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Abstract The importance of unsaturated, and especially
polyunsaturated phosphatidylcholine molecules for the
functional properties of biological membranes is widely
accepted. Here, the effects of unsaturation on the
nanosecond-scale structural and dynamic properties of
the phosphatidylcholine bilayer were elucidated by per-
formance of multinanosecond molecular dynamics sim-
ulations of all-atom bilayer models. Bilayers of
dipalmitoylphosphatidylcholine and its mono-, di-, and
tetraunsaturated counterparts were simulated, contain-
ing, respectively, oleoyl, linoleoyl, or arachidonoyl
chains in the sn-2 position. Analysis of the simulations
focused on comparison of the structural properties,
especially the ordering of the chains in the membranes.
Although the results suggest some problems in the
CHARMM force field of the lipids when applied in a
constant pressure ensemble, the features appearing in
the ordering of the unsaturated chains are consistent
with the behaviour known from ?H NMR experiments.
The rigidity of the double bonds is compensated by the
flexibility of skew state single bonds juxtaposed with
double bonds. The presence of double bonds in the sn-2
chains considerably reduces the order parameters of the
CH bonds. Moreover, the double bond region of tetra-
unsaturated chains is shown to span all the way from the
bilayer centre to the head group region.
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Introduction

Double bonds of the unsaturated fatty acyl chains are
known to heavily modify the properties of biological
membranes. Accordingly, their presence in the fatty
acyl chains of membrane-forming phospholipids is an
essential and strictly regulated property of all mam-
malian cells. The state of the double bonds in natural
phosphatidylcholine (PC) molecules is c¢is, causing
bending of the hydrocarbon chain. Therefore, the
double bond affects the structural and dynamical
properties of the other parts of the chains, thereby
affecting the overall properties of the whole membrane.
Major effects of unsaturation have been reported to be
the increase in area per lipid and the decrease in
transition temperature between gel and liquid-crystal-
line phases (Demel et al. 1972; Evans et al. 1987;
Stillwell and Wassal 2003), both effects appearing most
significant after the introduction of the first double
bond. Despite the increasing amount of information on
the effects of double bonds on lipid molecular systems,
information on direct structural and dynamic effects is
still scarce. Many experimental observations remain to
be interpreted, and their in-depth understanding re-
quires information difficult or even impossible to ob-
tain experimentally. For instance, an interesting issue
in the field of membrane research is the phenomenon
of passive permeation through lipid membranes in
relation to changes in the lipid unsaturation state
(Demel et al. 1972; Fettiplace and Haydon 1980; In’t
Veld et al. 1992; Huster et al. 1997; Zeng et al. 1998).

During the last decade, the molecular dynamics (MD)
simulations of lipid membranes increasingly employed
have provided in-depth information on lipid systems and
molecular level explanations for a variety of experi-
mentally observable phenomena (Pastor 1994; Tobias
et al. 1997; Bandyopadhyay et al. 1998; Feller 2000).
Although the research field of MD simulations of lipid
systems is still young, the number of simulations
assessing relevant problems is rapidly increasing, to-



gether with improving quality. To be able to simulate
physiologically relevant lipid systems, unsaturated lipids
need to be incorporated. However, before mixing of
different lipid species, they should be simulated as such
to allow assessment of possible problems in the force
fields and in other MD methodology. Such simulations
also provide the essential basic information on the
behaviour and properties of these different lipid species
further needed in assessing results for compositionally
more complex systems.

Earlier MD simulation studies on unsaturated sys-
tems include reports on PC bilayers with monounsatu-
rated chains (Heller et al. 1993; Huang et al. 1994;
Ceccarelli and Marchi 1998; Murzyn et al. 2001;
Rabinovich et al. 2003; Rog et al. 2004), on 1-palmitoyl-
2-linoleoyl-sn-glycero-3-phosphatidylcholine ~ (PLPC)
bilayers containing diunsaturated linoleic acyl chains
(Hyvonen et al. 1995, 1997a, 1997b; Bachar et al. 2004),
and on PCs with docosahexaenoyl chains with six dou-
ble bonds (Huber et al. 2002; Saiz and Klein 2001a,
2001b; Feller et al. 2002; Rabinovich et al. 2003). Here,
MD simulations are applied in the elucidation of the
properties of four distinct bilayers consisting of variably
unsaturated PC molecules, namely 1,2-dipalmitoyl-
sn-glycero-3-phosphatidylcholine (DPPC, 16:0/16:0), 1-
palmitoyl—2—oleoyl-sn—g1ycer0—3—ph05£hatidylcholine
(POPC, 16:0/18:1%%), PLPC (16:0/18:2°*'%), and 1-pal-
mitoyl-2-arachidonoyl-sn-glycero-3-phosphatidylcholine
(PAPC, 16:0/20:4*>%111%) "Of these, DPPC is a fully
saturated reference system, whereas POPC, PLPC, and
PAPC have one, two, and four double bonds in their
sn-2 chains. Accordingly, this work is a systematic
computational study to assess the effects of a gradual
increase in the number of double bonds. While the
saturated DPPC molecule is the well-documented
benchmark lipid, the others are important natural con-
stituents of biological membranes. Indeed, oleoyl phos-
pholipids and linoleoyl phospholipids have been claimed
to be the most prevailing phospholipid species in various
cell membranes and arachidonoyl phospholipids play an
important role, for instance, in the membranes of T cells
(Tomita et al. 2004). Interestingly, the arachidonoyl
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residue also plays a role as a constituent of an endoc-
annabinoid 2-arachidonoyl glycerol (Walter and Stella
2003). Each of the fatty acids studied here is found, for
instance, in low-density lipoproteins (LDL) (Esterbauer
et al. 1990), and furthermore, the oxidized form of
PAPC from LDL has been suggested to have various
atherosclerosis-related effects in human vascular endo-
thelial cells (Walton et al. 2003; Birukov et al. 2004, and
references therein). Altogether, there is a wealth of
information on the physiological effects of the various
naturally occurring fatty acids. In contrast, molecular
level information of the structural and functional
properties is often scarce, so hindering in-depth under-
standing of the pathology of living systems, which is
essential in the elucidation of new possibilities to phar-
macologically affect specific molecular mechanisms of
cells.

