofgaucherotamers per chain, the average
number is 2.8+ 0.1, and ¢) surface tension, the average tensior &6 =
123 dyn/cm.

the upper and lower leaflet), and in the liquid-crystalline bilayer at 5100 ps
of the simulation time-continuous line; the dash line indicates the uniform
distribution of the orientation.
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Orientations and conformations of the DMPC headgroups 0.2
in the liquid-crystalline bilayer significantly differ from W 1
those in the initial structure. Fig. Bshows the distribution 0 0.1
of angles between the P-N vector and the in-plamgis in - 1a
the initial structure and in the liquid-crystalline bilayer at 0.0 T T T T T T
5100 ps (calculated for last 300 ps, i.e., between 4800 and 0.2

5100 ps). In the former case, the vector has only four
orientations (57°, 64°, 124°, and-119° for DMPC A and
B in the upper and lower leaflet, respectively). In the latter
case, the angles span the whole range frob80° to 180°. 0.
These results suggest that the simulated membrane ob- 0.
tained here is well equilibrated, stable over a long period of
time, and reproduces various properties of PC bilayers in the
liquid-crystalline phase that have been observed experimen- 1C
tally. Therefore, it is concluded that this membrane provides 8‘8 L
a good model for DMPC membranes, and that by analyzing '
it at the level of individual atoms, we can obtain experi-

RDF RDF
(=] o
— N o —_
{ |

(@)

: L . S 0.1-
mentally inaccessible information about structure and dy- as | /\/\
namics of PC membranes. 0.0 d] S A—
In the present report, in analyzing trajectories of 4.0 ns 0123458678910
MD simulation after equilibration, we concentrate on for- R [A]

mation of charge pairs between positively charged choline

methyl groups and negatively charged oxygen atoms of th€IGURE 4 The radial distribution functions (RDF) @)(he phosphorus

phosphate or carbonyl groups in the membrane, Whicﬁtoms relative_ to a nitrogen atonmb) (the carbonyl carboq C21 atoms

along with bridging by hydrogen bonded water m0|ecu|esrelanve to a nitrogen atqch the phosphorus atoms relgtlve 'to a phos-

leads to formation of extended DMPC clusters. We alsJJhorus atom (yvhen an intermolecular Op—Op water bridge is made, the
) D o ) _“taverage P-P distance is 6.651.41 A), d) the nitrogen atoms relative to

estimate the lifetimes for water bridging and charge pairingq nitrogen atom. In all cases the RDFs were calculated only for the

intermolecular distances.

DMPC-DMPC association via charge pairs and . i . . .
water bridges contribute to protein stability to different extent (Honig and

Hubbell, 1984; Lounnas and Wade, 1997). By analogy to
the definition of salt links, introduced by Lounnas and Wade
The radial distribution function (RDF) of the phosphorus (1997) to assess their contribution to cytochrome P450cam
atoms relative to a nitrogen atomp_g, (intramolecular

distances are not included) has a distinct maximum at 4.8 A

Interactions between Op and N-CH,

(Fig. 4 a). The presence of the maximum indicates that in 0'4]
the membrane the choline and the phosphate groups stay in T
. . Q 0.2+
a close, preferred distance from one another. For compari- o |
son, the RDFs of Ps relative to P and Ns relative to N are 0.0 a
also shown in Fig. 4¢ andd, respectively. These functions oas tr '

have broader peaks at longer distances (when an intermo-
lecular Op—Op water bridge is made, the average P-P dis-
tance is 6.65 1.41 A).

