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Abstract

We have modelled hydrogen bond formation in phospholipid bilayers formed, in excess water, from lipids with
Ž . qphosphatidylethanolamine PE headgroups. The hydrogen bonds are formed between the NH group and either of the3

y Ž .PO or the sn2 chain C5O groups. We used a model that represented the conformational states accessible to a PE2

headgroup by 17 states and modelled lipid dipole–dipole interactions using a non-local electrostatics theory to include the
effects of hydrogen bonding in the aqueous medium. We used Monte-Carlo simulation to calculate equilibrium thermody-

Ž . Ž .namic properties of bilayers in the fluid T s 340 K or gel T s 300 K phases of the bilayer. We defined E to be theh

difference in free energy between a hydrogen bond formed between a pair of lipid groups, and the energy of hydrogen
² :bonds formed between water and those two groups, and we required its average value, E , to be ;y0.3 kcalrmolh

Ž y13 . Ž .;y0.2=10 erg as reported by T.-B. Shin, R. Leventis, J.R. Silvius, Biochemistry 30 1991 7491. We found:
Ž . y13 ² : y13 Ž . ² : y13 Ž .i E s y0.9=10 erg gave E s y0.21=10 erg gel phase and E s y0.19=10 erg fluid phase .h h h
Ž .ii The relative number of C5O groups on the sn2 chain calculated to take part in interlipid hydrogen bonding in the

Žfluid phase compared to the gel is 1.06 which compares well with the experimental ratio of ;1.25 R.N.A.H. Lewis,
Ž . .R.N. McElhaney, Biophys. J. 64 1993 1081 . The ratio of such groups taking part in interlipid hydrogen bonding

compared to water hydrogen bonding in each phase was calculated to lie between 0.16 and 0.17.
Ž . Ž . Ž .iii We calculated the distribution of positions of the headgroup moieties, P, O, CH a , CH b and N, and found that,2 2

˚Ž .in both phases, the O lay furthest from the hydrocarbon chain layer average ;5.3 A with the PO and NH groups2 3
˚lying at ; 5 A. This results in the P–N dipole lying nearly parallel to the bilayer plane in both phases. The thickness of

the headgroup layer underwent essentially no change on going from the gel to the fluid phase. The 2 H NMR quadrupole
Ž . Ž .splittings for the a and b CH groups were 4.9 and 5.7 kHz fluid phase and 7.1 and 7.3 kHz gel phase , respectively,2

on the assumption of sufficiently rapid rotation around the z-axis.
q ˚Ž .iv In both phases, the location of the NH group exhibited a strong peak around 5.2 A into the aqueous medium, with3

˚much smaller peaks around 2.6 and 7.8 A, the two CH groups exhibited narrower, double-peaked distributions and the O2

and the POy each exhibited a narrow single peak.2
Ž .v PE headgroups, in a homogeneous gel phase, exhibited dipolar orientational long-range order in the plane of the
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bilayer. The distribution of orientation angles exhibited a full width at half height of between ;408 and ;508. In a fluid
phase no such order was observed.
Ž .vi The number of hydrogen bonds did not differ substantially between the fluid and gel phases. This model is unlikely
to display any significant effect of hydrogen bonding upon the ‘‘main’’ hydrocarbon chain melting phase transition at T ,m

except, possibly, a broadening of any hysteresis, compared to the case of PC bilayers where interlipid hydrogen bonding
is absent.

q 1998 Elsevier Science B.V.
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1. Introduction

The modelling of biological membranes has be-
come the subject of enormous interest because of the
insight that it might give into biological processes.
One area of great interest has been to model biologi-
cal membranes or lipid-bilayer membranes on a
molecular scale, the characteristic length and time-
scales of which are ;10y1–101 nm and ;10y5 to
;10y10 s, respectively. Such studies encompass, for
example, phase transitions in lipid bilayers, the ef-
fects of lipid–protein interactions and ion transport

w xthrough membranes 1 . An aspect of such systems,
which has received much theoretical attention in re-
cent years, has been the lipid–water interface of a
lipid-bilayer membrane, or a lipid monolayer at an
air–water interface. This interface is characterized by
the presence of electric charges and electric dipoles
located in the headgroups of phospholipid molecules,
one of the principle components of some biological

w xmembranes 2 . Here, we shall be concerned with
electrically neutral lipids possessing phos-

Ž .phatidylethanolamine PE headgroups. The head-
groups are short chains which can adopt a number of
different conformations. It is at such an interface that
complex electrostatic fields can arise and these might
play dominant roles in the conformations which wa-
ter-soluble proteins might adopt at such an interface
w x3 . Because they are due to electric dipoles in an
aqueous medium, such fields are of relatively short
range and can be highly anisotropic. The different
conformations available to the short dipolar chains
admits, therefore, the possibility that biological mem-
brane components arrange themselves so as to create
local electric-field distributions suited for membrane
function. In addition to electric dipoles, the possibil-
ity of both lipid–lipid and lipid–protein hydrogen
bonding exists. This interaction, too, is highly

anisotropic and short-ranged and cannot be ignored in
certain membranes, especially when proteins are in-

w xvolved 3 . It is known that lipids with phos-
Ž .phatidylethanolamine PE headgroups take part in

hydrogen bonding, with both water and other PE
q y w xlipids, via their NH , PO and C5O moieties 4 .3 2

The third major interaction in membranes is the van
der Waals interaction, relatively long-ranged and
isotropic. In this paper, we shall model hydrogen
bonding in phosopholipid bilayers, formed in excess
water, in order to understand the interplay between
hydrogen bonding and lipid headgroup conforma-
tional states, in the presence of headgroup dipole–di-

w xpole interactions 1–13 .
Two approaches have been used to model phos-

pholipid membranes: the use of molecular dynamics
Ž . w xMD , and related techniques 14–22 and the use of
‘‘minimal’’ models for which either Monte-Carlo
Ž . Ž .MC or exact or approximate analytical methods

w xcan be employed 23–29 . The advantage of using
‘‘minimal’’ models is that, if their reliability has been
established, they can be used to study large, complex
systems. Here, we shall take this approach: We shall
outline a simple model of the headgroup region of a
phospholipid-bilayer membrane composed of lipid

Ž .molecules with phosphatidylethanolamine PE head-
groups, which takes into account those conforma-
tional states which do not violate steric constraints.
We shall then combine this with a model of electro-
statics of an aqueous solution which goes beyond
Gouy–Chapman theory in that it takes into account,
in an average way, the dynamic hydrogen bonded

w xwater structures in an aqueous solution 30 . At ranges
of less than ;2–3 nm, to ignore this aspect of an
aqueous solution can yield incorrect results. Finally,
we must establish which PE headgroup conforma-
tional states permit the formation of interlipid and
intralipid hydrogen bonds within the bilayer which is
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in either a fluid or a gel phase. Our intention is to
address the following questions: How many lipid–
lipid hydrogen bonds per molecule are formed in the
gel and fluid phases? What is the distribution of
hydrogen bonds between the various moieties? How
important is intralipid hydrogen bonding? Are hydro-
gen bond ‘‘strings’’ formed and, if so, how long are
they and what is their structure? What effect does
interlipid and intralipid hydrogen bonds have upon
PE headgroup conformations and which are the most
probable conformations to form hydrogen bonds?
The intent of our calculation is to provide numbers
for these quantities so that measurements can make
comparisons with them.

