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Effect of Undulations on Surface Tension in Simulated Bilayers

I. Introduction

On a microscopic scale, molecular dynamics (MD) simula-
tions have provided a lot of insight into the structure and
dynamics of lipids and lipietpeptide or lipid-protein interac-
tions (e.g., see refs-13). Because of increased computer power
and advances in simulation algorithms MD simulations of lipid
bilayers are now moving into the mesoscopic regime. In this
regime, collective phenomena can be observed that occur on
length scales larger than10 nm and time scales of the order

example of such a collective effect as it was recently observed
in MD simulations by Lindahl and Edhofhmwho obtained

accurate estimates of mesoscopic properties such as the bilayer.
bending constant.
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To understand the effect of the finite size of simulation cells on the equilibrium properties of bilayers, an
extensive series of glycerolmonoolein bilayer molecular dynamics simulations in which the surface area and
system size were systematically changed have been conducted. Systems ranging from 200 to 1800 lipids
were simulated, covering length scales up to 20 nm. The dependence of the surface tension on the area per
lipid is shown, although long simulation times were needed (up to 40 ns) to obtain reliable estimates. As the
size of simulated patches increases, long wavelength undulatory modes appear with a concomitant increase
in the area compressibility due to coupling of undulation modes to area fluctuations. Both the undulatory
intensities and the peristaltic intensities of the bilayer fluctuations can be fitted in the long wavelength limit

to continuum model predictions. The effect of system size on surface tension appears to depend on the stress
conditions.

bilayers. GMO was chosen as a model lipid because it is small
compared to the phospholipids used in the other studies,
implying fast dynamics and shorter relaxation times. Also, the
GMO headgroup does not possess a strongly polarized charge
distribution, allowing the use of relatively small cutoffs. These
two effects allow the study of the mesoscopic behavior of a
large number of systems in which the equilibrium area, the
surface tension, and system size are varied in a systematic way.
The overview of the remainder of this paper is as follows. In
the next section we briefly summarize the theoretical background
r¥e|ating fluctuations in bilayer area, thickness, or undulations
to macroscopic quantities such as bending constants and
compressibilities. Then the simulation methodology and analysis
is described, followed by the presentation of the results. Finally,
we discuss the main implications of the results and summarize

Such simulations are important to be able to understand atihe conclusions.
which point the microscopic behavior turns into mesoscopic
behavior and to estimate the effect of finite size and finite || Theory
simulation time employed in MD simulations of bilayer systems.

The recent debate in the literature concerning whether small
scale systems have an equilibrium area per lipid which is to

For length scales larger than the average thickness of the
o Mmembraneho the intensity of the undulatory modes with

small due to suppressed undulations (i.e., refs 5 and 6) illustrates2MPlitudetundd) as a function of jche wave vectqrre predicted
the importance of understanding finite size effects. Starting as PY @ continuum modéito follow:

a mainly theoretical discussion, extended simulations now make 5 KT
it possible to directly study these finite size effects. Nevertheless, Wy (= 7 > g<q 1)
the item is still unresolved. Feller and Pastokaimed that a Akd" +va)

finite surface tension is required in a realistic simulation of a
DPPC membrane to compensate for the suppressed undulation
Tieleman and Berends&did not, however, find a significant

dependence of surface tension on surface area at all. In a furthef€MPerature, angy = 2z/ho. Note that eq 1 assumes the absence

complication, Lindahl and Edhothshowed an anti-correlation of a sp(.)ntgrlleous curvatur”e, V|Vh'Chh Sho‘fld bﬁ zerolfor a
between undulation intensity and lipid area, indicating that symmetric bilayer. On smaller length scales the continuum

increased undulations would compress the lipid area evenPiCture is no longer valid. The undulatory modes will be
further. dominated by collective or individual lipid protrusions. These

To shed more light on this topic, we have performed an modes can be describ€dy introducing a microscopic surface

é/vherekC denotes the bending modulysis the surface tension,
A is the system areak is Boltzmann's constant] is the

extensive series of simulations of glycerolmonoolein (GMO) tensionyy:
2 KT
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Note that this microscopic surface tension is different from the From solid mechanics models of thin filf&the undulatory
macroscopic surface tension and only applies to length scalespart of the area compressibility modulus can be related to the

of a few lipid diameters at most. bending modulus via
Similarly, one can derive two regimes for the peristaltic
membrane modesin the limit of long length scales the intensity K/Lind = 48kclh02 (12)
of peristaltic modes with amplitudayer = (h — ho)/2 is given
by lll. Method
lIuperz(Q)Dz KT q<qp 3) A. Simulation Details. The standard GROMACS force field