Methods
Modelling and computational details

The PC molecules used to construct the bilayer models
consist of a glycerol backbone (C1-C3, interfacial re-
gion) into which the saturated palmitic acid chain (16:0)
and the PC head group are attached to the positions sn-1
and sn-3, respectively (Fig. 1). To the sn-2 position are
attached the variably unsaturated chains, i.e., saturated
palmitoyl in the DPPC molecule, monounsaturated
oleoyl 18:1%% in the POPC molecule, diunsaturated lin-
oleoyl 18:24%12 in the PLPC molecule, and tetraunsat-
urated arachidonoyl 20:4>%11-14 i the PAPC molecule.
The PLPC bilayer came directly from our previous
simulation (Hyvonen et al. 1997a) and consists of 72
lipid molecules in a bilayer with 2,572 hydrating water
molecules (approximately 35 water molecules per lipid).
Construction of the POPC and DPPC bilayers was
based on the PLPC system. For DPPC, two carbon
segments from the sn-2 chains were removed and the
necessary hydrogens added to the earlier double-bonded
carbons. For POPC, only the second double bond was

Fig. 1 Molecular structures of i i
1,2-dipalmitoyl-sn-glycero-3- head group |n::;2::1lal
phosphatidylcholine (DPPC), :
1-palmitoyl-2-oleoyl-sn-glycero- (o}
3-phosphatidylcholine (POPC), o I
1-palmitoyl-2-linoleoyl-sn- 0.~ 8 /Ca~C/C1~O’C1~C’C3\ e 0. sn-1
glycero-3-phosphatidylcholine 4\F|)_O1 12 o2 16
(PLPC), and 1-palmitoyl-2- 0 . o .7
arachidonoyl-sn-glycero-3- ( 2 ‘0o=c. .~
phosphatidylcholine (PAPC) on’ 1‘0’03\ ~¢.. sn-2, DPPC
indicating atom numbering and HCo / ™ 2 c=C 1
names of molecular groups EREN N"\ ' \C,CS\ . ST/ N6 sn-2, POPC
/ “oHy CsC,, C:C ’
H,C gl TR g ne2, PLPC

CzC,, CzC

\C;\/CECGJCS:CQJ T¥12,% 7 15/\/\020 sn-2, PAPC
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replaced by a single bond and the necessary two
hydrogens added. Before the MD simulation was initi-
ated, these adjustments were followed by energy mini-
mizations. However, in the case of PAPC this procedure
was not used. Instead, a group of four PLPC molecules
was extracted, where the sn-2 linoleoyl chains were
manually transformed to arachidonoyl chains. This
meant adding two extra carbon segments and trans-
forming C5-C6, C8-C9, C11-C12, and C14-C15 bonds
to double bonds and C9-C10 and C12-C13 to single
bonds. Additionally, the conformation of double bonds
was set to cis. This block of four molecules was then
energy-minimized and replicated in plane to produce a
monolayer of 36 lipid molecules. This monolayer was
energy-minimized and replicated to construct a bilayer
of 72 PAPC molecules. The water molecules of the
PLPC bilayer system were copied to hydrate the PAPC
molecules. The 72-molecule section of the bilayer served
to model an infinite bilayer through application of
periodic boundary conditions. The final energy minimi-
zation was reached by first stabilizing the water mole-
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Fig. 2 Dimensions of primary simulation boxes of DPPC, POPC,
PLPC, and PAPC bilayer systems, together with the area per lipid
(Ayr) as a function of time. The average areas per DPPC, POPC,
PLPC, and PAPC from the last 1 ns of each simulation are
57.4F0.6 A%, 62.1F0.5 A%, 64.870.8 A% and 62.4F0.6 A”. Note
that here dimension y is the normal of the bilayer

cules and then the whole system. The molecular systems
consisted of a total of more than 17,000 atoms each. In
POPC, PLPC, and PAPC bilayers, the velocities of the
atoms were assigned to reach the temperature of 310 K.
For the DPPC system, however, a temperature of 323 K
was assigned for that bilayer to also attain a liquid—
crystalline state. Thereafter, the simulations were initi-
ated using the leapfrog Verlet algorithm with a time step
of 1.4 fs. Furthermore, the simulations were carried out
for 4.2, 2.9, 2.2, and 3.5 ns for DPPC, POPC, PLPC,
and PAPC systems. The temperature and energy com-
ponents and the dimensions of the systems were moni-
tored during the simulations to ensure their stability and
an adequate length of the period for collecting data for
analysis. The simulations were stopped after 1 ns of
equilibrated period. The evolutions of the dimensions of
the primary simulation box are shown in Fig. 2 for each
system, together with the area per lipid. Also the average
areas per lipid are provided from the last 1 ns. The
primary model systems appear as snapshots from the
end of the simulations in Fig. 3. The simulations were
performed with a fully flexible simulation box in a
normal temperature and pressure ensemble to maintain
constant temperature and an isotropic pressure of 1 atm
with the Nose—Hoover thermostat (Hoover 1985) and a
Langevin piston (Feller et al. 1995). The piston collision
frequency was 5 ps~', and the masses of the pressure
and thermal pistons were 500 amu and 1,000 kcal ps?.

