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Conformations, orientations and time scales characterising
dimyristoylphosphatidylcholine bilayer membrane.
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The results of molecular dynamics simulation of fully hydrated dimyristoyl-
phosphatidylcholine (DMPC) bilayer membrane in the liquid-erystalline phase
are presented. They show that the probability of a gauche conformation varies
periodically along the chain with only a slight increase towards the end of the
chain. However, the frequency of transition between conformations increases,
due to a decrease in the lifetime of the ¢#rans conformation, along the chain. The
average lifetimes for trans conformations are in the range of 1-2 x 107" s and
for gauche conformations in the range of 4-7 x 107" 5. The a-chain of the DMPC
head group has mainly an extended conformation, due to predominantly trans
conformation of ob torsion. The rotational correlation time for the P-N vector
is 3.7 ns. The C2-C1-011-P fragment of the DMPC head group (81, 1, o2
torsions) is rigid while the P-012-C11-C12 fragment (a3, o4, o torsions) is
flexible. The lateral diffusion coefficient for DMPC self-diffusion in the mem-
brane is 2 x 107 em?¥/s; the rate of transverse diffusion is the same. Large
differences in the calculated rotational correlation times for the a-, p-, y-chains
and for the 021-C1-vector indicate that in the liquid-crystalline bilayer each
segment of the DMPC molecule exhibits its own rotational freedom, in addition
to its internal flexibility resulting from rotational isomerism. The results
obtained in these calculations, although in general agreement with some ex-
perimental data, shed new light on the dynamical behaviour of phosphatidyl-
choline molecules in the bilayer membrane in the liguid-crystalline phase.

The functioning of biological membranes is,
to a large extent, determined by the structure
and dynamics of their liquid-crystalline ma-
trices. The matrix is a bilayer made up of
amphiphilic lipid molecules. Many properties

common to all bioclogical membranes can be
learned and understood by studying the bi-
layers (model membranes). As phospholipids
are the most common component of the ma-
trix of plasma membranes, they are often
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used as a single or main component of model
bilayer membranes. In this paper only phos-
phatidylcholine (PC) model membranes are
discussed.

Experimental studies, mainly using elec-
tron paramagnetic resonance (EPR), nuclear
magnetic resonance (NMR), fluorescence, in-
fra-red and Raman spectroscopies, show that
a model membrane in the liquid-crystalline
phase is characterised by a large structural
disorder. In contrast to the crystal structure,
where hydrocarbon chains assume all-trans
conformation, the average number of gauche
conformations is about 3 in the 14-carbon
atoms alkyl chain [1, 2] and increases with
increasing chain length [1, 3]. In the mem-
brane, lipid molecules exhibit unhindered
rotational diffusion around their long axes
together with fluctuations of the long axis
relative to the membrane normal (hindered
rotation around the axis perpendicular to the
long axis) [4]. They can also move in the plane
of the membrane [5, 6], and, in a limited
range, in the plane normal to it [7]. Any
longer range order, present in the erystalline
phase, is lost in the liquid-erystalline phase
as a result of these conformational and diffu-
sional changes.

There is a wide range of time scales of
dynamic processes involving membrane
phospholipids and their fragments. Except
for the bond oscillations and angle vibrations,
the shortest is trans-gauche isomerism of
torsion angles in the hydrocarbon chains,
which is of the order of 107'° s [8]. The
longest, with correlation times longer than
10 * s, is associated with collective move-
ments of the lipid molecules and undulations
observed in the cell plasma membranes [9].

Experimental studies of membrane struc-
ture and dynamics are difficult to interpret
because of the structural disorder and super-
position of motions occurring in different
time scales. Besides, due to limited spatial
and time resolutions, they provide only an
averaged behaviour of the molecular motions
for the characteristic experimental time win-
dow.

Detailed information about the dynamic
structure and time scales of events in the
membrane can be obtained using molecular
dynamics (MD) simulation methods. Al-
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though MD simulation is characterised by an
atomic resolution and time resolution in the
femtosecond time scale in principle, the total
simulation time is limited at present to sev-
eral nanoseconds. So, the method allows ob-
servation of the processes up to the 108 s
time scale.

In this paper we analyse the equilibrium
structure and dynamics of fully hydrated
dimyristoylphosphatidylcholine (DMPC) bi-
layer membrane in the liquid-crystalline
phase simulated for over 4.5 ns. We have
determined time seales of conformational,
orientational and positional changes of
groups of atoms and of whole molecules in the
membrane. Whenever possible, we compared
our results with published experimental
data.