Experimental work has shown that although there
are many interlipid hydrogen bonds formed in the

Ž .‘‘dehydrated crystalline’’ AS, anhydrous solid
phase, these are likely to be disrupted when water is

w xadded to create gel and fluid phases 3 . Hence, an
expectation is that, while there are about four hydro-
gen bonds per dilauroylphosphatidylethanolamine
Ž .DLPE molecule in the AS phase, this number is
very much smaller in the other two phases. No direct
measurements have yet been reported. Recently, a
sequence of papers appeared which provide a review
of most of the important recent work done on mod-

w xelling PE-bilayer membranes 28,29 . These papers
concerned themselves with ‘‘minimal’’ models on
lattices, and introduced a new model to describe
hydrogen bonding and hydration in lipid bilayers,
with an emphasis on bilayers composed of PE
molecules. They were concerned with the effects of
hydrogen bonding in the headgroup region upon the
‘‘main’’ hydrocarbon chain melting phase transition
which is driven by the competition between the en-
ergy gained in a low-temperature hydrocarbon
chain-ordered gel phase and the entropy gained in the

w xhigh-temperature chain-disordered fluid phase 1 .
In the most recent work, in common with earlier

models, the model states accessible to the headgroup
of a single PE molecule, located at a lattice site,
comprised a number of vectors which could point
from the site towards any nearest-neighbour site, and
which represented orientational ‘‘bonding’’ states that
could take part in the formation of a hydrogen bond.
There was also an ‘‘unbonding’’ state which was not
represented by a vector and which did not form a

w xhydrogen bond 29 . Each of these states was charac-

terised by an internal energy and a degeneracy. The
Žends of the vectors were labelled ‘‘donor’’ repre-

q .senting the proton ‘‘donating’’ NH group and3
Ž‘‘acceptor’’ representing the proton ‘‘accepting’’

y .PO group . Only a donor–acceptor pair which were2

attached to collinear vectors located on nearest-
neighbour lattice sites could form a hydrogen bond.
This model was used to study the thermodynamics of
hydrogen bond formation and its effect upon the
‘‘main’’ lipid-bilayer phase transition of phospho-
lipids with PE headgroups, obtain a phase diagram,
and to study under which conditions a percolating
cluster of interlipid hydrogen bonds would be formed.

In order to answer the questions raised above, we
must develop a different model. If one wants to
predict the details of headgroup behaviour such as the
average orientation of the P–N electric dipole or the
average thickness of the headgroup region, then a
model of the conformational states available to the
headgroups in a lipid-bilayer membrane must be con-
sidered. We have developed a simplified model for
the headgroup conformations of PE and phos-

Ž .phatidylcholine PC lipids and used it to predict the
average values of variables associated with head-
groups, as well as the effects of electrostatic interac-
tions between lipid bilayers and model ‘‘polypeptide’’

w xchains tethered to the lipid bilayer 31 . We shall use
that model here. In the case of a PE headgroup, we
identified 17 states which appeared to be the most
important. Each headgroup conformational state pos-
sesses an NHq ‘‘donor’’ and a POy ‘‘acceptor’’. A3 2

hydrogen bond can be formed if the ‘‘donor’’ associ-
ated with one lipid molecule is orientated suitably

Žwith the ‘‘acceptor’’ on another site or even its
‘‘own’’ acceptor, though this possibility never oc-

.curs . However, there is also the possibility that an
NHq donor can form either an interlipid or an in-3

tralipid hydrogen bond with the sn2 C5O group,
which protrudes into the aqueous region.

We shall not be concerned with lipid hydrocarbon
chain states and shall assume that the system is in the
form of a bilayer either in the gel or the fluid phase.
We shall ignore fluctuations in the effective cross-
sectional areas of the lipid molecules. Our intent is to
carry out Monte-Carlo simulations of this headgroup
model, with the plane of the bilayer represented by a
triangular lattice, in order to study the interplay be-
tween headgroup conformational states, electrostatic
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interactions and the formation of hydrogen bonds.
Because of their directionality and short range,

hydrogen bonds can form only when the donors and
acceptors are sufficiently aligned and are sufficiently
close together. In this context, ‘‘sufficiently’’ means
that the N–H PPP O sequence must be nearly linear
and that the distance between the PO or the C5O2

moieties and the NH moiety must be a few3
w xAngstroms 32 . In a previous work, this restriction

was correlated with the hydrocarbon chain state of
the lipid molecules by assuming that, in the simpli-
fied model, a hydrogen bond could form only if the
two nearest-neighbour molecules were in their all-

Ž .trans ground states and if the two headgroup vectors
were collinear. In the model presented here, however,
headgroup conformational states can bring the NH 3

moiety sufficiently close to either the PO or the2

C5O moiety, whether the system is in a gel or a fluid
phase. Here we shall explore the implications of this
new model for hydrogen bond formation.

2. Theory and computer simulation

We represented the interface between the hydro-
carbon chain region of a planar lipid bilayer and the

Ž .aqueous solution by a plane triangular lattice. The
z-axis is perpendicular to this plane which is located
at z s 0. The space z ) 0 is the region of the
aqueous solution. Each site of the lattice is occupied
by a lipid molecule, or by part of a lipid molecule,
the hydrocarbon chain region of which extends into
the space z - 0, and the polar group of which
extends into the space z ) 0. The area of the unit
cell of the lattice was taken to be the cross section of
a phospholipid molecule, possessing saturated hydro-

˚2carbon chains, in a gel phase, ;41 A .

2.1. Model of the PE headgroup

The model that we shall use has been discussed
w xelsewhere 31 and we shall reiterate only those as-

Ž .pects essential for this paper. Fig. 1 A shows a
schematic drawing of part of a lipid molecule pos-
sessing an extended PE headgroup. The plane at

Žz s 0 indicates the local boundary between the up-
. Ž .per aqueous solution and the lower oily, hydrocar-

bon chain region. We chose the position of this

interface to be approximately intermediate between
the two C5O groups. The P–N dipole, of magnitude

w x;20 D 33 , was approximated by a point dipole
located at the midpoint, z , of the finite-size dipole0
Ž Ž ..Fig. 1 B . The instantaneous orientation and magni-
tude, as well as the value of z , depends upon the0

conformational state of the headgroup. A positive
angle corresponds to a dipole pointing away from the
bilayer. The lattice site with which this lipid is asso-
ciated is indicated by ‘‘q’’ and is located at the CH
group in the glyceride backbone, to which the head-
group is attached. The distance, h, measured from
this CH group, represents the ‘‘height’’ of the head-
group. The value of z is measured from z s 0.0

Conformational states of the polar group involved
only the headgroup segment between the NHq group3

and the CH group in the glyceride backbone. These
conformational states, to be listed below, define the
location and orientation of a dipole vector with re-
spect to the z-axis, but not in the xy-plane. In order
to sufficiently account for the latter we defined 12

�Ž . 4such directions, ny1 pr6, n s 1, . . . ,12 , shown
Ž .in Fig. 1 C . A headgroup conformational state was

then defined as one of the conformational states,
below, together with one of the 12 orientations in the
xy-plane. We chose 12 as the smallest number which
allowed relaxation so that the system of dipoles did
not get locked into domains unrepresentative of ther-
mal equilibrium.