The simulation was performed by applying the
CHARMmM software (CHARMm version 27) (Brooks
et al. 1983), and lipid force field parameters were used

Fig. 3 Snapshots of the primary simulation boxes at the end of the
simulations of DPPC, POPC, PLPC, and PAPC bilayer systems.
The colour-coding of the lipid molecules is as follows: cyan for
carbon, red for oxygen, yellow for phosphorus, and blue for
nitrogen. In each bilayer two selected conformations are yellow.
For clarity, no water molecules or hydrogen atoms are included.
The y-axis is normal to the membrane



(Schlenkrich et al. 1996; Feller and MacKerell 2000).
The CHARMM parameters for the polyunsaturated
lipids were published only after the initiation of the
present simulations (Feller et al. 2002), but were already
available for downloading earlier (http://www.phar-
macy.umaryland.edu/faculty/amackere/force_fields.htm).
This force field has been utilized in many simulation
studies (Saiz and Klein 2001a, 2001b; Feller et al. 2002;
Koubi et al. 2003; Eldho et al. 2003; Jensen et al. 2004),
and despite the conclusion of too-low areas per lipid in
the case of the isobaric ensemble, which also applies to
saturated DPPC, the force field has been able to capture
the important features of unsaturated lipids. Recent
studies imply that this force field should be applied only
with a fixed surface area to hinder the shrinkage of the
membrane to a gel state (Feller et al. 2002; Koubi et al.
2003; Jensen et al. 2004). This information was, how-
ever, not available at the time of the simulations pre-
sented here. Instead, several reviews had discussed the
importance of an isobaric ensemble in membrane sim-
ulations (Berendsen and Tieleman 1998; Tobias et al.
1997; Merz 1997; Tieleman et al. 1997; Saiz et al. 2001),
which was therefore a natural choice for our simula-
tions, and still is, inasmuch as no reliable values are
available for the areas of many lipid species. Overall, the
present CHARMM force field has not proved to be
suitable for a complete description of variously unsatu-
rated bilayers in constant pressure simulations. For
water molecules, the parameters used were TIP3P (Jor-
gensen et al. 1983). All atoms were independently taken
into account in the MD simulation. The lengths of the
bonds involving hydrogen atoms were fixed by the
SHAKE algorithm. Electrostatic interactions were in-
cluded via the particle mesh Ewald summation (Darden
et al. 1993; Essmann et al. 1995). The Lennard—Jones
potential was switched to zero at the region from 10 to
12 A. The nonbonded-neighbour list, used for calculat-
ing the Lennard-Jones potential and the real-space
portion of the Ewald sum, was kept until 12 A and
updated every tenth step, similarly to Feller et al. (2002).
Energies, coordinates, and velocities were saved at every
50th step.

Data analysis

In the subsequent analysis, the averages were calculated
over all saved time steps of production runs (last 1 ns)
and over all lipid or water molecules, if not described
otherwise.

Atomic single-particle distribution functions in the
bilayer normal direction were evaluated by calculating
the total amount of each atom in 0.25-A slices. All dis-
tributions were averaged over time. Further, they served
to calculate the total mass and electron density across
the bilayer. The mean cosine of the angle between the
water dipole moment vector and the bilayer normal was
also calculated in 0.25-A slices along the bilayer normal.
A zero value results for a random orientation and, here,
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a positive value corresponds to the orientation of the
dipole towards the bilayer centre. The orientation angle
of the head group and the glycerol backbone with re-
spect to the bilayer normal as well as the various angle
distributions of varying bonds and vectors in the chains
were determined by use of 1° slices. The fraction of free
volume in the bilayer was estimated according to
Marrink et al. (1996a), except that here the total amount
of empty volume was not extrapolated, but instead, the
free volume accessible for spherical penetrants of vary-
ing radius were calculated (until the minimum of 0.1-A
radius). Here, only the free volume profiles for the
minimum penetrant size are shown. The grid size was
40x32x40 A* with 0.8-A spacing, resulting in 100,000
grid points. Full analysis of the free volume in these
systems, including the shape distribution, would be very
helpful but clearly is beyond the scope of this particular
study. Work aiming at a full description is presently
under way. The electrostatic potential profile along the
bilayer normal y was calculated on the basis of Poisson’s
equation

y
1
Y(y) —y(0) = —;//p(y”)dy”dy’,
0%

where Y(y) is the electrostatic potential, p(y) is the
charge density at y, and ¢ is the vacuum permittivity.
The charge density was determined in 0.25-A slices and
averaged from the monolayers. The position y=0 re-
sides in the middle of the bilayer.

The orientational order is described by the order
parameter S;, which is defined as

S; :%<3cos2ﬁj - 1),

where f; is the angle between the orientation vector and
the reference direction. The brackets denote both the
ensemble and the time averages. A ’H NMR observable
order parameter, S; €D is obtained by defining the ori-
entation vector along the CH; bond, and the bilayer
normal as the reference direction. According to this
definition we calculated the order parameters for the CH
bonds of unsaturated carbon atoms, and, in the case of
saturated carbon atoms for the two CH bonds. As an
error estimation, the standard error of the mean of the
72 molecular averages is given. For each of the mole-
cules, the molecular average was evaluated from the
whole time series of 1 ns. In this way, the effect of high
correlation between consecutive time steps is eliminated,
which results in more realistic error estimates. It is
conventional in MD simulations, especially in united-
atom models, to define the orientation vector along the
normal of the HC;H plane or from C,_; to C;,, which
leads to the molecular order parameter S When
isotropic rotations around the HC;H plane normal are
assumed, the CH bonds and corresponding S,—CD values
become equivalent, and SjCD can be compared with the
Sl values according to the relation —257° =Sy
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(Seelig and Niederberger 1974). S}no} may vary between
—1/2 and 1, corresponding to the variation between
perpendicular (90°) and parallel (0°) orientation with
respect to the bilayer normal. Usually, a zero value of S|
indicates isotropic orientation distribution, but also, for
instance, a single orientation angle of 54.7° in the sample
results in a zero value.