Akyg' + yof + ko) (v2.0y*was used to model the GMO molecules. The force field
for GMO is similar to the one used by Wilson and PohotHlle

whereky denotes the bending modulus for peristaltic modes in their simulation of a GMO bilayer. The partial charge
(which is not necessary equalltoas the monolayers bend anti-  distribution on the GMO headgroup was taken from their
correlated rather than in a correlated way) &gis a harmonic ~ Published values. All atoms were modeled explicitly, except
constant that was introduced to describe the force restoring thefor the hydrogens on the tail methyl groups, for which a united
membrane thicknesss to its equilibrium valuehy. Again, on atom model was employed. All bond lengths and all angles
small length scales protrusion modes become dominant. As-involving the headgroup hydrogens were constrained using the

suming that the monolayers at these small length scales behavé-INCS algorithm!®> The SPC model was used for the water
independently, we have molecules'® Its geometry was constrained with the SETTLE

algorithm. Because of the stability of the contraining algorithms,
the use of a 5 fime step was permitte.A group based twin
2 a4~ G @) cutoff scheme was employed for the nonbonded interactions
Vpd . ’
P with Ryt = 1.0 nm for Lennard-Jones ari}y,; = 1.2 nm for
similar to eq 2. electrostatic interactions. The absence of long range electrostatic
The peristaltic mode witty = 0 forms a special case. It equals  Interactions (the partial charges on the GMO headgroup are
Sh; i.e., it measures the fluctuations in average bilayer thickness Small, and there are no large dipolar interactions) allowed the
(Ih3 — ho)/2. Assuming that the volume compressibility of the US€ of this relatively short cutoff for the electrostatic interactions.

membrane is much smaller than the area compressibility, we In all directions periodic boundary conditions were applied. The
system was coupled to a heat bath of 300 K and to a constant

e () =

have
normal pressure of 1 atm (for fixed area simulations) or constant
h.2 surface tension (for simulations at fixed surface tension) using
mpef(o)Dz —OzmApeﬁ (5) standard weak coupling schentéalthough pressure coupling
4A using the Berendsen algorithm does not strictly produce a well-

defined ensemble, test simulations involving lipid bilayers using
Parrinello-Rahman and NoseHoover coupling schemes have
not resulted in any noticeable effect on the observed fluctuations
for correlation times larger than the coupling time (0.5 ps). As
we are interested in the long time fluctuations only, we assume
that our ensemble is representative of an isobaric ensemble.

where 0Ape; is the amplitude of the area fluctuation due to
peristaltic modes. The factor of 4 enters due to the definition
of peristaltic amplitude as half the deviation from the mean
bilayer thickness.

Ensemble theofy} predicts for the general area fluctuations

(both due to peristaltic and undulatory modes) An overview of the simulations that have been performed is
KTA given in Table 1. All systems contain a multiple of 50 GMO
DAA = K (6) molecules, at a water/GMO ratio of 15. The swelling limit of
A

GMO multilamellar systems is actually le¥sbut in the
simulation box the system remains in a stable bilayer conforma-
tion. Including less water would suppress the magnitude of the
undulations. Most simulations were performed at constant
3y surface area, covering a range of area/lipid from 0.24 to 0.42
Ka="A IA (7) nn¥. A series of simulations was also performed at zero surface
tension, and one simulation was performed at an increased

whereAq is the equilibrium area. Assuming that peristaltic and surface tension in order to test whether ensembles generated
undu|atory modes occur in para||e| and are independent of eachfrom fixed area simulations and fixed surface tension simulations

with K4 denoting the area compressibility modulus, which is
also given by

other, their amplitudes should combine as are comparable. The size of the system was varied from patches
of 200 GMO molecules to patches of 1800 GMO molecules,
DAF = @Apeﬁ + @Aundﬁ (8) covering a length range up to 15 nm. This length range was

further extended to 20 nm by simulating rectangular patches

Ka can also be split into a peristaltic and an undulation part: with the x-dimension much larger than thedimension. To
verify that this procedure does not lead to unwanted artifacts,