RDF
o
o
[
@y

The RDF of Ops relative to a methyl group in the choline 0.0 4
residue (Fig. &) shows three maxima at 3.4, 5.4, and 7.4 A, -
which reflects the presence of three methyl groups in a 0.8
residue, and the first minimum at4.6 A. Because the sum o 7
of the van der Waals radii of Op and Gi$ 3.4 A, the pairs o 04 :C
of Op (with a negative charge of0.9 in units of an 0.0 1111
electronic charge (e)) and GHa united atom C3 with a 012345678910
positive charge of 0.14 (e) that contribute to the peak in R [A]

RDF at 3.4 A must be strongly interacting electrostatically

with each other and form transient Op—N-g:tbharge pairs FIGURE 5 The radial distribution functions (RDF) ad)(the nonester
" phosphate oxygen atoms (Op) relative to a methyl group of the choline

Electrostatic interactions between closely localized, OP moiety (N-CH), (b) the carbonyl oxygen atoms (Oc) relative to an N-CH

pO_Sitely chargeq side Chains in proteins are called _ salf) the water oxygen atoms (Ow) relative to an N-Chh all cases the
bridges or salt links (Creighton, 1983). These interactionsRDFs were calculated only for the intermolecular distances.
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stability, we call a pair of Op and N-Cjiwhich are located TABLE 2 Inter- and intramolecular distances between
within 4.0 A from each other (which is less than the positioncharged groups involved in charge pairing (ch-p) in the DMPC
of the first minimum in the RDF of 4.6 A) a charge pair. A Pilayer membrane

sphere of radius 4.0 A centered on N-Cid called here an Distance from N-CH (A)

interaction sphere. Oxygen atom Intermolecular ch-p Intramolecular ch-p
As can be seen in Fig. B andc, the RDFs of st and op 357+ 025 374+ 020

the water oxygen atoms, Ows, relative to a choline methyl ¢ 3.52+ 0.26 3.54+ 0.25

group are very similar, particularly in the positions of the
major peaks 3.5 A) and the first minimum 4.6 A).
Thus, the interaction spheres around N-Cidr Ops and
Ows coincide, which is consistent with our finding that Op, gne can see in Fig. B and read from Table 1, the percent-
Ow, and N-CH moieties mutually interact and compete agqe of Ocs that make charge pairs with N-Chi the
(results will be published elsewhere). membrane is smaller than that of Ops (28 vs. 42%). Of all

On average, 61 Ops are located inside the interactiofhtermolecular charge pairs N-GHorms, 60% are with
spheres of 216 N-Ckl which constitutes 42% of all 144 ops and 40% are with Ocs. However, Ocs make intramo-
Ops in the membrane (Table 1). For comparison, 503 wat§gcular charge pairs more frequently (in 22% of cases) than
molecules are located inside the interaction spheres qhns (in 3% of cases), but intramolecular charge pairs con-
N-CHgs (31% of all water molecules in the membrane). Ofsityte merely 12% of all charge pairs formed in the mem-
them, 143 are simultaneously H bonded to Ops and 36@rane. The average distance between Oc and N-@ih-
interact solely with the N-CElgroups. prising of an intermolecular charge pair is 3.520.26 A

The average distance between Op and Ns@B.57+  anq s almost the same as that between Op and I-CH
0.25 A in intermolecular charge pairs and 3:74.20 A in (Table 2). An example of an Oc that simultaneously forms
intramolecular charge pairs (Table 2). charge pairs with two N-Ck$ is given in Fig. 6b. An

On average, 93 Op—-N-Gjtharge pairs were found; 97% example of intramolecular Oc—N-GHtharge pair is given
of them are intermolecular and only 3% are intramoleculay, Fig. 6 d. The snapshots of Oc—N-GHhat lasted for at

(Table 1). The average number of intermqleqular Op—N1east 60% of the 10 ps period at the time of 2000 ps and of
CH, charge pairs in the membrane is 90, which is more thamsg ps, are shown in Fig. 8.

61 Ops located inside the interaction spheres of NzCH
This means that one Op can simultaneously make pairs with

two or more N-Clé An example of an Op that simulta- DMPC-DMPC interactions via charge pairs
neously forms charge pairs with three N-Ci$ given in
Fig. 6 a. An example of intramolecular Op—N-GHharge
pair is given in Fig. €c.