The fractions of skew ™ and skew™ states in the single
bonds next to double bonds, and the fractions of
gauche ", gauche™, and trans states in other single bonds
were determined for the dihedral angles of both chains.
The division into skew ™ and skew™ states was performed
using the ranges 60-180° and —60 to —180°. The divi-
sion of other single bonds was performed with the ran-
ges —120 to 0° and 0 to 120° for the gauche' and
gauche™ states, and the rest for the zrans states. Similar
divisions served in evaluation of the rate of isomeriza-
tion between different states for each bond; the isomer-
ization rate was averaged over molecules.

To characterize the short-scale dynamics, the corre-
lation functions < u(0)-u(z) > were determined, where p
is the CH vector at various points in the molecule.
Calculation of the correlation functions was performed
with the CORFUN analysis tool of the CHARMM
software (Brooks et al. 1983).

Results and discussion

Equilibration of the simulated molecular system has
traditionally been checked by monitoring the evolution
of the dimensions of the simulation box. The time series
of the dimensions of the simulated bilayer systems
shown in Fig. 2 indicate stabilization of the dimensions
of the simulation box as well as the area per lipid in this
relatively short time scale to allow description of local
structural properties. Recently, several studies on bilayer
systems that treat carbon segments as united atoms have
been able to achieve time scales ranging from tens to
hundreds of nanoseconds. They have suggested that bi-
layer systems equilibrate only at tens of nanoseconds
(Anezo et al. 2003; Patra et al. 2003), questioning the
validity of the type of all-atom simulations reported here
and elsewhere (Saiz and Klein 2001a; Feller et al. 2002;
Huber et al. 2002). However, utilization of shorter-scale
simulations has been reasoned for describing local short-
scale properties, especially in the case of all-atom mod-
els, for which longer simulations are often limited, owing
to the larger computational cost. Only very recently has
a united-atom force field for polyunsaturated PCs been
reported (Bachar et al. 2004), and it will allow larger-
scale simulations also for these types of lipid molecules.
It should be kept in mind, however, that the present
atomistic and united-atom descriptions of double bonds
may not be able to describe all those features of poly-
unsaturated membranes that are potentially important
for understanding their biological significance. In par-
ticular, the suggested hydrogen-bonding propensity of

double bonds (Vorobyov et al. 2002) is not described in
the present force fields, although such a description
could have major impact on the permeation phenomena,
for instance. In general, results from simulation studies
provide well-reasoned predictions of the properties and
behaviour at a qualitative level, and may, but only after
careful consideration, also allow quantitative conclu-
sions. Especially in the case of the simulations presented
here, care must be taken to consider critically the results
in the light of short simulation times.

The areas per lipid in all four systems are
574F0.6 A%, 62.1F0.5A% 648F0.8 A%  and
62.4F0.6 A* for DPPC, POPC, PLPC, and PAPC bi-
layers from the last 1 ns of each simulation. The equil-
ibrated area per lipid of the DPPC bilayer is significantly
smaller than the value of 64 A% based on careful eval-
uation of estimates from various experimental tech-
niques (Nagle and Tristam-Nagle 2000). Although the
CHARMM parameter set for phospholipids has been
improved (Feller and MacKerell 2000), a very recent
report states that the force field will eventually lead to
the formation of a gel-state DPPC bilayer in constant-
pressure simulations (Jensen et al. 2004), whereas under
conditions utilizing a fixed area, performance has been
better (Feller and MacKerell 2000; Feller et al. 2002;
Sachs et al. 2004). However, as discussed in various re-
view articles, certain advantages lie in the use of a flex-
ible simulation box with constant pressure for
membrane simulations (Berendsen and Tieleman 1998;
Tobias et al. 1997; Merz 1997; Tieleman et al. 1997; Saiz
et al. 2001). As no reliable values for the area per lipid
are available for the polyunsaturated lipids simulated
here, utilization of a constant-pressure ensemble is a
natural choice. On the other hand, a similar 10%
underestimation of the area per lipid with the present
CHARMM model was reported recently (Saiz and Klein
2001a; Koubi et al. 2003), with the conclusion that
important features related to unsaturation are repro-
ducible. As the force field is the same for all the systems
described here, a similar type of offset deviation can be
expected, which still allows qualitative comparison of
the properties of systems and the phenomena resulting
from unsaturation of the fatty acids.

Although the increasing area per lipid is usually
considered as one of the key effects of unsaturation
(Demel et al. 1972; Evans et al. 1987; Stillwell and
Wassal 2003), the area does not necessarily successively
increase when more double bonds are incorporated, as
implied by the results from present simulations, since the
area varies in the order DPPC < POPC < PAPC < PLPC.
This variation in areas cannot be confirmed on the basis
of experimental data, although the molecular areas in
the monolayer studies of Evans et al. indicate that, for
instance in the series of lipids having 20 carbons in the
sn-2 chain, the molecular area increases until the incor-
poration of a third double bond, after which it again
drops (Evans et al. 1987). The area per lipid of 65 A’ has
been utilized in the fixed-area simulation of hexaunsat-
urated stearoyldocosahexaenoylphosphatidylcholine



(SDPC) bilayers (Feller et al. 2002), based on X-ray
experiments (Koenig et al. 1997), which is surprisingly
low compared with the 64 A? for totally saturated
DPPC (Nagle and Tristam-Nagle 2000). On the basis of
that value, it is tempting to assume that the areas per
lipid in the polyunsaturated bilayers here fall within the
same range. This appears to be premature, however, as
experimental results for unsaturated lipids are scarce,
and the degree of uncertainty about the values has been
high, as extensively discussed by, for instance, Nagle and
Tristam-Nagle (2000). Figure 3 offers snapshot views of
each simulated bilayer from the ends of the simulations.
In each bilayer, two individual lipids with different
conformations are shown to illustrate the range of
conformational flexibility. For instance, the polyunsat-
urated chains of PAPC can be found both in very ex-
tended and in bent conformations. However, straight
and bent conformations are found also in the totally
saturated DPPC bilayer, stressing the importance of
numerical analysis.