METHODS

Simulation system. A DMPC bilayer
membrane consisting of 72 (6 x 6 x 2) DMPC
molecules and 1622 water molecules was
used. The membrane was simulated for over
4500 ps using AMBER 4.0 [10]. The starting
configuration was the minimised structure of
Vanderkooi in the second arrangement [11].
Figure 1 shows the structure, numbering of
atoms and torsion angles in the DMPC mole-
cule. The system was equilibrated for 1100
ps. Details concerning the membrane con-
struction and equilibration are described in
Ref. [12].

Simulation parameters. Parameters of
optimised potentials for liquid simulations
(OPLS) [13] for DMPC and TIP3P in water
were used [14]. The united atom approxima-
tion was applied to the DMPC molecule to
reduce computation time. The atomic
charges of the DMPC molecule used in this
simulation are given in Ref. [12].

Simulation conditions. The SHAKE al-
gorithm [15] was used to preserve the bond
lengths of the water molecule and the time
step was set at 2 fs [16]. For non-bonded
interactions, a residue-hased cutoff was em-
ployed with a cutoff distance of 12 A. To
reduce calculation time of non-bonded inter-
actions each DMPC was divided into 6 resi-
dues. Each residue was chosen in such a way
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Figure 1. Atom numbering and notation for torsion angles in the DMPC molecule.

that the total electrostatic charge on the
residue was close to zero and the integrity of
its chemical groups was preserved [12]. The
list of non-bonded pairs was updated every
50 steps.

Simulation was carried out at a constant
pressure of 1 atm and a constant tempera-
ture of 310 K (37°C), which is above the main
phase transition temperature for the DMPC
bilayer (approx. 23°C). The temperatures of
the solute and solvent were controlled inde-
pendently: the Berendsen method [17] was
used to control the temperatures and pres-
sure of the system. The relaxation times for
temperatures and pressure were set at 0.4
and 0.6 ps, respectively. The applied pres-
sure was controlled anisotropically, where
each direction was treated independently
and the trace of the pressure tensor was kept
constant (1 atm). Three-dimensional periodie
boundary conditions employing the usual
minimum image convention were used. Due
to the employed pressure control the dimen-
sions of the periodic box changed during the
simulation. After equilibration, they were
32.4,67.0,56.7 A and at the end of simulation
35.7, 60.0, 57.6 A, in the x, y and z-direction,
respectively.

Calculations of the dynamic proper-
ties. The reorientational autocorrelation
function (RAF) was calculated at discrete
time steps according to:

Cit) = < Piin(tg) - nfto+1) >t (1)

where P is the /-th Legendre polynomial, n
is a fixed unit vector in the molecule, fyand ©
are the initial and lap times, respectively,
and <...>tg denotes an averaging over differ-
ent initial times within a simulation run and
over all molecules in the system. This corre-
lation function usually decays exponentially
with time. Its rates of decay are here (as in
optical spectroscopy) called correlation
times, however, in NMR spectroscopy the
correlation time is the integral of the corre-
lation function Cs (in the case of single expo-
nential decay both definitions coincide). In
this paper the correlation times were ob-
tained from a fit of C; and C5 to a sum of two
to four exponentials:

n
Cy= za}rexp{—za’tf}
i=1 (2)

where 'l'.":f is the i-th correlation time, af is the
i-th pre-exponential factor (amplitude) (re-
lated to the contribution of the i-th decay
process to the total decay), for the /-th Legen-
dre polynomial, and n is the number of expo-
nentials (n = 2, 3 or 4). In each case, the
smallest number of exponentials necessary
to fit a given RAF was used.

The mean square displacement (MSD) at
discrete time steps is given by:

MSD() = <|rte) = rto + v %>t (3)
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where r is the position of the molecule, ¢{; and
T are the initial and lap times, respectively,
and <...>fy denotes an averaging over differ-
ent initial times within a simulation run and
over all molecules in the system. From the
Einstein relation the self-diffusion coefficient
D can be obtained by

D= lim 45D

where Ny is the number of degrees of trans-
lational freedom for the molecule and MSD
is given by equation 3.

RESULTS

We have determined various structural and
dynamic characteristics of fragments of
DMPC molecules as well as those of the
whole molecule in the computer generated
bilayer membrane. We started from analys-
ing the two hydrocarbon chains (B- and ¥
chain) and proceeded to the head group o-
chain of DMPC. Finally, we have calculated
the orientation and motion of the whole
DMPC molecule.

The computer model membrane was simu-
lated over a time interval of 4.5 ns. This
allowed us to analyse the membrane proper-
ties during 2500 ps, that is in the time range
between 2000 and 4500 ps. The details of
membrane equilibration and validation of
the computer model are given in Ref. [12].