UK, = 1/ngr+ 1/K/‘f‘d 9) we also simulated a smaller extended patch, which could be
compared directly to a normal square patch. The measured
Combining the above equations allows us to relae?(0)(to surface tension and the magnitude of the undulations were very
Kper similar.
The generation of all the starting structures was as follows.
h-2kT First, a bilayer patch of 50 GMO molecules was constructed
= 0 (10) using an idealized all-trans configuration of a GMO molecule,

4A|Iuper2 o) at a surface area of 0.42 Aiper lipid. This system was solvated,
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TABLE 1: Overview of MD Simulations TABLE 2: Equilibrium Properties
Constant Surface Area Simulations (NAFP Constant Area Simulations (NAP)
time (ns) Plat L, y
label no. of GMO L (nmp  Ajp (NnP)  total — [eq] label (L®N/m?)  (nm) (mN/m) SDP SE 1t (ns)
SQ200-A24 200 4.900 0.240 10 [1] SQ200-A24 47 86 —40 11 2 0.5
SQ200-A25 200 5.000 0.250 10 [1] SQ200-A25 -2 8.3 -2 7 1 0.5
SQ200-A26 200 5.090 0.259 10 [1] SQ200-A26 -39 8.0 33 6 1 0.5
SQ200-A28 200 5.274 0.278 5[1] SQ200-A28 —60 7.5 46 5 1 0.3
SQ200-A33 200 5.777 0.334 5[1] SQ200-A33 —127 6.3 82 3 1 0.2
SQ200-A38 200 6.160 0.379 10 [1] SQ200-A38 —158 55 89 3 1 0.2
SQ200-A42 200 6.512 0.424 5[1] SQ200-A42 —192 5.0 97 2 1 0.2
SQ800-A24 800 9.800 0.240 15 [4] SQ800-A24 40 86 —25 7 2 2
SQ800-A25 800 10.00 0.250 15 [4] SQ800-A25 -2 8.3 2 6 2 3
SQB800-A26 800 10.18 0.259 15 [4] SQ800-A26 -22 8.0 20 5 2 3
SQB800-A38 800 12.32 0.379 5[1] SQ800-A38 —156 55 90 2 2 1
SQ1800-A26 1800 15.27 0.259 15 [5] SQ1800-A26 —24 8.0 22 4 3 5
EX4x50-A26 200 10.18 0.259 20 [5] EX4x50-A26 —24 8.0 21 10 2 3
EX8x50-A24 400 19.59 0.240 30[10] EX8x50-A24 19 8.6 —16 7 2 6
EX8x50-A25 400 20.02 0.250 30[10] EX8x50-A25 -6 8.3 4 7 2 6
EX8x50-A26 400 20.36 0.259 25 [5] EX8x50-A26 -20 8.0 16 5 2 5
Constant Surface Tension Simulationg/gT): Constant Surface Tension Simulations/NT)
time (ns) label Lt (nMP L, (nm) Ay (n?) SD,Y  SE 7 (ns)
label no.ofGMO  y(mN/m) total—[eq] SQ20050 503 83 0251 000l 00004 1
SQ200y0 200 0 10 [1] SQ200y85 5.97 5.9 0.356  0.003 0.001 0.5
SQ200y85 200 85 51[1] SQ800y0 10.07 8.3 0.249 0.001 0.0005 3
SQ800y0 800 0 15 [4] SQ1800y0 14.97 8.3 0.249 0.002 0.001 6
SQ1800y0 1800 0 16 [8] EX8x50-0  19.90 8.4 0.247  0.002 0.0005 6
EX8x50-y0 400 0 40[10]

aFor the extended simulations the elongated dimension is given;
aFor the extended simulations the elongated dimension is given  the shorter dimension is 4 times (EX4) or 8 times (EX8) smalltlote:
the shorter dimension is 4 times (EX4) or 8 times (EX8) smaller. sd’s are for blocksize of = 1 ns in all cases.

energy minimized, and equilibrated at constant area for a periodan average in the-direction of the position of the voxels having
of 5 ns. Copying this system twice in both lateral dimensions GMO as its dominant phase. Likewise, the local bilayer
created the system labeled “SQ200-A42". This system was thickness was obtained by summation of these voxels in the
simulated at zero surface tension for 10 ns, and subsequentlyz-direction. The discretized 2-dimensional maps were subse-
at a negative surface tension-6#0 mN/m for another 2 nsin  quently Fourier transformed to yield the spectral amplitudes and
order to generate systems with smaller surface areas. Snapshot® obtain the spectral intensities. Time averaging was performed
of these trajectories at the desired surface areas were selecte@n the level of the intensities. Employing different strategies
as starting points for the other simulations. Larger systems werefor determining the phase boundary or using smaller grid spacing
created by again lateral copying of smaller systems. Similarly, did not significantly change the results for smaNalues. For
extended systems were created by one-dimensional copying oflarge g values the method is unreliable as the concept of the
the original equilibrated 50 GMO patch. Newly created systems bilayer surface becomes ill defined.