Figure 4 gives a view of the bilayer properties along
the bilayer normal as averaged from both monolayers.
The distribution of phosphorus atoms is a general
marker of membrane thickness, indicating decreasing
thickness in the order DPPC >PAPC >POPC > PLPC.
In principle, thickness reflects variation in areas per li-
pid: the greater the area per lipid, the thinner the
membrane. The relation between thickness and area is
not straightforward, however, as the chain lengths vary
in the simulated lipids.

The overlap of distributions of the methyl ends of the
chains and the water molecules underlines the idea of
membrane flexibility. This flexibility may be necessary
for rare improbable phenomena, such as the permeation
of small molecules. In fact, this overlap is slightly en-
hanced in PLPC and PAPC bilayers, as the percentage
of chain conformations that bend the methyl end of a
chain to the region y>10 A is approximately 3.5% in
DPPC and POPC bilayers, increasing to approximately
6.5% in PLPC and PAPC bilayers.

Distributions of the double bonds across the bilayer
become, naturally, wider along with the increasing
number of double bonds per chain. In the PLPC bilayer,
the distribution of double bonds overlaps slightly the
bilayer centre and also the distribution of phosphorus of
the head groups, as concluded already in our earlier
simulation study on the PLPC bilayer (Hyvonen et al.
1997a) and recent simulations by Bachar et al. (2004)
using the new united atom force field for PLPC. Espe-
cially notable is, however, the multitude of conforma-
tions of the double-bond region of the sn-2 arachidonoyl
chains to span all the way from the centre to the height
of the head group phosphorus.

Interestingly, the distribution of water molecules in
the PAPC system was seen to extend as far as approxi-
mately 5 A from the centre of the membrane. This
extension was not, however, due to diffusion of water
molecules into a highly hydrophobic environment, but
instead, one PAPC molecule entered a relatively deep
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<COS6> electron density (e/AS) free volume (%)
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Fig. 4 Atomic distribution functions (top panel) of chain methyl
(CH;) and double-bonded (DB) carbon atoms together with
water oxygen atoms (H,0) and the head group phosphorus (P),
with distributions in similar units. In addition, the second panel
shows the fraction of the free volume for a test solute of 0.1-A
dimension along the bilayer normal. The electron density profile,
the orientation of water molecules with respect to the bilayer
normal, and the electrostatic potential along the bilayer normal
are shown in the three lower panels. Note that in the bottom
panel the contributions of lipid and water molecules are
presented separately, plus the total potential. The four bilayer
systems are as follows: DPPC (solid black line), POPC (broken
line), PLPC (dark grey line), and PAPC (light grey line). It should
be noted also that owing to the relatively short simulation time,
phenomena of minor prevalence are also visible in the properties
presented
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position in the interior, and together with it some water
molecules were able to enter there, as well. This kind of
phenomenon might have an impact as a possible starting
point for the development of hypothetical water pores or
wires (Marrink et al. 1996b; Venable and Pastor 2002) or
for diffusion of water molecules across the bilayer. In
accordance with the findings here, an increase in the
water penetration along with the replacement of the 18:1
chain with the 22:6 chain has been reported on the basis
of fluorescence lifetime measurements (Mitchell and
Litman 1998). The ability of PAPC to move in the bi-
layer normal direction mentioned earlier may also be a
consequence of the increased flexibility of the unsatu-
rated membranes suggested recently by both experi-
mental and simulation studies (Feller et al. 2002; Eldho
et al. 2003; Gawrisch et al. 2003). However, as this
phenomenon is a single event observed in a short sim-
ulation, it necessitates further studies with longer simu-
lation times.

Several experimental studies indicate that the passive
permeability and diffusion of small solutes increases
along with the incorporation of unsaturated lipids
(Demel et al. 1972; Fettiplace and Haydon 1980; In’t
Veld et al. 1992; Huster et al. 1997; Zeng et al .1998).
One straightforward explanation may be an increased
fraction of free volume. However, as the second panel of
Fig. 4 shows, the fraction of free volume is, on the
contrary, merely decreasing along with the unsaturation.
This appears to be true especially in the hydrocarbon
region where the double bonds reside, and such a de-
crease is in accordance with the increasing density of the
bulk fatty acids in the order palmitic acid <oleic
acid <linoleic acid <arachidonoyl acid. In bulk alkenes
also, density increases when unsaturation increases. In-
asmuch as the phenomenon of increased passive per-
meability cannot, therefore, be directly explained by the
increased free volume, at least in such a short time scale
as examined here, longer simulations and more detailed
analysis are necessary to address this question thor-
oughly. The fraction of free volume is largest in the bi-
layer centre. The minimum amount of free volume
appears at the height of head groups in DPPC, POPC,
and PLPC bilayers, whereas in PAPC a similar level is
also at the height of the upper parts of the chains. To-
wards the water phase, the fraction of free volume rose
to a level also present in the interior of the DPPC bi-
layer.