The snapshots of Op—N-GHharge pairs that lasted for
at least 60% of the 10 ps period at the beginning of the o
analysis (2000 ps) and at the time of 3500 ps, are shown i
Fig. 7. The lifetime of the pairs is discussed below.

The average number of all intermolecular charge pairs (Op—
N-CH; and Oc—N-CH) in the membrane built of 72 DMPC
molecules is 150, whereas the number of DMPC molecules
Jinked via charge pairs is 67, and they constitute 93% of all
PMPC molecules in the membrane (Table 3). The average
number of all intramolecular charge pairs in the membrane
is 20 (Table 1).

Interactions between Oc and N-CH,

. . DMPC-DMPC interactions via water bridges
The RDF of the carbonyl carbon atoms relative to a nitrogen ! fons via w 199

atom (intramolecular distances are not included)ygis  Intermolecular water bridges between DMPC molecules in

shown in Fig. 4b. It has a distinct maximum at 5.0 A. As each layer of the membrane at two time points separated by
1500 ps (2000 and 3500 ps) are shown in Fig. 9. The water
bridges that, during 10 ps (2000—2010 ps and 3490-3500

TABLE 1 Numbers of Op-N-GH, and Go-N-CH, inter- and ps), lasted for at least 60% of the time are drawn with a solid

- : 3 : 3 line and the ones that lasted for 40—-60% of the time are

intramolecular charge pairs (ch-p) in the bilayer membrane . .

built of 72 DMPC molecules drawn with a dash line. The ones that lasted for less than

40% of the time are not shown in the figure. This procedure

Oxygen atom op oc OF Oc followed from the fact that bridges can temporarily break. A
Number (%) of atoms in N-CH . . . double (triple) line indicates a double (triple) bridge. The
Ndxggcgfoghj?gzrgairs 61(42%)  41(28%) 102(35%) |4cation of the headgroup is represented by that of the

Total 93 77 170 phosphorus (P) atom. The display of intermolecular bridges

Intermolecular (%) 90 (97%)  60(78%) 150 (88%) under periodic boundary conditions requires different ar-

Intramolecular (%) 3 (3%) 17 (22%) 20(12%) rangements of the P atoms at the two time points. In the
Percent of intermolecular ch-p  60% 40% figure, the DMPC oxygen atoms involved in water bridging

i - 0, 0, . . . . . . .
Percent of intramolecular ch-p  15% 85% are not discriminated, i.e., bridges linking phosphate non-
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FIGURE 6 Stereo views of representative charge paisA( intermolecular Op—N-CHitriple pair. ) An intermolecular Oc—N-Ckldouble pair. €)
An intramolecular Op—N-Ckisingle pair. ¢l) An intramolecular Oc—N-CHkisingle pair.

ester and carbonyl oxygen atoms (Op—Oc bridges) ar®MPC-DMPC interactions via charge pairs and/or
marked in the same way as Op—Op bridges. water bridges

The average number of intermolecular water bridges i“The average number of DMPC—-DMPC pairs formed via

the DMPC membrane built of 72 molecules is 51. As Wateleharge pairs and/or water bridges in the 72 DMPC molecule
bridges link DMPC molecules into clusters and some link-

_ : ’ membrane is 97, whereas the number of DMPC molecules
ages go via 2 or even 3 bridges (Fig. 9) (the average numbgfed via these short-distance interactions is 71 and they

of doub!e and triple bridges in the membrane is 7.3 and 0.8;stitute 98% of all DMPC molecules in the membrane
respectively), the average number of DMPC moleculegTaple 3). The snapshots of DMPC-DMPC links via water
linked by water is 55, which constitutes 76% of all DMPC pyridges and/or charge pairs that lasted for at least 60% of the

molecules in the membrane (Table 3). The size of thejg ps period at the time of 2000 ps and of 3500 ps are shown
water-bridged clusters ranges from 2 to 24 DMPC mole-n Fig. 10.