Hydrocarbon chains
Conformations

The number of gauche conformations of tor-
sion angles in an alkyl chain characterises
the phase state of the PC bilayer. In the PC
single erystal structure, all torsion angles in
the chain are trans [18] (so called, all-trans
conformation). Experimental studies show
that, in the gel phase, the number of gauche
conformations is 0.5 [19] and in the liquid-
crystalline phase it is about 3 [1, 2, 19] for
myristoyl chain (14 carbon atoms) both below
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and above the main phase transition tem-
perature. In the simulated DMPC bilayer in
the liquid-crystalline phase, the average
number of gauche rotamers/myristoyl chain
is 2.8 £ 0.1.

There are experimental indications that the
probability of gauche conformation increases
towards the end of the chain [20, 21]. The
probabilities of gauche® (g*), trans, and
gauche (g ) rotamers along the B- and y-
chain in the simulated membrane are given
in Table 1. Additionally, the probahilities of
trans, as well as the sum of the probabilities
of g* and g along the chains, are plotted in
Fig. 2. The probabilities of trans rotamers in
both chains are 3—4 times higher than those
of gauche ones. The probability of gauche
rotamer does not significantly increase to-
wards the terminal methyl group in either
chain, but it does show a clear oscillatory
behaviour. As can be seen in Fig. 2¢ and d,
the probability oscillations become flatter
along the p-chain and in the middle of the
v-chain, mainly because of the increase of the
lower side probabilities. In effect, the prob-
ability of gauche slightly increases (less than
17%) towards the terminal methyl group. It
is interesting to notice that in the p-chain
three CH; groups constitute the oscillation
period, whereas in the y-chain two groups. As
Fig. 2a and b show, the behaviour of trans
conformations is opposite to that of gauche.
Large errors (standard deviations) of the cal-
culated probabilities, of the order of 20% (Fig.
2), indicate that transitions between confor-
mational states are not frequent.

Transitions between conformations

Populations of frans conformational states
in the alkyl chain are 3—4 times higher than
those of gauche states but the rotational
freedom about C—C bonds in the chain allows
transitions between the conformations. The
calculated average transition periods for
trans — gauche, gauche — trans and gauche
— gauche transitions along the hydrocarbon
chains are given in Table 2. The periods for
trans — gauche transitions along the fi- and
v-chain are also plotted in Fig. 3a and b. The
periods oscillate and decrease along the
chains: for the terminal torsions (14 and
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v14) the average period is approximately
shorter by a half than that for §4 and 4. As
the equilibrium number of trans and gauche
conformations in the alkyl chain is preserved,
the numbers of trans — gauche and gauche
— trans transitions are almost equal and so
are the transition periods. The latter transi-
tions occur on the 10719 s time scale, whereas
gauche — gauche transitions occur on the
107% s time scale (Table 2). As can be seen in
Fig. 3a and b, oscillations of the times be-
tween transitions have a period of 2 CHs
groups and are in phase with the oscillations
of the population of trans conformations

_ Dynamic structure of DMPC bilayer — MD simulation studies 611

The transition period for each torsion is
approximately the sum of the average life-
times of its trans and gauche conformations.
The lifetimes along the B- and y-chain are
given in Table 3 and those for trans and g*
in Fig. 3¢ and d. Two selected torsion angles
in a ff-chain are plotted as a function of time
in Fig. 4. The lifetimes of trans conformations
are 3-4 times longer than the lifetimes of
gauche conformations. As expected, their
proportion is the same as for the populations
of trans and gauche states. The lifetimes
decrease towards the end of the alkyl chain
and also show some oscillations.

along the y-chain (Fig. 2b).

Table 1. The probabilities of gauche® (g*), gauche™ (g7) and trans conformations along the fi-, - and
t-chain in the DMPC bilayer membrane. The sums of the probabilities of g* and g (g* + g) and
their standard deviations (S.I).) are also given