In the model of headgroup conformational states
used here we represented all such states as two-di-

Ž .mensional representations and shown in Fig. 1 D for
a PE headgroup. There we see the NHq moiety3
Ž .filled circle at one end of the chain with the CH
group at the other end, and the position of the POy

2
Ž .in the middle open circle with the orientation of the

two oxygens indicated. We took the angle between
successive bonds to be 2pr3 for simplicity. For
some states, we also show a portion of the glyceride
backbone with the C5O group. The conformational
states shown here and labelled s to s are all those1 17

not forbidden by steric hindrances within that head-
group. Such intralipid steric hindrances were identi-
fied by considering the true conformations of such a
headgroup, and not simply the two-dimensional rep-
resentations shown in Fig. 1. We did not concern
ourselves with steric hindrances between headgroups
located on different lattice sites. The bond around



( )D.A. Pink et al.rBiochimica et Biophysica Acta 1368 1998 289–305 293

Ž . Ž . Ž .Fig. 1. A Schematic representation of a PE polar group in an extended conformation. The locations of the q and y charges are
Ž .indicated. The horizontal line indicates the plane z s 0, the surface separating the hydrocarbon chain region z - 0 and the aqueous

Ž . Ž . Ž Ž . Ž ..region z ) 0 . B Replacement of the finite dipole by a point dipole at z s z q q z y r2. The ‘‘q’’ indicates the CH group.0 0 0
Ž . Ž .C The 12 orientation states, in the plane of the bilayer, accessible to a headgroup. D Conformational states accessible by a PE

q y 5headgroup. Solid circles indicate NH , open circles with a bar indicate PO , ‘‘q’’ indicates the CH group and indicates the C5O3 2

group in the glyceride backbone. Lines across bonds indicate that rotations around them have taken place. Double lines indicate a
Ž . Ž .degeneracy twice that of rotations labelled by single lines. The values of z n and the heights, h n , along the z-axis, are in units of

˚ ˚ Ž .bonds, each taken as 1.5 A, which make an angle of pr6 with the z-axis. The length of each such unit is 1.299 A. The value of z n is
Ž .the z-coordinate, measured from z s 0, of the centre of the P–N dipole. The height, h n , is measured from the CH moiety represented

by a ‘‘q’’, and is the z-component of the distance along the z-axis, to the furthest extent of the headgroup. These distances are listed in
columns two and five of Table 1.

which a rotation has taken place is indicated by a
single or double line across it. The single line indi-
cates that, because of steric hindrance, a rotation of
;"pr2 is permitted, while the double line indi-
cates a complete rotation of ;"p is possible. This
enabled us to assign a relative degeneracy to these
rotations, and we chose degeneracies to be: 1 for state
s , 2 for bonds with single lines across them and 41

for those with a double line. These numbers are the
correct orders of magnitude. Multiplicative factors of
order unity are not going to change the general

results obtained here because of the dominance of the
electrostatic interactions. We stress that we are con-
cerned only with a planar lipid bilayer.

w xElsewhere 31 , we were concerned with identify-
ing headgroup conformational states which were too
large to be accommodated within the plane of a lipid
bilayer in its gel or fluid phases. To do so we defined
an effective cross-sectional area of a headgroup, when

Ž . Ž .it was in state s , to be a s a h 1 rh n where an n 1 1
˚2Ž . Ž .and h 1 are the cross-sectional areas a f 20.5 A1

Ž .and heights of the headgroup in state s , and h n is1
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the height of the headgroup when it is in state s . Wen
˚2chose a s 20.5 A , because it is a single chain that,1

when extended, is approximately similar in cross
section to a hydrocarbon chain. In our previous work
w x31 , we allowed those states in Table 1 in gel phase
calculations the cross-sectional areas of which were

˚2less than or equal to 41 A , while all states with areas
˚2less than or equal to 62 A were admitted in calcula-

tions for a fluid phase. However, the average cross-
sectional area of a saturated phospholipid in a region
about 108 below the main phase-transition tempera-
ture is not the cross-sectional area of a pair of

˚2Ž .all-trans saturated hydrocarbon chains ;41 A .
˚2Kink states with a cross-sectional area of ;44 A ,

for example, become probable in this temperature
range and states with larger areas also cannot be

w xignored 23 . Accordingly, we estimated that a realis-
tic average molecular cross-sectional area in this

˚2temperature region, in a gel phase, is ;44 A . We
found, however, that PE headgroup states s , s15 16

˚2and s possess values of a less than ;48 A . The17 n

˚radii associated with these two areas are ;3.7 A and
˚;3.9 A, respectively. The difference in these two

numbers is about 5%. The corresponding cross-sec-
tional area of states s and s of a PC polar group is9 10

˚2 ˚;55 A , giving a radius of ;4.2 A, a difference of
;14% when compared to the average radius of the
gel state. Because the radius associated with the three
PE states identified here is only 5% larger than the
average radius in a gel phase, compared to those PC
states for which the radius is 14% larger, we have
admitted, in this paper, all PE headgroup states shown

Ž .in Fig. 1 D to both gel and fluid phases. We shall
return to this point in the discussion.

Table 1 lists the values of the variables associated
with the states, s to s , each one identified by its1 17

Ž . Ž .values of z n , degeneracy, D n , electric dipole0
Ž .moment components, height, h n , and cross-sec-

Ž .tional area columns 2–6 . Note that all degeneracies
Ž .in column 3 are relative to the state s , with D 11

defined to be unity. The units of distance used here
are ‘‘bond lengths’’, while that of dipole moment

Table 1
States available to a PE polar group in the minimal model

a aŽ . Ž . Ž .State z n D n h n Cross-sectional0 Dipole moment components
2˚Ž .Ž . area Abond length units

xy z

s 6 1 7 20.51

0 3.464
s 5 8 6 23.92

s 5.5 2 6 23.93

s 5.5 4 6 23.94

s 4.5 8 5 28.75

s 5.5 8 1.5 2.598 6 23.96

s 5.5 16 6 23.97

s 4.5 16 5 28.78

s 4.5 32 5 28.79

s 4 2 4 35.910

s 5 4 3.0 1.732 5 28.711

s 5 4 5 28.712

s 4.5 4 1.5 0.866 5 28.713

s 4 16 3.0 0 4 35.914

s 3 4 3.0 0 3 47.815

s 4 32 3.0 0 3 47.816

s 3 8 3.0 y1.732 3 47.817

a Ž .These are in units of ‘‘bonds’’, but not projected onto the z-axis via multiplication by cos pr6 as in the case of the dipole moment
z-component.



( )D.A. Pink et al.rBiochimica et Biophysica Acta 1368 1998 289–305 295

components is ‘‘unit of electronic charge = bond
length’’. All bonds shown in Fig. 1 are taken to be of

˚equal length, and chosen to be 1.5 A.
Intralipid steric interactions have been taken into

account explicitly by restrictions imposed on which
headgroup conformational states which are accessi-
ble. Interlipid steric interactions have been taken into
account, in an average way, by restricting which of
those headgroup conformational states can be ac-
cessed in gel or fluid phases. Here, and previously
w x31 , we either admitted or excluded states entirely. In
early models of hydrocarbon chain packing in bilay-
ers; however, a lateral pressure was used to represent
such steric interactions. This approach gave results,
e.g. Raman intensities in a gel phase, which were
used to correctly predict subsequent measurements
w x23 . In Section 3, we shall consider an effective
lateral pressure which can affect the probability of a
state being occupied, and thus obtain results for
thermal averages similar to those obtained by admit-
ting or excluding states.

It should be noted that we have not assigned any
internal energies, analogous to trans-gauche rotation
energies of hydrocarbon chains. In carrying out the
simulations, it became clear that the dominant consid-
erations were the dipole–dipole interaction energies
Ž .below and the restrictions as to which conforma-
tional states were accessible. In addition, we were not
able to identify, with sufficient confidence, the ener-
gies associated with rotations about the bonds. Ac-
cordingly, we took them all to be equal.

We have represented the headgroup dipoles by
point dipoles and can ask, how good is this approxi-
mation? To estimate this, we considered two cases:

Ž .i when a headgroup is in state s , we calculated1

the electric field strength at a neighbouring site, at
a position away from the z s 0 plane correspond-

Ž .ing to z 1 ; and0
Ž .ii the interaction energy between two parallel
neighbouring dipoles, both in state s which is the16

most probably state found in both, the gel and fluid
phases.