cules, however, 2-molecule clusters are rare. The results

qualitatively agree with the ones obtained in our previous

paper (Pasenkiewicz-Gierula et al., 1997) in which 70% of . L

DMPC molecules were linked into clusters of 2 to 7 DMpc Lifetime of DMPC-DMPC associations

molecules. However, previous results were obtained forhe above analysis indicates that in a fully hydrated phos-
much shorter MD simulation; apparently, re-arrangement opholipid bilayer membrane, at a given time, the headgroups
DMPC headgroups to participate in the cluster formation isof DMPC molecules extensively interact with one another
a lengthy process, the rotational correlation time of the P-Nvia water bridges and/or charge pairs. Here we describe the
vector is 3.7 ns (Pasenkiewicz-Gierula andgRb997). The  lifetimes of these interactions within the time window of
time dependence of water bridging is discussed below. 3100 ps, between 2000 and 5100 ps of the simulation.
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FIGURE 7 Intermolecular Op—N-C#tharge pairs for the upper layerat  FiIGURE 8  Intermolecular Oc-N-CHcharge pairs. For other explana-
2000 ps &) and 3500 pslf) and for the lower layer at 200@)(and 3500  {igns see Fig. 7.

ps @d). Pairs that, during 10 ps (2000—2010 ps or 3490-3500 ps), lasted for

at least 60% of the time are displayed. The multiplicity of the pair is

represented by the thickness of the li@.shows the location of the . o o

phosphorus atom in the, y-plane. A pair of open squares represents ~ Fig. 11a shows the distribution of the lifetimes of Op—

images of “real” PC molecules to show a link between headgroups ofN-CH, pairing. On average, an Op—N-Gkharge pair lives

adjacent simulation boxes via periodic boundary conditions. for 140 + 225 ps, during which it goes from on to off to on

pairing state 18 times. The frequency of breaks-3 X

10" per second. The term, firm pairing, was used for

bonding without breakage (bonding between breaks, but

As described previously, in the liquid-crystalline state,only observed every 1 ps). The average firm pairing time of

charge pairs are formed between a nonester phosphate a®p—N-CH, charge pair is 3.4 ps, and the average temporary

ygen, Op, and a methyl group of the choline residue, Npreak time is 3.8 ps (Table 4).

CHjs, and between a carbonyl oxygen, Oc, and N;CFhe Oc-N-CH, charge pairs. The lifetime of Oc—N-CH

average number of intermolecular Op—N-Cphirs in the  charge pairs was established in an analogical way as for

present membrane is 90 and of Oc—N-(JHairs is 60 (Table  Op—N-CH, pairs.

1) (the number of Ops, Ocs, and N-Ghi the membraneis  Fig. 11b shows the distribution of the lifetime of Oc—N-

144, 144, and 216, respectively — we do not discriminateCH, pairing. The average lifetime, time of firm pairing

between O13 and O14 and betweep2@nd 032). The petween breaks, temporary break time and number, and

average number of DMPC-DMPC charge pairs, linked viafrequency of breaks are given in Table 4.

either Op—N-CH pairs or Oc-N-CH pairs, is 67 (Table 3).  The overall behavior of Oc—N-Cjairing is similar to
Op—-N-CHj; charge pairs. To calculate the lifetime, a that of Op—N-CH pairing. However, the average lifetime

history of each charge pair, formed during a period betwee174 vs. 140 ps) and the firm pairing time (4.5 vs. 3.4 ps) are

2000 and 4000 ps, was monitored for the time from its fil’St|0nger, the temporary break time (3.1 vs. 3.8 ps) is shorter;

appearance till the final time of 5100 ps, every 1.0 ps. Inihe frequencies of breaks are the same.