Conformation  [-Chain vChain
__lm'sitrn No. g* g trans g'+g 5D, g B trans g_‘+ +g 3D
4 0.06 0.12 0.80 0.18 0.026 0.07 0.05 I}.BEI ;1.13 0.035
5 0.10 0.14 0.74 0.24 0.043 0.14 0.12 0.73 0.25 0.041
6 0.08 0.11 0.79 0.19 0041 0.09 0.07 0.83 0.16 0.041
T 0.11 0.08 0.80 0.18 0.042 0.11 0.11 0.76 0.22 0.033
8 0.11 .14 0.74 0.24 0.045 0.11 0.09 0.78 0.20 0.035
9 0.09 0.10 0.78 0.20 0.037 0.10 .12 0.76 0.22 0.0534
10 0.10 0.10 0.78 0.20 0.040 0.10 0.11 0.77 0.22 0.041
11 012 0.14 0.73 0.25 0.043 0.11 0.12 0.75 0.23 0.037
12 0.10 012 0.77 0.21 0.038 11 0.09 0.78 0.21 0.030
13 0.10 11 0.77 0.21 0.045 0.12 0.14 0.72 0.26 0.044
IL 012 0,13 0.73 0.25 0.035 0.11 0.11 0.76 0.22 0.034
o-Chain o - - -
1 0.40 0.38 .14 0.78 0,029
2 0.27 0.21 0.12 0.48 0.036
3 0.30 0.26 0.21 0.56 0.037
4 0.07 0.08 0.76 0.14 0.032
5 0,08 0.07 0.81 0.16 0.036
8-Torsion - o - - - o
1 0.00 0.00 0.98 0,01 0.007
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conformations along the hydro-
carbon chains.
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It is interesting to notice in Fig. 4 that
transitions between any two states are very
fast — they occur in a time shorter than the
time step of 1 ps. Also, that the torsion angles
reside mainly in well defined conformational
states (i.e., between the dashed lines in Fig.
4); intermediate conformations are rare and
their lifetimes are very short (Fig. 4).

Average tilt of hydrocarbon chains

In the DMPC bilayer in the crystalline
phase (which is the initial structure in MD
simulation) all hydrocarbon chains have the
same orientation and conformation, and the
tilt angle of chains with respect to the bilayer
normal is 17.9° [11]. The tilt angle of hydro-
carbon chains in the fully hydrated liquid-
crystalline PC bilayer is known experimen-
tally to be zero [20, 22] and this is also the

12 14 chain. Error bars indicate the stand-

ard deviations.

theoretical prediction [23]. The tilt angle of
chains is found to be near zero (6.5°) in the
computer simulated membrane after equili-
bration. This indicates that the mean orien-
tations of the chains relative to the normal
are almost randomly distributed within a
cone. The cone angle corresponds to the larg-
est tilt angle. Figure 5a shows the distribu-
tions of tilt angles for y-chains. Both for the
B- and the y-chain the largest tilt angle is
about 65°, The distributions of mean orienta-
tions of the y-chains in the x,y-plane are
shown in Fig. 5b. The orientations cover the
whole range of angles (0-360°). The non-zero
tilt of 6.5° obtained after averaging over
orientations and time, might have resulted
from a too short averaging time (of 2500 ps)
compared to the time of trans-gauche isomer-
isation (see Table 2) and rotational diffusion
of chains (see below, Table 4). Again, it might




613

Vol. 44

__Dynamic structure of DMPC bilayer — MD simulation studies

Table 2. The periods of transitions between trans (t) and gauche (g) conformations in the o-, -, and

t-chain in the DMPC bilayer
o N B-Chain y-Chain B -
Transition t—=g gt E—E t—=g g—+t E—E
Torsion No. [ps] [ps] [ps] [PS}_ [ps] [psl]
1 763 760 60000
4 375 370 27000 340 348 54000
5 245 241 5143 225 224 7714
B 316 323 15429 378 376 12000
7 310 310 18000 293 295 T200
B 254 298 GO0 336 336 18000
9 299 296 13500 298 204 GO0
10 277 282 8308 280 292 12000
11 273 270 G000 262 260 13500
12 235 238 13500 252 250 10800
13 213 210 5400 200 197 5143
14 163 165 7714 184 184 4909
a-Chain - -
1 923 947 none
2 529 528 3103
3 134 134 790
4 154 156 4500H)
5 254 252 36000
8-Torsion .
1 11250 10588 none

have resulted from a too small number of
DMPC molecules in the simulated bilayer (72
DMPC molecules), compared to the number
of molecules in model membranes studied
experimentally.

Rotational diffusion of chains

Reorientational autocorrelation functions
(RAF) (cf. Egqn. 1) were calculated for the f3-
and y-chain vectors. The B-chain vector is
defined as a vector linking the middle of

C21-C22 bond with the centre of gravity of
the B-chain, and the y-chain vector as a vector
linking the middle of C32—C34 bond with the
centre of gravity of the y-chain. Autocorrela-
tion functions were calculated for the Legen-
dre polynomials P(cos8) = cos8, and Py(cos0)
= 0.5 x (8cos®8 — 1), where 0 is the angle
between nitg) and n(t; + #), n is the B- or
y-chain vector, and £ is the initial time. The
RAF's were averaged over 500 initial times
tg. The time constants were obtained from
the RAF's according to equation 2 in the
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region of 2000 ps. Figure 6a and b show
RAF’s for Py and Py for the f-chain vector
together with their fits, The best fit parame-
ters are given in Table 4. As can be seen, the
decays of RAF's oceur mainly through a sin-
gle mechanism with a correlation time of the
order of 10" s. Such a long correlation time
indicates that, in spite of a relatively fast
intra-chain motion, due to trans-gauche
isomerisation, the “rigid body” rotation of
chains is slow.