Ž .In case i we found that the electric field set up by
the point dipole, pointing along z was ;6% smaller
than that set up by the two point charges at either end

Ž .of the polar group dipole. In case ii we found that
the energy of two parallel dipoles, arising from a pair
of polar groups each in state s , aligned along the16

vector joining their sites, was about 19% weaker than
the energy of the four charges associated with those
two polar groups. Only in the gel phase did polar
groups exhibit any short-range order in lining up
parallel to each other, though, even in that case, the
width of the distribution is ;308. It is likely that the
error brought about by approximating the finite
dipoles by point dipoles is, for most cases, ;10% or
less. In using point dipoles, then, it seems unlikely
that our conclusions will be significantly modified by
making use of the longer calculations involving point
charges.

2.2. Dipole–dipole interactions and headgroup hy-
drogen bonding conformations and energies

In order to take into account the effect of dynami-
cal hydrogen bonded clusters in the aqueous solution
in calculating electrostatic energies, we made use of a

w xnon-local theory 30,34–39 . Such a mean-field the-
ory represents instantaneous water structures by a
time-averaged dielectric function. This approximation
is justified since we are interested only in lipid
conformational states which undergo small changes
on time-scales slower than about 10y9 s and not in
water structures which possess characteristic lifetimes
in the 10y10–10y11 s range. The physics of such a
non-local theory depends upon the existence of dy-
namical hydrogen-bonded water structures: clusters
of water molecules which form and disperse with a
lifetime shorter than the characteristic time of molec-
ular motion in a phospholipid membrane, viz. F
10y9 s. We assume that, for short times, such clusters
act like coherent structures: a force applied at one
portion is transmitted with little damping across the
structure. A consequence of this is that electric field
effects at some point in an aqueous solution are due,
not only to the electric field at that point, but also to

Želectric fields in some neighbourhood of a size
.characteristic of hydrogen-bonded water clusters of

that point. Mathematically, the difference between
‘‘classical’’ local and the ‘‘non-local’’ approach de-
scribed here is the relationship between the polariza-
tion induced by a field at the site or by the fields at,
and in the neighbourhood of, a site. Thus, the in-

Ž .duced polarization vector, P r , at point r is

P r se r E r local 1aŽ . Ž . Ž . Ž . Ž .
P r sHd3rX

e r,rX E rX non-local 1bŽ . Ž . Ž . Ž . Ž .
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Ž . 3 Xwhere E r is the electric field at r, d r is the
Ž .infinitesimal volume in three-dimensions, e r is the

Žfamiliar ‘‘classical’’ permittivity a local ‘‘response
. Ž X.function’’ and e r,r can be referred to as the

Ž .‘‘non-local’’ permittivity or response function. In
Ž X.what follows, we make use of expressions for e r,r

obtained elsewhere by using various approximations.
w xElsewhere 30 , it was shown that the electric field

at position R in the aqueous solution, due to a point
dipole, P located at R is1 0

E P ,R ,RŽ .1 0

2 < <1 R PP P f RŽ .j 1 1 j
< <s 3 R g R y ,Ž .Ý j j5 3½ 5< < < <e R Rs js1 j j

1
22 yk <R <j< < < < < <g R s 1qk R q k R eŽ .j j jž /3

1
22 yn <R <j< < < <qb 1qn R q n R e ,j j jž /3

< < < < yk <R j < < < yn <R j <f R s 1qk R e qb 1qn R e ,Ž . Ž . Ž .j j j j

2Ž .

where

R sRyR , R sRqR , R sz z,1 0 2 0 0 0

3Ž .
es

b sc , b syc c , c s y1,1 1 2 1 2 1
e`

e y e( (s `

c s .2
e q e( (s `

Here, ky1 and ny1 are the Debye shielding length,
and a length characterizing water–water hydrogen-
bond correlations, respectively. As before, we chose
ky1 s 1 nm and ny1 s 0.33 nm. The free energy of
this system which accounts for the entropy of the

w xelectrolyte in a mean field way 40 is

1
X

XFsy P PE P ,R ,R , 4Ž . Ž .Ý Ý R R
X2 R R

Ž X .Xwhere P is the electric dipole at R and E P ,R ,RR R
Ž . Ž .is given in Eq. 2 . Although Eq. 4 is a ‘‘free

energy’’ in the sense that it includes the entropy of
the electrolyte, it includes only the energetic terms of
the dipole–dipole interactions between headgroups. It

does not include the degeneracies of the various
states of Table 1, nor does it include configurational
entropy. We shall refer to this function as an ‘‘en-
ergy’’ while retaining the notation of F. The configu-
rational entropy will be taken into account by the
Monte Carlo procedure, while the degeneracies of the
headgroup conformational states will be taken into

Ž Ž . .account by adding to F Eq. 5 below a term of the
Ž Ž ..form yk T ln D n , for a given headgroup in itsB

conformational state s .n

It should be noted that the effect of the non-local
interaction is to extend the range of the electrostatic
interactions which have been reduced by the Debye

w xshielding 31 . This becomes more important as the
value of z increases. The result of ignoring the0

non-local interaction and consequent weakening of
the electrostatic interactions is that the entropic terms
in the free energy become more important, and con-
formational states which are oriented away from the
bilayer plane increase their probability of occupancy.

² :This means that u will increase as will the average
distances, away from the bilayer plane, of some of
the headgroup moieties. This was simulated and con-

w xfirmed elsewhere 31 .
When a phospholipid bilayer is in a gel phase, the

lipid molecules occupy, approximately, the sites of a
triangular lattice. Accordingly, we represented the
plane of the hydrocarbon-chain–aqueous-solution in-

w xterface as a triangular lattice 31 . Each site represents
a lipid molecule and, thus, each site is occupied by
one headgroup. Such a packing is approximately
what occurs at temperatures ;108C below T . In am

˚2fluid phase, the area per lipid is ;62–65 A com-
˚2pared to ;41–45 A when the system is in a gel

w xphase – a difference of ;50% 1 . In a fluid phase
then, instead of one site per lipid, we should permit
each lipid to occupy ;1.5 sites, so that each head-
group is associated with ;1.5 sites. Previously, we
chose to implement this by requiring that two near-
est-neighbour lipids, the headgroups of which occupy
single sites, share a third site, which is not occupied
by a headgroup and which is adjacent to the two

w xheadgroup-occupied sites 31 . We referred to this set
of three sites occupied by two headgroups as a
‘‘triad’’. There are three configurations for a triad:
two equilateral triangles and a straight line, and we
distributed the headgroups randomly in this way. In
practice, we were not able to cover the entire lattice
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in this way, and the last ;5% of the headgroups
were distributed randomly, but not strictly, in accord
with the constraint imposed above. Since we repre-
sented the plane of the bilayer by a lattice, we did not
consider making the distribution of headgroups on
the lattice more, or less, sparse than what we used
because then the headgroup density would be incor-
rect. We assumed that we were in a region suffi-
ciently far from the main transition so that fluctua-
tions in cross-sectional area were small. The lattice
constant is, thus, always the diameter of a lipid
molecule in a gel phase, ;0.72 nm.

w xA recent work by Zhang et al. 28 discussed
various values for the energy of a hydrogen bond,
E , formed between an NH proton donor and oxy-h 3

gen proton acceptors on nearest-neighbour PE head-
groups, compared to the energy of forming hydrogen
bonds with water molecules. They arrived at a value
of ; y2.2=10y13 erg. A value of y3.9 kcalrmol
Ž y13 .; y2.7=10 erg , a number somewhat higher
than that chosen by Zhang et al., is quoted for an

w xN–H PPP O hydrogen bond 33 . The latter energy,
however, is not the value compared to the energy
gained by forming hydrogen bonds with water and so

w xshould be higher than that found by Zhang et al. 28 .
A value as low as ; y0.2=10y13 erg, however,

w xwere deduced from experimental results 41 . This
last figure is the average hydrogen bond energy per
PE headgroup, and not necessarily the energy of a
single PE–PE hydrogen bond. The wide divergence
in the values can be reconciled, for example, if only
10% of the PE molecules form hydrogen bonds on
the average, each of energy ; y2.1=10y13 erg
compared to the energy of forming hydrogen bonds
with water. One of our intentions is to establish the
value of E for PE polar groups. To do so, weh

studied values of E , ranging from y2.8=10y13 ergh

to y0.21=10y13 erg, and we shall report on four of
them, namely y2.8, y2.1, y1.4 and y0.9=
10y13 erg.