each case it was established which Op and N;GHtwo

DMPC were charge paired. In this analysis, if a pair was

temporarily broken but re-formed within 60 ps between theTABLE 3 Numbers of DMPC pairs and DMPC molecules

same pair of Op and N-CHthe break was ignored, whereas linked by charge pairs, water bridges, and both types of

a break longer than 60 ps was treated as the final decay §hort-distance interactions in the membrane built of 72 DMPC

the pair. The limiting value of 60 ps was chosen because 68'°'°c!IeS

Lifetime of charge pairs between headgroups

ps was the time of the longest firm pairing (binding without _ Number (%) of linked Number of
breakage) between breaks. Besides, occurrence of breaks kS DMPC molecules DMPC pairs
longer than 60 ps was below 6%. The same cutoff time oBy charge-pairs 67 (93%) 67
60 ps for breaks is used in the analyses of charge pairing arﬁ!’ water bridges 55 (76%) 40
water bridging described below. both 71 (98%) 97
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40 ysis; it allows to estimate only the lower limit of the lifetime

] of 1416 = 1058 ps as in the averaging this 18% of cases
were assumed to have lifetime of 3100 ps. The times of firm
pairing and temporary breaks as well as the number and
frequency of breaks are given in Table 4.

For DMPC-DMPC charge pairs the average lifetime
(1416 ps) as well as the firm pairing time (12 ps) are
significantly longer and the average temporary break time

Y-coordinate [A]
o
1

20 b (2.3 ps) is significantly shorter than those for Op—N-CH
T o0 6 20 w20 0 20 (140, 3.4, and 3.8 ps, respectively) or Oc—N-JQ#74, 4.5,
and 3.1 ps, respectively) charge pairs. This most likely
80 - - results from two facts: 1) two DMPC molecules can be
i *I? i % linked by more than one charge pair (only 36 out of 150 are
< 504 L i single Op—N-CH or Oc—N-CH; pairs) and 2) one broken
o i ] o pair is readily replaced by another one. In effect, many of
g 40 ] f < the headgroups remain associated through Coulombic
2 L,\' ¢ .k' interaction for the period of time much longer than one
S ° & . nanosecond.
Foeod N .‘ - \ .
. C *d
20 0 20 -20 0 20 Lifetime of DMPC-DMPC associations via water bridges