Molecular order parameter, Smol

The order parameter, S,,,;, describes the
average orientation of the (C,_;, C,,, ;) vector,
linking two (n—I and n+1) carbon atoms in
the hydrocarbon chain, relative to the mem-
brane normal. S,,,; ranges from 1.0 for all-
trans conformation of chains and tilt angle
equal to zero, to —0.5, for all chains perpen-
dicular to the bilayer normal, and is zero
when orientations of chains’ segments are
random in the range (—90°, 90°). Averaging
is over both the ensemble and the time. The
profiles of the order parameter for - and
Y-chain for the simulated DMPC bilayer are

4

| LI A L ) L)
6 8 10 12 14

Torsion number

(solid circles) conforma-
tions along the f-chain (e)
and y-chain (d).

shown in Fig. 7. The corresponding order
parameters lie within the range of each
other's errors so that the profiles for - and
y-chain do not differ significantly.

In the case of the alkyl chain, the value of
the order parameter for a given segment is
determined both by the trans-gauche isomer-
isation within the segment and within all
segments above it, and by the “rigid body”
rotation of the chain about the in-plane axis
(=0 called perpendicular axis) [24]. The effect
of rotational isomeriam is cumulative — “dis-
order” i.e., departure from the parallel orien-
tation of the chain segment to the membrane
normal, increases along the chain, while the
effect of the “rigid body” rotation is constant
along the chain. It is, however, practically
impossible to separate these two effects from
each other.

t-Chain

Conformations

In the DMPC single crystal structure (Fig.
1) the conformation of the head group a-chain
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Table 3. The lifelimes of conformations in the o-, fi-, and pchain in the DMPC bilayer

p-Chain
Conformation g g t
Tarsion No. ipsl [ps] [psl
4 56 68 - 202
5 48 57 160
[ 53 59 196
7 59 50 207
8 70 62 187
9 51 57 187
10 55 55 195
11 60 64 185
12 49 54 168
13 47 46 144
14 41 41 114
a-Chain
1 404 308 100
2 172 125 il
3 57 50 27
4 19 24 106
5 34 34 162
8-Torsion
1 78 28 757

Dynamic structure of DMPC bilayer — MD simulation studies
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¥-Chain .

g g _ t
[ps] [ps] [psl
47 41 245
a6 46 144
68 51 239
52 59 205
57 60 219
47 77 209
56 68 199
58 62 181
53 51 170
47 48 134
39 42 125

is such that the 02, o3, and o5 torsions are
gauche; vl and o4 torsions are trans (Fig. 1
and [11]). In the simulated DMPC bilayer in
the liquid-crystalline phase the conformation
of a1l changes to predominantly gauche and
that of ob to trans (Table 1 and Fig. 8). o2
and o3 remain mainly gauche, however, the
conformations of about 52% of 02 and 23% of
o3 are not well defined. a4 remains mainly
trans (Table 1 and Fig. 8). Consecutive con-
formations of o2 and o3 are mainly g*,g
(42%), g",g (36%) and trans,g (18%), i.e.,
such, that o3 is g and «2 is mainly gauche.

Transitions between conformations

The average periods for the transitions
trans — gauche, gauche — trans and gauche
— gauche along the o-chain are given in
Table 2. Trans — gauche and gauche
—» trans transitions of «l are rare, with an
average transition period of about 1 ns, while
gauche — gauche did not take place during
2.5 ns. Thus, «l is either g* or g~. Trans —
gauche transitions for o4 and o5 have similar
periods as those in the hydrocarbon chains.
02 resides in gauche conformation in 48% of
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Figure 4. The conformations
of two arbitrary selected tor-
sion angles in a fl-chain as a
function of time,

Trans, gauche® and gauche are
marked on the right hand side as

t, g" and g, respectively. The

dashed lines indicate the ranges
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cases, while in 52% of cases its conformation
is not well defined (Fig. 8). It is, therefore,
difficult to determine precisely when trans —
gauche transitions really do occur although
certainly they are not frequent. In the case
of a3, whose conformational state is better
defined, transitions between conformations
are the most frequent of all torsion angles
considered.