The total energy of the system, including the en-
tropies of the electrolyte and the conformational states
of the headgroups will then be given by the energy
function,

� 4E F , s , NŽ .n h

sFyk T ln D n L yE N , 5Ž . Ž .Ž .Ý ÝB i n h h
i n

Ž .where F is given in Eq. 4 , L is a projectionin

operator for the lipid headgroup at site i and is unity
if the lipid is in state s and zero otherwise, and Nn h

is the total number of hydrogen bonds formed each of
energy E . The hydrogen bond energies are assumedh

� 4to be additive. The set s represents the set ofn

headgroup conformational states occupied. There are
relatively few conformational states in which head-
groups can form hydrogen bonds. In this model, for
example, intralipid hydrogen bonds cannot be formed
since the headgroup cannot access a conformation
whereby its NH group can form a hydrogen bond3

with either of the phosphate or carbonyl groups on
the same molecule. The interlipid hydrogen bonds
can be deduced by considering the conformations
shown in Fig. 2. Table 2 lists all the pairs and it can
be seen that a PO acceptor attached to a headgroup2

in any conformational state can bond to a nearest-
neighbour NH donor only in states s , s , s , s3 10 14 15 16

and s . Thus, for example, an acceptor in state s17 14

can bond only to a donor in state s , while an10

acceptor in s can bond to a donor in any one of1

states s , s , s , s . The only exception is s10 14 15 16 15

with which no acceptor can form a hydrogen bond. In
the case of bonding to the C5O group, the donor
states are even more restricted as shown in Table 2.

It is useful to compare the electrostatic energies
with those of hydrogen bonds. The electrostatic inter-
actions of each molecular dipole with its 90 nearest

Fig. 2. Probabilities of finding the P–N dipole moment compo-
nent in the plane of the bilayer, for the 12 directions considered,

Ž . Ž . y13in the gel G and fluid F phases. E s y0.9=10 erg,h
˚ y1 ˚ y1k s 0.1 A and n s 0.3 A . The direction of the maximum of

the gel phase distribution is not unique.
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Table 2
States which may form interlipid hydrogen bonds pairwise as
indicated

Acceptor state Donor state
yBonding to PO2

1, 3, 4, 7, 12, 13 10, 14, 15, 16
2, 5, 8, 9, 10 15, 17
6, 11, 14, 16, 17 10
15 y

Bonding to C5O
Ž .a All except 15 17
Ž .b All 15, 17

The states, s , are indicated only by their subscript n. In then
y Ž Ž ..cases of bonding to PO and C5O case a groups, the2

headgroups must be nearest neighbours and must be oriented so
that the angle between them, projected onto the local bilayer

Ž .plane, must not be more than p r3. In case b of bonding to a
C5O group, the long axes of nearest-neighbour lipid molecules
must be at right angles.

neighbours was computed and used in the simulation
and the resulting number was, as expected, of order
unity. The inclusion of further dipoles gave correc-
tions of order 10y6. The average electrostatic energy
per lipid dipole, when the system was in equilibrium,

y13 Ž .was ; y4.1=10 ergs gel phase and ; y2.9
y13 Ž .=10 ergs fluid phase . The negative sign shows

that it is attractive. This should be compared to the
average hydrogen bond energy per lipid dipole of
; y0.2=10y13 ergs which arises from the energy
of y0.9=10y13 ergs of an individual hydrogen bond.
It should be recalled that the ‘‘hydrogen bond en-
ergy’’ is actually the difference between the free
energies of forming hydrogen bonds between a pair
of nearest-neighbour headgroups and two headgroups
forming hydrogen bonds with water in the aqueous
solution.

2.3. Monte-Carlo simulation

w xWe made use of the Metropolis algorithm 42 . Eq.
Ž .5 includes the dipole–dipole electrostatic energies,

Žthe hydrogen bond energies, the degeneracies entro-
.pies of single-headgroup states and the entropy of

the electrolyte. The simulation procedure itself ac-
counts for the configurational entropy of the system.

Ž .One ‘‘Monte-Carlo MC step’’ involved the fol-
lowing: Each lipid headgroup was visited in a ran-

Ž .dom sequence. The energy of the system 5 ,

Ž � 4 .E F, s , N s E, was calculated and a site, i, wasn h

randomly selected. A new conformational state was
selected for the headgroup and a check was made as
to whether existing hydrogen bonds must be broken,
or whether new hydrogen bonds could be formed.
When we simulated fluid phases, we also attempted
to exchange randomly selected pairs of ‘‘triads’’
Ž . Ž X � X 4 X . Xabove . The new energy, E F , s , N sE , wasn h

calculated. It was assumed that if a new hydrogen
bond could be formed, then it would be formed. In
cases in which the donor could form a bond with

Ž y .either of two acceptors PO or C5O , one of them2

was chosen randomly. This choice is of significance
for the calculation of the relative intensities of spec-
tral bands. The energy difference, D E s EX y E,
was used in the Metropolis algorithm to decide
whether the new state was accepted. Implementation
of the Monte-Carlo method involved initializing the
system, using an arbitrary initial state, for a suffi-

Ž .ciently large number of MC steps see below in
order to obtain a state characteristic of thermal equi-
librium. After this, averages of quantities of interest
were calculated by carrying out a sufficiently large

Ž .number of MC steps see below and computing the
average from the sequence of instantaneous values

Ž .2obtained. We used triangular lattices of size 30
Ž .2and 72 with periodic boundary conditions, and we

initialized the states of the lipid dipoles for 10 000
steps and then computed averages for 20 000 to 40 000
steps. We found no significant difference between the
results for the two lattices and all the results pre-

Ž .2sented here are for 30 lattices. We calculated the
probabilities for lipids with PE headgroups to lie in
the various states in gel and fluid phases. From these,
thermodynamic averages, such as the average heights
and xy- and z-components of the headgroup dipole
moments, were calculated. We found later that initial-
ization and average-computing for 5000 MC steps
each, yielded results in agreement with the much
longer runs.