X-coordinate [A] X-coordinate [A]
In this paragraph, the lifetimes of water bridges formed
FIGURE 9 Cross-bridges of H-bonded water molecules between DMPdIetween phosphate nonester and carbonyl oxygen atoms
molecules for the upper layer at 2000 @g &nd 3500 pskf) and for the  and the lifetime of DMPC-DMPC bridged pairs are given.
(2000-2010 ps or 34303500 5%, lasted for at teast 60% of he time art <. 2/CraGE number of 1 bonded water molecules in the
_ - i o :
<(1Irawn with agolid line and the oeles that lasted for 40—60% of the time aranembrane IS 323,’ (4.5/DMPC) E,mdl on ayerage, 64 of them
drawn with a dash line. Double (triple) lines indicate double (triple) (NZO%) make b”dges (Pasenk|eW'CZ'G'erUIa etal, 1997)'
bridges.® shows the location of the phosphorus atom in sthe-plane. The average number of DMPC-DMPC pairs bridged by
water is 40 (Table 3).
Water bridges. The lifetime of water bridges was de-
A slightly more persisting Oc—N-CHthan Op—N-CH  termined in a similar way as the lifetime of charge pairs.
association might results from a smaller competition fromDuring a period between 2000 and 4000 ps, a history of
water for N-CH, to interact with Oc than with Op (results each water bridge was monitored for the time from its first
will be published elsewhere). appearance till the final time of 5100 ps, every 1.0 ps. In
The above analyses indicate that charge pairing should beach case it was established which oxygen atoms of two
looked at as a rather dynamic than a static state. Op—)-CHDMPC were bridged by a given water molecule. The term,
and Oc—N-CH stay as pairs for a considerably long time firm bridging, was used for bonding between breaks (but
but during this time they go from on to off to on pairing only observed every 1 ps). Consistent with the analysis of
states several times. This may result from 1) very limitedcharge pairs, a break longer than 60 ps was treated as the
large distance and/or angle mobility and 2) quite substantidinal decay of the bridge.
wobbling in a confined space of the two groups forming a Fig. 12a shows the distribution of bridging lifetimes. The
pair, particularly of N-CH. average lifetime is 49 49 ps.
DMPC-DMPC charge pairs. At the time of 2000 ps, Fig. 12,b andc show distributions of time of firm water
all DMPC-DMPC pairs that were formed through electro-bridging between breaks of a pair of oxygefms &nd of
static interactions between charged groups of DMPC (Ntemporary break in the bridging)( The average firm bridg-
CHs, Oc, Op) were selected (the pool of DMPC-DMPC ing time is 6.5 ps and the average temporary break time is
charge pairs, 67 pairs (Table 3)). It was also establishe@.8 ps. The average number of breaks during the lifetime is
which DMPC molecules make each pair, however it was no6, which gives~1.0 x 10** breaks per second; this value is
checked which of the charged groups were involved invery similar to the value for charge pair break frequency of
making the pair. Over the time of 3100 ps, every 1.0 ps, d.3 X 10's (Table 4). Most likely, the breaks result from
fraction of DMPC-DMPC pairs remaining in the pool was a relative motion of the H bonded water molecule and its
determined. If a pair was temporarily broken but re-formedpair DMPC oxygens, which temporarily places their relative
within 60 ps, it was included in the pool again. orientation and/or distance outside the limiting values set as
Fig. 11 ¢ shows the distribution of lifetimes of DMPC— H-bonding criteria (OpOw distance less or equal to 3.25 A
DMPC charge pairs. Eighteen percent of the lifetimes isand Op-Ow-H angle less or equal to 35° (Pasenkiewicz-
longer than 3100 ps, the time window of the present analGierula et al., 1997)). A bridge is finally broken when the
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water molecule has been away from at least one of it$onger than 3100 ps, the time window of the present anal-
original pair-oxygens for a time longer than 60 ps, i.e.,ysis. This allows only to estimate the lower limit for the
makes an H bond with only one or none of the oxygens itaverage lifetime of a DMPC-DMPC bridged pair, which is
originally bridged. Water bridging seems a less dynamic730 = 887 ps (Table 4).
state than charge pairing, probably because a water mole- The average time of firm bridging, temporary break time,
cule, because of its much less limited mobility, easily dif-and the number and frequency of breaks are given in Table 4.
fuses away from its H bonding partner. Thus, both the A much longer average lifetime of DMPC-DMPC pairs
number of breaks and the average lifetime of H bonds ar&ridged by water (730 ps) than water bridges (49 ps) indi-
much smaller than those of charge pairs. cates that although bridging bonds may decay relatively

DMPC-DMPC water-bridged pairs. At the time of  fast, in their place other ones are formed either through
2000 ps all DMPC-DMPC pairs that were bridged by waterwater or bonds exchange. In effect, several headgroups of
molecules were selected (the pool of DMPC-DMPCDMPC remain water bridged for times longer than 1 ns. The
bridged pairs, 40 pairs (Table 3)). It was also establishedrequencies of breaks of DMPC-DMPC pairs bridged by
which DMPC molecules make each pair, but exchanges ofvater and by charge pairs are practically the same and equal
water molecules bridging the pair were allowed. Over theto 0.7 X 10'Ys.
time of 3100 ps, every 1.0 ps a fraction of DMPC-DMPC
bridged pairs remaining in the pool was determined.

Fig. 12 d shows the distribution of the lifetimes of = ) ) .
DMPC-DMPC bridged pairs. As for water bridges, the Lifetime pf DMPC-DMPC links via charge pairs and/or
lifetime was defined as the time after which a DMPC—Water bridges
DMPC pair is broken for a time longer than 60 ps. Approx- All DMPC-DMPC links via charge pairs and water bridges
imately 7.5% of the DMPC-DMPC bridged pairs lives were found at the time of 2000 ps (the pool of 97 DMPC-
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= DISCUSSION

=2 a . .