The lifetimes of conformation states along
the a-chain are given in Table 3. The ratios
of the lifetimes of trans and gauche confor-
mations along the o-chain reflect the ratios
of populations of the states.

Conformation and transitions of 81

In both conformations of DMPC in the sin-
gle crystal structure, the C1-C2 bond consti-
tutes the rotation axis for the motion of the
phosphorylcholine moiety [25]. In the liquid-
crystalline phase, the rotation around the
C1-C2 axis is hindered [26, 27]. In the com-
puter model DMPC bilayer the conformation
of 81 (see Fig. 1) torsion is firmly trans (Fig.
8 and Table 1) and trans — gauche and
gauche — trans transitions are very rare —
on average they occur every 11 ns (Table 2).

of angles characterising a given
conformation.

So that, in this model, the head group rota-
tion calculated below cannot take place
around the C1-C2 bond.

Rotational diffusion of the head group

The reorientational autocorrelation funec-
tion (ef. Eqn. 1) of the vector linking the
phosphorus and nitrogen atoms of the phos-
phorylcholine group (P-N vector) is a meas-
ure of the head group rotational motion. Fig-
ure 6¢ and d show the RAF’s for the P; and
Py Legendre polynomial for the P-N vector
together with their fits. The best fit parame-
ters are given in Table 4. The decay of the
RAF occurs predominantly by way of a single
mechanism with relatively long correlation
times: 7.5 ns for P and 3.7 ns for Py. As can
be seen from Table 2, the transition times
between conformations for 01, al and «2
torsions are too slow to be responsible for the
P-N vector rotation. The rotation is therefore
a result of a combined effects of the a3, o4
and ob isomerisation. The effect on the “rigid
body” motion of the trans-gauche isomerisa-
tion in the a-chain is much stronger than that
in the hydrocarbon chains. This is probably
because the a-chain is much shorter and has
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Table 4. The rotational correlation times for the rotations of the fj-chain and »chain vectors, the

P-N vector and the 021-C1 vector

Py B-Chain Chain P-N 021-C1

decay:

1: Time (ps] 308 210 200 180
Amplitude 0.02 0.01 0.06 0.03

2: Time [ps] 36000 45800 922 770
Amplitude 0.98 0.98 0.06 0.04

3: Time [ps] 7870 17900
Amplitude 0.87 0.91

4: Time [ps]
Amplitude o

Pz

decay:

1: Time [pz] 413 440 11 10
Amplitude 0.09 0.08 0.04 0.04

2: Time [psl 15000 35000 125 220
Amplitude 0.91 0.92 0.08 0.05

3: Time [ps] 465 690
Amplitude 0.16 0.13

4: Time [ps] 3770 7120
Amplitude 0.70 0.74

two bulky groups (the phosphate and choline
groups) which significantly lower its internal
flexibility.

DMPC molecule

The results presented above indicate that
rotational motion of the hydrocarbon chains
is separated from that of the head group in
the DMPC molecule. In this paragraph, the
translational and rotational motions of the
whole DMPC molecule are caleulated.

The diffusion coefficients for DMPC self-dif-
fusion in the membrane, in the x,y-plane of
the membrane and along the z-axis, were
obtained by calculating the respective mean
square displacements (MSD) (ef. Eqn. 3) of
the centre of mass of the DMPC molecule. In

each case, MSD was averaged over 1000
initial times. The rotational correlation times
were obtained by calculating the RAF (cf.
Eqn. 1) for the vector linking C1 and 021
atoms (see Fig. 1). This vector was chosen
because trans-gauche isomerisations of B1,
61 and al are very slow (Table 2) and, to a
large extent, the rotation of this vector rep-
resents that of the whole molecule.

Translational diffusion

The diffusion coefficients were calculated
from the linear part of the MSD curves (Fig.
9) according to Egn. 4. The diffusion coeffi-
cients for translational self-diffusion of
DMPC molecules in the membrane (D), in the
plane of the membrane (Dj|) and along the
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normal (D1} are practically the same:
D=D)=D;=20x 1077 em%s. Apparently,
both lateral and transversal diffusion takes
place in the membrane and at the same rate.
Trajectories of the centre of mass of an arhi-
trarily chosen DMPC molecule, shown in Fig.
10, illustrate the motion of DMPC in the x,y-
and x,z-plane.