3. Results and comparison with experiment and
discussion

The simulations were carried out at temperatures,
Ž . Ž .T , of 300 K gel phase or 340 K fluid phase . We
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Table 3
Probabilities and thermodynamic averages for a PE polar group

˚ y1 ˚ y1in gel and fluid phases with k s 0.1 A , n s 0.3 A and
E s y0.9=10y13 ergh

Quantity Gel Fluid

Ž .p 10 0.062 0.042
Ž .p 14 0.215 0.195
Ž .p 15 0.065 0.069
Ž .p 16 0.428 0.387
Ž .p 17 0.150 0.170

² : Ž .P D 0.1 1.0z
² : Ž .u deg 0.4 2.8

˚Ž .N A 5.0 5.1
˚Ž . Ž .CH b A 4.9 5.02

˚Ž . Ž .CH a A 4.8 4.92

˚Ž .O A 5.3 5.3
˚Ž .P A 5.0 5.0
Ž . Ž .Dn b kHz 7.3 5.7Q
Ž . Ž .Dn a kHz 7.1 4.9Q

yŽ .p PO 0.073 0.046h 2
Ž .p C5O 0.160 0.170h

f 0.071 0.087hy
f 0.072 0.088hq

Ž .t MC steps 14.1 11.5h
y13² : Ž .E 10 erg y0.21 y0.19h

The states s are indicated only by their subscripts n. Shownn

here are the probabilites for the dominant conformational states,
10, 14, 15, 16, 17; the average z-component of dipole moment;
the average angle of the dipole moment away from the bilayer
plane; the average positions of the P, O, CH a and b, and N2

with respect to the hydrocarbon-chain–aqueous-solution interface
at zs0; 2H NMR quadrupole spittings for the a and b CH2

groups assuming sufficiently rapid averaging around the axis
perpendicular to the local bilayer plane; the probabilites for

Ž .hydrogen bond formation p with the phosphate or carbonylh
Ž .groups; the fraction of hydrogen bonds broken f or formedhy

Ž .f per MC step and the average lifetime per hydrogen bond;hq
Žthe average hydrogen bonding energy relative to that with

.water .

searched for the value of E which yielded an aver-h
² :age value, E , close to that of ; y0.3 kcalrmolh

Ž y13 . w x; y0.2=10 erg obtained by Shin et al. 41 .
y13 ² :We found that E s y0.9=10 erg gave Eh h

s y0.21=10y13 erg from results obtained for the
² : y13gel phase and E s y0.19=10 erg from re-h

sults for the fluid phase. Table 3 shows the results for
the headgroup and hydrogen bond statistics in the
fluid and gel phases. Rather than list all the states, for
some of which the probabilities are irrelevantly small,

we have listed probabilities for only the most popu-
lated states. In both phases there are five dominant
states: s , s , s , s and s , the probabilities of10 14 15 16 17

which sum to at least 0.86. There are, however, two
dominant states, s and s , for which the P–N14 17

Ž .dipole is either parallel to the bilayer plane s or14

points towards the hydrocarbon chain region making
Ž .an angle of 308 with the bilayer plane s . These17

distributions give the average value of the angle u ,
² :u , that the P–N dipole makes with the local plane
of the lipid bilayer to be ;08 in the gel phase and
;38 in the fluid phase. This leads to a z-component

Ž .of dipole moment of ;1 D fluid phase which
decreases to ;0.1 D in the gel phase. The average
distances of the five groups near the end of the

Ž . Ž .headgroup, P, O, CH a , CH b and N, from the2 2
˚ ˚zs0 plane lie between 4.8 A and 5.3 A with the

result that the P–N dipole is nearly parallel to the
bilayer plane in both phases. This results in calcu-
lated 2H NMR quadrupole splittings for the a and b

Ž .CH groups of 4.9 and 5.7 kHz fluid phase and 7.12
Ž .and 7.3 kHz gel phase . respectively These results

were calculated on the assumption of sufficiently
rapid rotation around the z-axis. We have been un-
able to find experimental results for these quantities
in pure PE bilayers. However, they are similar to

Žfluid phase results of 5.8 and 5.9 kHz C in DMPCa

. Ž . w xand POPC and 5.0 kHz C in DMPC 43,44 .b

Fig. 2 shows averages of the instantaneous distri-
bution of the dipole components parallel to the plane

Ž . Ž .of the bilayer in-plane for both the gel G and fluid
Ž .F phases. It is clear that while the bilayer exhibits
no long-range order in the fluid phase, all directions
being equally probable, the gel phase does possess a
net dipole moment. It is seen that the gel phase
in-plane distribution exhibits a full-width-at-half-
height of ;40–508.

The probabilities for finding an NH PPP PO or3 2
Ž y.an NH PPP C5O hydrogen bond, p PO and3 h 2

Ž . Žp C5O , were calculated to be 0.073 and 0.160 gelh
. Ž .phase and 0.046 and 0.170 fluid phase , respec-

tively. We also calculated the fraction of hydrogen
bonds at each MC step that were broken, f , andhy
formed, f , in the fluid and gel phases and foundhq

Ž .them to be 0.071 and 0.072 gel phase , and 0.087
Ž .and 0.088 fluid phase , respectively. The lifetime of

a hydrogen bond, t , was defined to be the averageh

number of successive MC steps for which the bond
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remained unbroken, and we found t to have valuesh
Ž . Ž .of 14.1 MC steps gel and 11.5 MC steps fluid .

These numbers can be converted to seconds if one
can identify the ‘‘time elapsed per MC step’’. It
should not be assumed that this elapsed time is the
same in both the gel and fluid phases.

Ž .We are able to compare our results for p C5Oh

with experiments carried out by Lewis and McEl-
w xhaney 13 . They measured the C5O infrared stretch-

ing band intensities in the 1650–1800 cmy1 region,
comparing results for DMPE with DMPC in both the

Ž w x.fluid and gel phases Fig. 6 of 13 . They found that,
while one could account for the DMPC spectrum
with two overlapping bands, an understanding of the
DMPE band required an additional, third, band cen-
tred at ;1705–1710 cmy1. Since the C5O groups
of both the PC and the PE can take part in hydrogen
bonding with water, but only the PE can form inter-
lipid hydrogen bonds involving the C5O groups, the
third band can be interpreted as a C5O stretch when
the carbonyl is involved in hydrogen bonding with a
PE moiety. If this interpretation is correct, then the
relative intensities of the third band in the fluid and
gel phases should be given by the ratio of the two

Ž .calculated values of p C5O for the fluid and gelh

phases. From Table 3 we see that this ratio is 1.06.
w xThe ratio calculated from Fig. 6 of 13 is ;1.25.

We feel that the agreement is satisfactory.
We have calculated the fraction of C5O groups

taking part in interlipid hydrogen bonding: Table 3
Ž .shows that this lies between 0.16 gel and 0.17

Ž .fluid of the C5O groups on the sn2 chain. It is not
easy to identify the appropriate band in the data of

w xFig. 6 of 13 , but, if it is assumed that the area under
the curves is proportional to the number of groups
taking part in the different kinds of hydrogen bond-

Ž .ing, then we find that the fraction is ;0.8 fluid and
Ž .;0.6 gel . These numbers are substantially larger

than our calculations and it is possible that either our
‘‘minimal’’ model is insufficiently accurate or that

w xwe have over interpreted the data of 13 .
Table 4 shows the dominant headgroup conforma-

tional states together with the 2-state probabilities for
hydrogen bond formation between one headgroup

Ž .donating a proton columns and another molecule
accepting it at either the PO or the C5O groups2
Ž . Ž . Ž .rows , in both the gel G and fluid F phases. It can
be seen that state s is by far the dominant proton-17

donor conformation, with the dominant proton accep-
tor states being s , s and s . That states s and14 16 17 10

s are donors but not acceptors can be seen from15
Ž .Fig. 1 D : the PO acceptor is not easily accessible2

and even the C5O group is ‘‘covered’’ by the head-
group.