S Headgroup-headgroup interactions:

& 1 —L’\’bi’::‘iffh’ structural properties

§ 0 | . . — Our previous work (Pasenkiewicz-Gierula et al., 1997) in-

S "4 50 100 150 200 250 300 dicated that 76% of DMPC molecules in the bilayer are
linked by single or multiple water bridges. In the present

ZT b research we showed that DMPC headgroups also interact

directly via Coulombic attraction between positively

charged choline methyl groups of one DMPC molecule and
negatively charged phosphate or carbonyl oxygen atoms of
01— T T T another molecule. Out of 170 charge pairs present in the
0 50 100 150 200 250 300 bilayer at any instant, 150 (88%) are intermolecular and 20

av.=174x325 ps

Occurrence [%)]
|

® 3 (12%) are intramolecular. The intermolecular charge pairs

- c link 93% of the DMPC molecules into clusters of varying

2 27 av.=141621058 ps sizes.

2 Water bridges and charge pairs form an extended network

§ of interactions among PC headgroups. These interactions

: 0 ) )

ST 1000 2000 3000 link 98% of all PC moIeches in .the membrane; on average,

Time [ps] merely one PC molecule is not linked to the remaining ones.

In the present study, we used the atomic charges estab-
FIGURE 11 Intermolecular charge pairs. Normalized distributionsjof ( lished by Charifson et al. (1990) and a united atom approx-
the Op—N-CH charge pairing lifetime, the average lifetime is 140225  jmation. These choices would affect the charge pairing

ps, b) the Oc—N-CH charge pairing lifetime, the average lifetime is 174 ; ; ke i
325 ps, €) the DMPC-DMPC pairing lifetime, the lower limit of the observed in this work, which is discussed below.

average lifetime is 1416 1058 ps. Ina andb, thex axis is expanded by Both in H bonding (water bridging) and charge pairing,

a factor of 10. the dominant interaction is the Coulomb attraction, which
depends on the charge distribution on the PC molecule, and
surrounding water. We compared formation of H bonds
between PC and water for two charge distributions; one

DMPC links (Table 3)), and the lifetime analysis of the links calculated by us (Pasenkiewicz-Gierula et al., 1997) and the

was carried out as described above. other by Charifson et al. (1990) (see Methods). The total

Fig. 13 shows the distribution of the lifetimes of DMPC— Numbers of H-bonded water molecules per DMPC were
DMPC links. Approximately 24% of them stayed longer N€ar 4.5 for both charge distributions, thus both distribu-
than 3100 ps, the time window of the present analysis. Thi§ons well reproduced experimental estimates (Arnold et al.,
only allows estimation of the lower limit of their average 1983; Gawrisch et al., 1978; Nagle, 1993). But we are
lifetime, which is 1500+ 1165 ps (Table 4). This value is unable to quantitatively estimate the influence of different
only slightly greater than that for charge pairing or waterP0int charges on charge pairing. However, because the
bridging probably because of the insufficient length of themembrane obtained in this simulation well reproduced al-
trajectory. most all experimental parameters examined in this series of
The average time of firm bonding, temporary break time study, including H bonds with water, we believe that the
and the number and frequency of breaks are given in Tablghoice of charges made here is reasonable. Application of

4, and their distributions are shown in Fig. 13. the united atom approximation to the DMPC molecule

DMPC-DMPC links via both types of short-distance introduces slightly different charge distribution on the cho-
interactions (charge pairing and water bridging) have longelineé group and neglects a slightly polar character of the
average lifetime (1500 ps) and firm bonding time (14 ps),N-CH; groups. This might modify to some extent the Cou-
and lower frequency of breaks (0:6 10*Y/s) than DMPC— lombic interactions of the choline group. However, both in