Rotational diffusion

Figure 6e and f show the RAF’s for Py and
Py for the 021-C1 vector {shoulder vector)
together with their fits. The best fit parame-
ters are given in Table 4. The decay of the
RAF occurs mainly through a mechanism
with a correlation time of about 18 ns for Py
and 7.0 ns for P5. The decay of the RAF of the
projection of the shoulder vector on the x,y-
plane is faster by more than a factor of two
than that of the projection on the z-axis (not
shown). This, together with the fact that the
projection of the shoulder vector on the z-axis
(the molecule long axis) is close to zero, may
indicate that either the shoulder vector con-
stitutes the rotation axis for the fluctuations
of the long axis, or the “rigid body” rotation
of the DMPC molecule around the perpen-
dicular axis does not take place.

DISCUSSION

The results of computer simulation of a
dimyristoylphosphatidylcholine (DMPC) bi-
layer membrane in water are presented. The
data obtained in this calculation provide a
very detailed picture of structural and dy-
namic properties to be expected of the DMPC

molecule. A preliminary comparison of these
results and some experimental results is pre-
sented below.

Conformations of hydrocarbon chains and
conformational transitions

The number of gauche conformations per
hydroearbon chain in the simulated DMPC
hilayer was found to be 2.8 = 0.1, in good
agreement with experimental estimates [1,
2]. Experimental results suggest that the
probability of a gauche conformation is not
uniform along the chain, but increases to-
wards the terminal methyl group [20, 21, 28].
The results of the simulation show that the
probability of a gauche conformation varies
periodically along the chain (in the B-chain
higher probability is at every third CHs
group while in the y-chain it is at every other
CH; group) with only a slight increase to-
wards the end of the chain. However, the
frequency of transitions between conforma-
tions increases, by more than a factor of two
along the chain, and shows some periodic
features. The increase in the transition fre-
guency is mainly associated with a decrease
in the lifetime of the trans conformation
along the chain, as the lifetime of the gauche
conformations does not decrease signifi-
cantly. Both lifetimes do, however, exhibit
periodic oscillations. The results of MD simu-
lation indicate, therefore, that the “flexibility
gradient” in the hydrocarbon chains is re-
lated to the decreasing lifetime of the trans
conformation along the chain and not to an
increasing probability of the gauche confor-
mation. The periodic character of probability
of the conformational states seems to indi-
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cate that a repeating |-rmns—£mns—gauche-|
conformation for the p-chain between the 6th
and 14th torsion angle might be more likely
than a |-trans-trans-trans-| conformations.
For the y-chain the likely conformation along
the whole chain is |-.!mns-gauche-] , al-
though in both chains trans conformation of
each torsion is at least 3 times more probable
than that of gauche. These results are consis-
tent with the predicted low probability of
-gauche-gauche- conformations in alkyl
chains in the membrane.

The lifetimes of conformations in the alkyl
chains have been found to be in the range of
1-2 % 107'% for trans conformations and in
the range of 4-7 x 10~ s for gauche confor-
mations, while the trans — gauche transi-
tion nperinds are in the range of 1.6-3.8 x
10710, Experimentally determined correla-
tion times for frans-gauche isomerism are
somewhat ambiguous: Seelig & Gally {25]
and Meier et al. [8] give a value of 10™ LI
while Moser et al. [20] a value in the range
1-16 x 10712 5. The lifetimes and transition
periods cannot be directly compared with the

correlation times, however all the values are
within the same range.

a-Chain conformation

In the simulated DMPC bilayer a5 is trans
in 81% and gauche in 15% of cases. Thisisin
general agreement with the result of another
molecular dynamics simulation of a hydrated
DMPC bilayer [30] as well as with experi-
mental results of Yeagle et al. [31, 32] and of
Griffin et al. [33]. Our result is at variance
with the interpretation of the experimental
results of Hauser ef al. [34] and Akutsu [35].
However, the experiments described in the
latter papers were performed only on phos-
pholipids in a monomeric form or in small
micelles, so their results may not be applica-
ble to the bilayer structures.

Trans conformation of w5 is associated with
an extended, rather than bent, conformation
of the o-chain of the PC head group. This
facilitates the formation of intermolecular
charge-pairs between the positively charged
choline and negatively charged phosphate
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Figure 7. The profiles of the molecu-
lar order parameter (Smol) calcu-
lated for p-chain (solid circles and
dashed line) and y-chain (open cir-
cles and solid line).
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groups, suggested by Nagle [36] and observed
in the liquid-erystalline phase both experi-
mentally [32, 37] and in a computer model
{Pasenkiewicz-Gierula, M., unpublished).