Figure 4 also presents the electron density profiles
along the bilayer normal, and reveals only minor dif-
ferences in the bilayer systems, a fact which derives from
the different dimensions of the systems. Accordance with
the experimental density profiles is good (MclIntosh and
Simon 1986; Wiener and White 1992). Furthermore, the
orientational behaviour of the water molecules (Fig. 4)
can be described as the mean cosine of the angle between
the water dipole moment vector and the bilayer normal.
As stated in earlier simulation studies (Hyvonen et al.
1997a; Hyvonen and Kovanen 2003), the positive peak
in the region of the head groups is due to the strong

orientation of the hydrogen atoms of the water mole-
cules towards the oxygen atoms of the phosphoryl
group. There was an observable difference in the orien-
tation profile of the PAPC system compared with that of
the other systems in the region at a distance of
approximately 10 A from the bilayer centre, i.e., at the
edge of the region into which water molecules can pen-
etrate. That far from the bilayer surface significantly
more water molecules are present in the PAPC bilayer
than in the other bilayers, in which the quantity of water
is practically zero, and the few counts result merely in a
spiky profile. The main orientation of these water di-
poles in the DPPC, POPC, and PLPC systems is towards
the water surface with ester and phosphoryl oxygens,
resulting in negative values. As mentioned, together with
one PAPC molecule, water molecules also entered the
interior of the bilayer. Those water molecules oriented
their dipoles partly towards the ester oxygens of the
PAPC molecule that now resides deep in the membrane
and partly towards the esters of the neighbouring lipids.
This sums up in the merely isotropic overall orientation
of the dipole and zero values of the water orientation
profile.

The electrostatic potential profiles along the bilayer
normal were calculated together with the separate con-
tributions from the lipids and water (Fig. 4, bottom
panel). The total potential is negative in the water region
compared with that of the interior of the bilayer, with
values for the potential of —0.07, —0.32, —0.24, and
—0.75 V in the DPPC, POPC, PLPC, and PAPC sys-
tems. As reported in other simulation studies, the con-
tribution of lipids is several volts (Feller et al. 1996;
Essmann and Berkowitz 1999; Shinoda et al. 1998). This
is overcompensated by the orientation of the water
molecules, which results in a negative total potential in
the water region compared with that of the interior of
the bilayer. The experimental values for the potential
range from —200 to —575 mV for different phospho-
lipid/water interfaces (Flewelling and Hubbell 1986; Si-
mon and Mclntosh 1989; Gawrisch et al. 1992; Simon
and Mclntosh 1989; Gawrisch et al. 1992; Mclntosh
et al. 1992). The present simulation results would imply
enhanced potential due to unsaturation. However, the
experimental values for the potential are scarce, and
particularly lacking for unsaturated systems, which
makes the validation difficult. Moreover, relatively large
differences exist between different experimental tech-
niques (Schamberger and Clarke 2002). Naturally, the
relatively small value of the potential in the DPPC bi-
layer system, compared with the potential values in
earlier simulation studies, raises the question how the
too-low area per lipid and enhanced packing would af-
fect the overall potential. Recently, Peterson et al. (2002)
have speculated as to the effect of packing on the dipole
potential and suggested that the disrupted packing
should lead to decreased density of lipid dipoles and,
subsequently, to a weakened potential. We actually see
the opposite effect in the total potential, which is due to
the overcompensation caused by water. Accordingly, the



suggestion by Peterson et al. would be applicable in the
present study only in the case of the positive potential
caused by the lipid molecules: the DPPC with tightest
packing and highest dipole density has the largest con-
tribution from the lipids, the contribution being weaker
in less packed unsaturated bilayers. In general, the
conclusion in the simulation studies has been that the
dipole potential is sensitive to the simulation method-
ology (Anezo et al. 2003; Patra et al. 2003; Berger et al.
1997), and perhaps, therefore, the dipole potential has
not always been reported from simulations, making a
comparison with recent simulation studies difficult.

The average orientation angles of the phosphorus—
nitrogen vector of the PC head groups with respect to
the bilayer plane were 20, 17, 17, and 20° in the DPPC,
POPC, PLPC, and PAPC systems. These values are in
good accordance with the estimated average orientation
of 18° in DPPC bilayers from NMR and laser Raman
experiments (Akutsu and Nagamori 1991). In the sim-
ulations, the distribution of angles was wide (data not
shown), from —70 to +90° (negative angle corre-
sponding to orientations towards the bilayer centre).
The orientational behaviour of the head groups thus
does not differ significantly among various unsaturation
states. This conclusion is supported by the similar short-
scale relaxation behaviour of a CH vector in the head
groups among the different bilayers, as shown later.

Ordering of the fatty acyl chains, described by order
parameters in Fig. 5, reflects the excessively low area per
lipid in the DPPC bilayer. The sn-1 chains of DPPC are
considerably more ordered than would be expected from
H NMR studies (Seelig and Seelig 1974).