Fig. 3 shows an instantaneous configuration, at
Ž .2 Ž .MC step 20 000, of the 30 lattice in the gel A

Ž .and fluid B phases. The double-dots indicate head-
groups which do not possess PE–PE hydrogen bonds,
the axis of the two dots indicating the headgroup
orientation projected onto the plane of the bilayer.
Integers indicate headgroups which possess such hy-
drogen bonds, the integer indicating the conforma-

Žtional state 0 represents state s , 2 – state s , . . . ,10 12
.7 – state s and its orientation indicating the in-plane17

orientation of the headgroup. Solid lines joining inte-
gers indicate the hydrogen bond locations. Two things

Ž .are clear: i the hydrogen bond ‘‘strings’’ are short
Ž .1–4 in the gel phase and 1–3 in the fluid phase ; and
Ž .ii the hydrogen bond orientation exhibits long-range
order in the gel phase, mimicking the order of the
in-plane dipole moment orientation, while the hydro-
gen bonds exhibit no such order in the fluid phase. It
must be remembered that, while there are 900 head-
groups shown in the gel phase, there are 600 in the
fluid phase because not all sites are occupied by

Žheadgroups see above for the model of the fluid
.phase . Accordingly, the fraction of headgroups tak-

ing part in hydrogen bonding is nearly equal in both
phases. We have not distinguished between PO and2

C5O acceptors.
Table 5 shows the probabilities of finding the five

Ž . Ž .headgroup moieties, P, O, CH a , CH b and N at2 2
Ž .various distances above the plane z s 0 see Fig. 1 .

These distances are ‘‘quantized’’, since the confor-
Ž .mations shown in Fig. 1 D have access to only

˚Žcertain positions in units of ‘‘bond lengths’’ of 1.5 A
projected onto the z-axis, yielding distances in units

˚ .of 1.3 A away from the plane z s 0. One could
superimpose Gaussians on each discrete value with
the area under the Gaussian associated with a given
position equal to the probability value associated with
that position. These distributions can be used to
analyze neutron scattering from a lipid bilayer to
establish whether the calculations are consistent with
measurements. It can be seen that while the P and O
groups exhibit small fluctuations, the two CH groups2
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Table 4
Probabilities for a hydrogen bond to be formed when a PE
headgroup is in the states indicated

Acceptor Donor molecule
molecule 10 14 15 16 17

G F G F G F G F G F

12 y y 0.04 y y y 0.07 0.05 y y
14 0.05 y y y 0.04 y y y 0.12 0.14
16 0.09 0.05 y y 0.09 0.09 y y 0.25 0.28
17 0.05 y y y 0.07 0.07 y y 0.10 0.11

The states s are indicated only by their subscripts n. Note thatn

this includes bonds formed with a carbonyl group which is
Ž . Ž .attached to the glyceride backbone. For gel G and fluid F

˚ y1 ˚ y1phases with k s 0.1 A , n s 0.3 A and E s y0.9=h

10y13 erg.

appear to exhibit a broader double-peaked distribu-
tion. In the fluid phase, the distribution of the posi-

˚tions of the nitrogen ranges from 2.6 to 10 A with a
˚maximum at 5.2 A and two local maxima at 2.6 and

˚7.8 A. In the gel phase, the nitrogen exhibits almost
as large position fluctuations as it does in the fluid
phase.

In order to estimate the validity of admitting all PE
headgroup states to calculations in both the fluid and
gel phases, we considered the effect of including an

Ž .additional term in the energy function Eq. 5 . If the
cross-sectional area of a state, a , was more thann

some area, A , representing the cross-sectional areagel

of the hydrocarbon chain region of a single lipid

ŽFig. 3. Instantaneous distributions of those headgroup conformational states involved in hydrogen bond formation, P–N in-plane i.e. in
y13 ˚ y1. Ž . Ž .the plane of the bilayer orientations and hydrogen bonds in the gel A and fluid B phases. E s y 0.9 = 10 erg, k s 0.1 A andh

˚ y1n s 0.3 A . Conformational states s , s , s , s , s and s are indicated by integers 0, 2, 4, 5, 6 and 7 and the orientation of the10 12 14 15 16 17

integer shows the in-plane P–N orientation. Headgroups not forming hydrogen bonds are indicated by Ø Ø with the orientation indicating
the in-plane direction of the headgroup. Hydrogen bonds formed are indicated by solid lines connecting the integers.
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Table 5
Spatial distribution of the five headgroup moieties

Phase Distance Probabilities for finding moiety at distance
from Ž . Ž .P O CH a CH b N2 2˚Ž .zs0 A

10.4 y y y y 0.00
9.1 y y y 0.00 0.02
7.8 y y 0.01 0.09 0.11

Fluid 6.5 y 0.06 0.31 0.28 0.05
5.2 0.83 0.94 0.21 y 0.58
3.9 0.17 y 0.56 0.63 0.07
2.6 y y y y 0.17

9.1 y y y 0.00 0.01
7.8 y y 0.00 0.05 0.07

Gel 6.5 y 0.05 0.29 0.30 0.06
5.2 0.86 0.95 0.13 y 0.64
3.9 0.14 y 0.58 0.65 0.07
2.6 y y y y 0.15

Ž . Ž .Probabilities for finding P, O, CH a , CH b and N at various2 2
Ž Ž .. y13distances from z s 0 Fig. 1 A for E s y0.9=10 erg,h

˚ y1 ˚ y1k s 0.1 A and n s 0.3 A , in fluid and gel phases. A value
of 0.00 indicates a probability less than 0.01 but not identically 0.

molecule in the gel phase, then a term was added to
Ž .the energy function Eq. 5 ,

P a yA , 6Ž .Ž .n gel

where P is an effective lateral pressure acting in the
headgroup region. If a is less then A then no suchn gel

term was added. We chose P s 30 dynercm, since
this is approximately the effective lateral pressure

˚2 Žacting on hydrocarbon chains, and A s 44 A seegel
.above . This term adds a small, but non-trivial, en-

ergy to states s , s and s . The results of further15 16 17

simulations showed that all probabilities for finding
Ž .states, n, to be occupied, p n , changed by F0.001

Ž . Ž .except for p 14 and p 16 . In a gel phase these
changed to 0.246 and 0.387 from 0.215 and 0.428,
respectively, while in a fluid phase they changed to
0.223 and 0.350 from 0.195 and 0.387, respectively
Ž .see Table 3 . These changes, however, affected ther-
modynamic quantities slightly. The angle that the

² :P–N group makes with the bilayer plane, u ,
Ž .changed to 0.78 from 0.58 gel and to 3.58 from 2.78

Ž .fluid . The positions, along the z-axis, of the two
˚CH groups in the headgroup changed by ;0.1 A to2

lie further from the hydrocarbon layer region. The
Ž y. Ž .probabilities, p PO and p C5O changed fromh 2 h

Žthose given in Table 3 to 0.074 and 0.159 gel
. Ž .phase , and to 0.046 and 0.170 both unchanged

Ž .fluid phase , respectively. These results show that
we may include the states s , s and s in calcula-15 16 17

tions for both the gel and fluid phases.
Finally, we can remark on the results obtained if

we make the hydrogen bond energy, E , stronger. Ifh
y 13 Žwe choose E s y 1.4 = 10 erg ;h

.y2 kcalrmol , then the most probable state is still
Ž . Ž . Ž .s with p 16 s 0.32 gel and 0.31 fluid resulting16

² : Ž . Ž .in u s y1.88 gel and 08 fluid . The probabili-
Ž .ties of forming hydrogen bonds become 0.43 gel

Ž .and 0.38 fluid and the average hydrogen bond
² : y13 Ženergy becomes E f y0.5 = 10 erg ;h

. y13y0.7 kcalrmol . If we set E s y2.1=10 erg,h

however, then the most probable state becomes s17
Ž . Ž . Ž .with p 17 s 0.38 gel and 0.40 fluid resulting in

² :u s y4.88 in both phases. The probabilities of
Ž .forming hydrogen bonds become 0.62 gel and 0.59

Ž .fluid and the average hydrogen bond energy be-
² : y13comes E f y1.2=10 erg. With a strongerh

y13 Žhydrogen bond, E s y2.8 = 10 erg ;h
.y4 kcalrmol , then we find that s remains the17

Ž .most probable state with p 17 increasing to 0.47
Ž . Ž . ² : Ž .gel and 0.53 fluid resulting in u s y7.28 gel

Ž .and y9.58 fluid . The probabilities of forming hy-
drogen bonds increases to 0.74 in both gel and fluid
phases and the average hydrogen bond energy be-

² : y 1 3 Žcom es E f y 2.1 = 10 erg ;h
.y3 kcalrmol .