Rotation of the P-N vector

Experimentally measured rotational corre-
lation times of the P-N vector at a tempera-
ture 10°C above the main transition tem-

Error bars indicate the standard devia-
14 tions; for the f-chain the horizontal bars
are longer than those for the y-chain.

perature for dipalmitoylPC (DPPC) (16-carb-
on atoms chains) is 2.3 ns [38] and for eggPC
(EPC) at 23°C it is 1.4 ns [31]. In the simu-
lated DMPC bilayer membrane at a tempera-
ture about 14°C above the main phase tran-
sition temperature, the rotational correlation
time for Ps is 3.7 ns. Rotational motion of the
P-N vectors in DMPC, DPPC and EPC
should be similar since DMPC differs from
DPPC and EPC only in the length and
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Figure 9. The mean square dis-
placements (MSD) of the centre of
mass of the DMPC molecule in the
membrane (solid line), in the x,y-
plane of the membrane (dash-dot
line) and along the z-axis (doted
line).

Each curve was averaged over 1000

] 100 200 300
Time ps]

number of saturated bonds in the alkyl
chains. The value obtained in the simulation
can be considered as being close to the values
obtained experimentally, if the uncertainty
in determining the rotational correlation
times is taken into account. The results of the
simulation indicate that C2—-C1 bond cannot
constitute the rotation axis for the P-IN vec-
tor rotation because inter-conformational
transition periods for a1 and 61 are too long.
Although such a model was originally pro-
posed by Hauser et al. [34] and Seelig ef al.
[27] it was later undermined by new experi-
mental evidence [26]. Simulation shows that
P-012 (a3) and 012-C11 (o4) bonds are
possible candidates for the rotation axes.
The observed gauche-gauche conformation
of the phosphodiester linkage (02—a3), re-
sulting in a bend of the phosphorylcholine
moiety at the position of the phosphate group,
i5 in good agreement with experimental data
[27]. In the simulated membrane the most
frequent conformations of w2-o3 are those
where 03 is g while o2 is either g* or g~

initial times. The diffusion coefficients
500 were calculated from the linear parts

of M5D's.

Translational diffusion of DMPC in the
membrane

The lateral self-diffusion coefficient has
been determined as 1.8 = 0.6 x 10~° em?/s for
didihydrosterculoylPC in a membrane at
259C [51, and as 3.6 x 10~° em?/s for DMPC
in a membrane at 21°C [39]. Lateral diffusion
coefficients of N-(7-nitro-2,1,3-benzoxadia-
zol-4-yl)phosphatidylethanolamine in PC
membranes as a function of temperature and
membrane cumpnmtmn were determined to
be of the order of 1 x 10" em%/s at a tempera-
ture above 35°C. In the simulated DMPC
bilayer membrane at 37°C, the lateral self-
diffusion coefficient is 2 x 10~ em?%/s and so
is in a good agreement with the experimental
data. The simulation shows that the diffusion
coefficient for lateral and transverse diffu-
sion is similar, although transverse diffusion
takes place only over a limited range of ver-
tical distances due to the balance between
hydrophobic and hydrophilic interactions of
PC molecules and water, whereas lateral
diffusion is not distance-limited.

X.Z-plane

Figure 10. The trajectory of

65 —— 42
64 — a1
=< 63 — = 40 -
- = ]
£ 27 E D0
gﬁi— E 38
3] 2 4
S 60 g 37—
a8 95 —
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¥-coordinate [A]
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the centre of mass of an ar-
bhitrarily chosen DMPC mo-
lecule in (a) the xy-plane
and (b} x,z-plane.
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Rotational diffusion of DMPC in the mem-

brane

“Rigid body” rotational motion of the four
main segments of DMPC (that is the a- 3- and
y-chains and the glycerol group) is repre-
sented by the decays of RAF's for the f-chain,
y-chain, P-N, and 021-C1 vectors. The slow-
est decay for Py is that for the alkyl chains,
with the correlation times of 15 and 35 ns for
the B- and y-chain, respectively. The fastest
is 3.8 ns for the P-N vector. The correlation
time for the 021-C1 vector is about 7.0 ns.
These results of the simulation might sug-
gest that, in the ligquid-crystalline bilayer,
there is no rotation of the DMPC molecule as
a whole and each segment of the molecule
exhibits its own rotational freedom, in addi-
tion to its internal flexibility resulting from
rotational isomerism.

1t will be difficult to verify this conclusion
experimentally because there are no means
of measuring independently the rotational
correlation time for the whole PC molecule in
the membrane. As discussed above, the ex-
perimentally determined correlation times
for the P-N vector rotation in the plane of the
membrane are 1.4 ns[31] and 2.3 ns[38]. The
correlation times for the hydrocarbon chains
rotation around the long axis and around the
in-plane axis, range from 1.2 to about 100 ns
[20]. Thus the range of correlation times
seems to be broad for making any meaningful
comparison.
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