DMPC links via a single type of short-distance interactionsthe all-atom (Alper et al., 1993) and the united-atom (Pasen-

(either charge pairing or water bridging) (Table 4). How- kiewicz-Gierula et al., 1997) models, water orientation

ever, in these analyses, we were able to establish only theround the choline group is similar and typical of the

lower limits of the lifetimes, so exact comparison is not clathrate structure. Thus, we believe that the united atom
possible. Nevertheless, 24% of the DMPC—-DMPC links viaapproach did not significantly modify the Coulomb inter-
both types of short-distance interactions survives for theactions of the choline group.

time longer than 3100 ps, whereas in the case of charge There have been considerable debates on the proper value

pairing and water bridging 18% and 7.5% survive longerfor surface tension to be used in membrane simulations. The

than 3100 ps, respectively (Figs. £112 d, and 13a). average surface tension observed in this simulation-w@s
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TABLE 4 Times characterizing Op(Oc)-N-CH; charge pairing, Op (Oc) water bridging, and DMPC-DMPC associations (assoc.)
linked by charge pairs, water bridges, and both types of short-distance interactions in DMPC bilayer membrane

Temporary
Average lifetime Firm bonding break time Number (frequency)

Interaction (ps) (ps) (ps) of breaks (1/s)
Op-N-CH, charge pairing 146 225 3.4 3.8 18 (1.% 10%Y
Oc-N-CH, charge pairing 174 325 4.5 3.1 22 (1. 10"
DMPC-DMPC assoc. via charge pairs 14%6.058* 12.0 2.3 99 (0.% 109
Op (Oc) water bridges 49 49 6.5 2.8 5(1.0< 10*Y
DMPC-DMPC assoc. via water bridges 730887* 10.6 4.0 50 (0.7 10
DMPC-DMPC assoc. via both interactions 1500165* 14.1 2.6 89 (0.6x 101

*Only lower limit estimates.

dyn/cm after equilibration, which is consistent with the factform intramolecular charge pairs. However, the carbonyl
that no surface tension was artificially applied. groups are involved neither in water bridging nor charge
Both water bridges and charge pairs are present in thpairing in the DMPC single crystal.
DMPC single crystal (Hauser et al., 1981), in which 1) all  3p['H] nuclear Overhauser effects studies of liquid-crys-
DMPC molecules along one crystallographic axis are linkedalline phospholipid bilayers (Yeagle et al., 1975, 1976,
via water H bonded to the phosphate oxygen atoms to formg77: yeagle, 1978) demonstrated a strong interaction be-
infinite ribbons and 2) all the choline and phosphate group$yeen the phosphate group and the methyl groups of the
choline moiety of different lipid molecules. The result was
further supported by the observations that increasing

g 34 amounts of cholesterol weakened intermolecular headgroup
o 2_' a interactions because of the spacing effect (Yeagle et al.,
S av.=49+49 ps 1975, 1977).
s 17
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FIGURE 12 Intermolecular water bridges. Normalized distribution of FIGURE 13 DMPC-DMPC links.d) Normalized distribution of the
(a) the bridging lifetime, the average lifetime is 49 49 ps; ) the time lifetime of DMPC-DMPC links via water bridges and/or charge pairs. The
of firm bridging between breaks, the average firm bridging time is 6.5 ps;lower limit of the average lifetime is 150& 1165 ps. ) Normalized

(c) the break time, the average break time is 2.8 ps and the average numbadistribution of the time of firm link between breaks; the average firm link
of breaks is 5; d) the lifetime of DMPC-DMPC bridged pairs, the lower time is 14.1 ps.d) Distribution of the break time, the average break time
limit of the average lifetime is 73@& 887 ps. Ina, b, andc, thex axis is is 2.6 ps and the average number of breaks is 9®.dndc, thex axis is
expanded by a factor of 10. expanded by a factor of 10.
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