In general, the order parameters of both sn-1 and sn-2
chains decrease owing to unsaturation, an effect natu-
rally much more pronounced in sn-2 chains. The order
parameter values of the sn-1 chains of POPC molecules
are significantly lower than those of DPPCs, and the
order of PLPCs is even lower. This behaviour is in
accordance with the ?H NMR results of Holte et al.
(1995). Incorporation of two more double bonds does
not, however, reduce the order any further at the same
temperature; instead, the order is higher, especially from
carbon C7 towards the interior. Although the order
parameter profiles of the DPPC bilayer in our simula-
tion otherwise indicated too much order in the chains,
the order parameters of 0.11 and 0.14 at position C2 of
the sn-2 chain of DPPC (only the average in Fig. 5) are
in good accordance with the ’H NMR based values of
0.09 and 0.15 of Seelig and Seelig (1974). This detail is,
however, seldom reproduced in simulations, which
underlines the difficulty in assessing the proper force
field and proper simulation conditions to get the best out
of the force field. Although the proper reproduction of
the order parameter profile is important in showing the
validity of the simulations, one should not forget such
characteristic features of the phospholipid molecules as
the conformation of the beginning of the chains, as
emphasized also by Feller et al. (2000). The relatively
low order parameters of the beginnings of the sn-2
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Fig. 5 Averages of the foD orientational order parameters along
the sn-1 (upper panel) and sn-2 (lower panel) chains of the DPPC
(filled squares), POPC (filled circles), PLPC (filled diamonds), and
PAPC (stars) bilayers. The standard errors of the mean of the
molecular averages are shown as error bars. Numbering of the
carbon segments is as in Fig. 1. For comparison, the experimental
deuterium order parameter profile of the sn-1 chain of DPPCs
(open squares) in a liquid-crystalline phase at 50°C is shown (Seelig
and Seelig 1974), together with the scarce experimental values for
the sn-2 chains of POPC (open circles) and PLPC (open diamonds)
systems (Seelig and Waespe-Sarcevic 1978; Baenziger et al. 1991).
Note that owing to the relatively short simulation time, the order
parameter values may not have fully converged, as indicated by the
error bars and the slow decay of the autocorrelation functions in
Fig. 6

chains and especially the prevalence of separate order
parameters in the C2 position were first reported by
Seelig and Seelig (1974). Later, they were related to the
distinct prevailing conformation of the beginning of the
sn-2 chains, which is on average slightly more parallel to
the membrane plane than in the sn-1 chains (Seelig and
Seelig 1980; Douliez et al. 1995), leading to the in-
e%uivalence of CH bonds at position C2 (see separate
SEP values earlier and the more detailed analysis of in-
equivalence in Hyvonen et al. 1997b).

As expected, the double bonds induce profound dif-
ferences in the order parameters along the sn-2 chains
(Seelig and Seelig 1977; Baenziger et al. 1991). The
ordering of the sn-2 chains of DPPC is closely similar to
that of the sn-1 chains. In contrast, the double bonds
cause a strong decrease in order parameters, especially in
the region of double bonds. In the case of POPC and
PLPC, accordance with the scarce experimental values is
good (Seelig and Waespe-Sarcevic 1978; Baenziger et al.
1991). For the sn-2 chains of PAPC, the effect of four
double bonds is so strong that the SP values vary
mostly between 0 and 0.1, in accordance with the *H
NMR and with simulation studies on PCs with six
double bonds in their sn-2 22:6w3 docosahexaenoyl
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chains (Huber et al. 2002; Feller et al. 2002; Eldho et al.
2003). In the 22:6w3 chains, however, the double-bond
region extends to the very end of the chains, so no in-
crease is observed after the double-bond region, a situ-
ation still observable here in the case of PAPC with
20:4w6 chains, and in accordance with the deuterium
order parameters in the case of sn-2 22:5w6 docosa-
pentaenoyl chains (Eldho et al. 2003). To address the
origins of the low order parameters of the double-bond
regions, the angle distributions of the CH bonds with
respect to the bilayer normal were determined (data not
shown), which clearly indicate that the methylene
hydrogens span the entire possible range of orientations,
leading to the low ordering, as has been discussed by
Feller et al. (2002). Overall, the features characteristic to
the ordering of the unsaturated sn-2 chains are well
reproduced, although it should be noted that owing to
the relatively short simulation time, the order parameter
values may not have fully converged, as indicated by the
error bars and the slow decay of the autocorrelation
functions in Fig. 6, and as discussed later.

The proportion of gauche conformations and the
isomerization rate of the bonds along the chains were
also determined (data not shown). In general, the per-
centage of single bonds in gauche states falls between
roughly 20 and 30% corresponding to approximately 3—
4 gauche bonds per chain, in good accordance with the
estimates for DPPC from Fourier transform IR spec-
troscopy (Mendelsohn et al. 1991). The beginnings of
the chains induce an increase, together with the double
bonds. Specifically, the beginning of the sn-2 chain has
approximately 50% of the bonds over carbons C2-C3 in
the gauche state. The single bonds that are nearest to
double bonds without being conjugated to a double-
bonded carbon are more than 30% in the gauche state. A
small increase in the number of gauche states towards
the chain ends was observable, with a percentage of
approximately 30% in the end in all systems and in both
chains.

The isomerization rate of around 30 ns™ " is the usual
level in both chains, which gives an estimate of the
interval of roughly more than 30 ps between the changes
between gauche and trans states. This level is slightly
higher in the DPPC bilayer than in unsaturated layers.
The isomerization rate is very low in the beginnings of
the chains, on the order of 5 ns™!, and similarly also in
the bonds nearest to the skew state bonds, which again
are those nearest to the double bonds. The skew state
bonds present remarkably high isomerization rates of up
to 150 ns~'. Interestingly, in solid-state NMR experi-
ments the skew state bonds have been suggested to be
responsible for the flexibility of the polyunsaturated
chains (Eldho et al. 2003; Gawrisch et al. 2003).

Correlation functions are conventionally utilized in
the characterization of varying relaxation processes in
bilayer systems. Here, with the relatively short simula-
tion time, the correlation functions give an impression of
the convergence along the molecules and provide
information on the short-scale dynamics of varying CH

1

bonds along the chains and in the glycerol backbone and
head group (Fig. 6). Of these, the CH bond at the sn-3
position of the glycerol backbone shows the slowest
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Fig. 6 Correlation functions of CH vectors in the head group
(carbon CN in Fig. 1) and at the sn-3 position of the glycerol
backbone (top panel), at various positions along the sn-1 chain
(second panel) and along the sn-2 chain (bottom three panels) in the
four bilayer systems: DPPC (solid black line), POPC (broken line),
PLPC (dark grey line) and PAPC (light grey line)



relaxation, in accordance with findings in earlier studies
considering glycerol as the stiffest part of the PC mole-
cule (Wiener and White 1992). At this time scale,
relaxation of all CH bonds is quickest for the saturated
DPPC bilayer, which, especially in the case of the glyc-
erol backbone and the head group, may result from the
higher simulation temperature.