4. Conclusions

We have used a model of lipid headgroup confor-
w xmational states 31 in order to study hydrogen bond

statics in phospholipid bilayers with PE headgroups.
w xAll 17 states described elsewhere 31 were used and,

because of the similarity of their cross-sectional areas
compared to that of the hydrocarbon chain segment,
no restrictions, which depended upon the effective
cross-sectional area of the hydrophobic region of the
lipids, projected onto the plane of the bilayer, were
imposed. Steric hindrances were accounted for by
hard-core repulsions within a headgroup as it changed
its conformational state. We represented the dipoles
of the headgroups as point dipoles in order to sim-
plify the calculation of electrostatic interactions be-
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tween them. We used a non-local theory of electro-
static interactions, which includes Gouy–Chapman
theory as one limiting case, and takes into account, in
a mean-field way, the effects of hydrogen bonding in
the aqueous medium.

We represented the plane of the bilayer by a
triangular lattice, each site of which corresponded to

˚2an area of ;41 A , characteristic of the projection
onto the plane of the bilayer, of a lipid in a gel phase
with the hydrocarbon chains oriented perpendicular
to the bilayer plane. We did not consider ripple or
tilted phases. In a gel phase, therefore, one lipid
headgroup was associated with each lattice site. In a
fluid phase, where the average cross-sectional area of

˚2a lipid molecule is ;62 A , each molecule would
occupy, on average, ;1.5 lattice sites. We ignored
fluctuations by imposing the condition that each
headgroup is always associated with ;1.5 sites with
the site unoccupied by a headgroup being a nearest
neighbour of two headgroup-occupied sites, between
which it is shared. The validity of this model has

w xbeen discussed in detail elsewhere 31 .
We assumed that all hydrogen bonds formed be-

tween any NHq group and any POy or C5O group3 2

possessed the same energy. This energy, E , is rela-h

tive to the energy of forming hydrogen bonds be-
tween water and the pair of groups which are in-
volved in lipid–lipid hydrogen bonding. Since we
were unable to assign, a priori, the strength of the
attractive hydrogen bond energy, we considered six
cases: E s y0.5, y0.7, y0.9, y1.4, y2.1 andh

y2.8 in units of 10y13 ergs. The largest energy is
approximately that quoted for an N–H PPP O bond
w x32 . We identified the value of E relevant to thish

² :system by requiring that its average value, E sh
² : ² :E N rN , where N is the average number ofh h L h

hydrogen bonds formed and N is the number ofL

lipid molecules, be equal to the value measured by
w xShin et al. 41 . We modelled infinitely-large homo-

geneous domains of gel- and fluid-phase lipids and
Ž .2represented them by 30 lattices with periodic

boundary conditions. Our results are as follows:
1. We found that a value of E sy0.9=10y13 ergh

² : y13gave E s y0.21=10 erg from results ob-h
² :tained for the gel phase and E s y0.19=h

10y13 erg from results for the fluid phase, in
agreement with the measurements of Shin et al.
w x41 .

2. Five states in the both, the gel and the fluid phases
account for G 86% of the probability of occupy-
ing any of the 17 headgroup conformational states.
These are states s , s , s , s and s .10 14 15 16 17

3. We calculated the probabilities for finding the
Ž . Ž .headgroup moieties, P, O, CH a , CH b and2 2

N, to lie a given distance from the plane z s 0
Ž Ž . .Fig. 1 D and Table 5 . In both phases, the O lies

Žfurthest from the hydrocarbon chain layer average
˚ .distance ;5.3 A with the PO and NH groups2 3

˚lying next at ;5 A. This results in the P–N
dipole lying nearly parallel to the bilayer plane in
both phases. This result should be observable via
neutron scattering. The thickness of the headgroup
layer undergoes essentially no change on going
from the gel to the fluid phase.

4. We found that the distributions of nitrogen posi-
tions, in both the gel and fluid phases, exhibited

˚strong peaks around 5.2 A, with much smaller
˚peaks around 2.6 and 7.8 A. Also in both phases,

the two CH groups exhibited narrower, double-2

peaked distributions. Only the O and the PO2

exhibit a narrow single peak.
5. Our results for the relative number of C5O groups

on the sn2 chain taking part in interlipid hydrogen
bonding in the fluid phase compared to the gel
phase is 1.06 which compares well with the ratio

w xof ;1.25 deduced from the data of 13 . The ratio
of such groups taking part in interlipid hydrogen
bonding compared to water hydrogen bonding in
each phase was calculated to lie between 0.16 and

w x0.17. With some assumptions, the results of 13
might suggest that this number is ;0.6–0.8.

6. The most likely combinations of nearest-neighbor
headgroup conformational states forming hydro-
gen bonds are: 17 ™ 14 and 17 ™ 16 in both
phases. Significant contributions also come from
17 ™ 17 and 15 ™ 16, with weaker contributions

Ž .coming from 16 ™ 12, 15 ™ 17, 15 ™ 14 gel ,
Ž . Ž .14 ™ 12 gel , 10 ™ 14 gel , 10 ™ 16 and 10

Ž .™ 17 gel . Here X ™ Y means that a headgroup
in state s donates a proton from its NH groupX 3

to form a hydrogen bond with either a POy or a2

C5O of a nearest-neighbour headgroup in state
s .Y

7. PE headgroups, in a homogeneous gel phase, ex-
hibit dipolar orientational long-range order in the
plane of the bilayer. The distribution of orientation
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angles exhibited a full width at half height of
between ;408 and ;508. A fluid phase exhibits
no such order.

8. The formation of interlipid hydrogen bonds has
been invoked as a reason for the higher value of
the ‘‘main’’ transition temperature of PE bilayers
compared to PC bilayers possessing the same
hydrocarbon chains. We have found, however,
that the number of hydrogen bonds do not differ
substantially between the fluid and gel phases.
Our conclusion, therefore, is that this model is
unlikely to display any significant effect of hydro-
gen bonding upon the ‘‘main’’ hydrocarbon chain
melting phase transition at T , except, possibly, am

broadening of any hysteresis, compared to the
case of PC bilayers where interlipid hydrogen
bonding is absent. If this is correct then, the cause
of the higher main transition temperature of PE
bilayers compared to PC bilayers, with the same
hydrocarbon chains, must be sought elsewhere. It
should be borne in mind, that the headgroup con-
formational states accessible by a PE headgroup
differ from those accessible by a PC headgroup
w x31 .
Many of the numerical values of the quantities

reported here might be measured using neutron or
infrared techniques. We are in the process of mod-
elling lipid bilayers composed of a mixture of lipids

Ž .with PE and phosphatidylcholine PC headgroups.
Our intention is to predict the changes in the average
number of hydrogen bonds as a function of PC
concentration. Should this model prove to be ade-
quate to predict quantities, then we shall use it to
model hydrogen bonds formed between macro-
molecules, at the interface of a lipid bilayer and an
aqueous solution, and lipid headgroups.
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