The correlation function for the CH vectors from the
sn-1 chains is very similar in all unsaturated bilayers and
shows only slightly faster relaxation in the saturated
DPPC bilayer. This holds true also at the position of
carbon C2 of the sn-2 chain. However, at position C8 of
the sn-2 chain, relaxation is considerably slower in the
POPC and PLPC bilayers than in the DPPC bilayer and
becomes even slower in the PAPC bilayer. Position C8 in
POPC and PLPC bilayers is similar in the sense that this
carbon segment is the last before the double bond and is
related to the dihedral angles C7-C8 and C8-C9, in
which isomerization behaviour is similar in POPC and
PLPC bilayers also (data not shown). However, carbon
segment C8 is involved in the stiff double bond of the
PAPC bilayer, which probably causes the slow decay of
its correlation function. Interestingly, the stiffness of the
cis double bond dominates, causing the slowing of
the relaxation despite the flexibility of the rotation of the
dihedral angle C7-C8. At the position of carbon Cl14,
the CH vector shows faster relaxation in the order
PAPC <sn-1 chain CH bonds, as described by correla-
tion functions, is similar here to that of the simulations
of the SDPC bilayer with sn-1 stearoyl and sn-2 doco-
sahexaenoyl chains, the relaxation of sn-2 chain CH
bonds is considerably slower (Feller et al. 2002),
reflecting, at least, the smaller number of flexible skew
state bonds in the arachidonoyl chain.

In conclusion, at least short-scale mobility is not
directly able to explain the increased passive perme-
ability across the bilayer due to unsaturation. Moreover,
the fraction of free volume (Fig. 4) along with increasing
unsaturation fails to offer any straightforward explana-
tion. What will be needed is thus an analysis of a free
volume that would take into account the shape distri-
bution of the free volume available, together with
analysis of the dynamics at longer time scales than in
this study. It is possible to suggest, however, plausible
pieces of evidence, shown here and by others, which are
related to the increased permeability along with the en-
hanced unsaturation. First, the larger areas per lipid in
unsaturated bilayers may reduce the barrier against
water molecules reaching the interior parts of the
membrane. Second, the heavily increased overlap of the
double-bond region and the water phase in the polyun-
saturated membranes (Fig. 4) would enhance the possi-
ble tendency of double bonds to ferry small molecules, in
comparison with that of the monounsaturated and sat-
urated chains (Wiener and White 1992). Thirdly, the
exceptional flexibility of the skew state bonds, observed
here and in studies of sn-2 docosahexaenoyl PCs (Feller
et al. 2002; Eldho et al. 2003) may play a role in
enhancing the diffusion of foreign molecules. Finally,
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the suggested ability of double bonds to hydrogen-bond
(Vorobyov et al. 2002) would directly enhance the pos-
sibilities of hydrophilic molecules to transiently reside in
the hydrophobic interior of the bilayer. These aspects
taken together provide a reasonable explanation for the
enhanced permeability, although MD simulations most
likely will describe such a phenomenon in detail, as the
size and time scales of the MD simulations of lipid
membranes are rapidly increasing. Indeed, large-scale
simulations have already been performed addressing the
effects of anesthetics and their penetration to biological
membranes (Koubi et al. 2003; Pasenkiewicz-Gierula
et al. 2003). This progress will enable us to more effi-
ciently investigate the properties of variably unsaturated
lipid bilayers, together with mixtures of other physio-
logically important lipids such as sphingomyelins and
cholesterol. Such studies will provide us with crucial
information on the interactions between physiologically
relevant lipid species, also deepening understanding of
the biology of specialized membrane regions such as
rafts.

Summary

The objective of this study was to elucidate the possible
structural effects that an increasing number of double
bonds in the sn-2 chain of PC molecules has on the
membrane structure and short-scale dynamics of
molecular parts. Although the results suggest some
problems in the CHARMM force field of the lipids when
applied in a constant-pressure ensemble, as the area per
lipid of the saturated DPPC in the reference simulation
was underestimated and the ordering of the saturated
chains of unsaturated lipids was overestimated, the
features appearing in the ordering of the unsaturated
chains are consistent with the behaviour known from *H
NMR experiments. Furthermore, the behaviour of
hydrating water and the head groups, as well as the
electron density profile and the electrostatic potential are
in line with those of earlier experimental and simulation
studies. It should be kept in mind, however, that the
simulations here were on a nanosecond scale, and
therefore not all features are converged on this time
scale.

Although the dimensions of the variously unsatu-
rated bilayers do vary, the electron density profiles, to-
gether with the properties of the lipid head groups and
the hydrating water, are quite similar between the vari-
ably unsaturated bilayers on this time scale. However, a
few water molecules were seen to incidentally penetrate
into the membrane interior of the PAPC bilayer, where
the region of double bonds is also shown to span all the
way from the centre of the bilayer to the head group
region. In general, the ordering of the chains is decreased
owing to unsaturation, especially of the unsaturated sn-2
chains themselves. The incorporation of double bonds in
the sn-2 hydrocarbon chain of the PCs reveals the dual
nature of the cis double bond: these structural units are
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themselves rigid, but this is compensated for by the
flexibility of the skew state single bonds next to double
bonds and the increased number of gauche states in the
single bonds next to the skew state single bonds.
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