were equilibrated for at least 1 ns. For systems larger than 10 To obtain an estimate of the error in the calculated surface
nm we found that much longer equilibration times (up to 10 tensions, lipid areas, and bilayer undulatory and peristaltic
ns) were needed. As was also found by Lindahl and EdHolm, amplitudes, the total simulation was divided imtdolocks and

the long wavelength undulatory and peristaltic modes take a subaverages were calculated. Given a measured quntite
long time to develop. Depending on the observed correlation error in the expectation valu&lbecomes independent of the
times, systems were subsequently simulated for periods ranginghumber of blocks for block sizes larger than the correlation time
from 5 to 30 ns (see Table 1). These runs were used for thez. The correlation time will be determined by the slowest modes
analysis. The largest simulations~130 000 atoms) were present in the simulations. These are the undulatory and
performed in parallel on a Silicon Graphics Power Challenge, peristaltic modes with the maximum possible wavelength. These

achieving a rate 0of~240 CPU hours/ns using 4 nodes. modes produce fluctuations in area or surface tension with the
B. Analysis Details. The surface tensiop of the simulated same correlation time. The error estimates presented in this paper
system was computed from the pressure tensor via are based on this block averaging procedure. In the figures are
plotted 90% confidence intervals rather than standard errors.

y =L(P,— P, (12) Depending on the number of independent blocks the 90%

confidence intervals are a factor of +:2.0 greater, assuming

whereP, denotes the component of the pressure tensor normal? Student distribution.
to the bilayer (i.e., in the-direction) andP,,[Ithe average of V. Results
the tangential components (i.e., ¥a and y-directions).L; is )
the length of the simulation box in thedirection. Table 2 summarizes the equilibrium areas, surface tensions,
For the computation of the-dependent undulatory and and correlation times obtained from all simulations. The analysis
peristaltic amplitudes, systems were mapped onto a grid with a of the results has been split into three subsections: undulatory
grid spacing of 0.5 nm. For each voxel we determined the modes, peristaltic modes, and area compressibilities.
dominant phase, comparing local densities of water and GMO.  A. Undulatory Modes. As Lindahl and Edholrhshowed, at
The local bilayer position was then determined by performing system sizes significantly larger than a correlation length of the
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Figure 3. Spectral intensity for peristaltic modeg? as a function of

Figure 1. Two snapshots from extended simulations under stress free Wavenumbeq. Systems simulated at stress free conditions but differing
(upper) and stressed (lower) conditions, illustrating the appearance ofin Sizé are compared, plus one simulation at fixed area. The solid line
long wavelength undulations in the first. Snapshots taken from indicates limiting behavior for smalfj vectors, the dashed ling?
simulations EX&50-/0 (upper) and EX&50-A26 (lower). The GMO ~ behavior observed for larggvalues.

headgroups are colored purple, the tails green, and the water yellow.

Note the reduced projected surface area when undulations are present. - . . .
proj P intensities are dominated by protrusion modes, follovgjhtype

scaling. Similar to the findings of Lindahl and Edhofnthe
©5G20040 crossover occurs at@vector of approximately 1. nn%, which
0SQ800_y0 corresponds to a wavelength o6 nm (=2hg). Fitting of the
rirla gy results to egs 1 and 2 giveis= 4 £ 2 x 1072 J andy, = 17
+EX8x50-A26 + 4 mN/m. The value of the bending constant is similar to the
value ofk; = 5 x 10720 J obtained by Lindallfor a DPPC
membrane. The microscopic surface tension is significantly
smaller than their value of, = 50 mN/m. Apparently, it is
easier for the single tail surfactant GMO, than for the double
. tail lipid DPPC, to protrude out of the surface, thereby increasing

ég‘e\ the microscopic roughness. Comparison of the results for the

Q% stressed system EX&0-A26 to the tensionless system EX&0-
e

o
o

A(u,y)’ [nm’]

0.01 | Py - y0 clearly shows the suppression of the undulation modes due
to the presence of a macroscopic surface tension. As the
macroscopic surface tension for the stressed system is close to
05 T 2 5 the microscopic oney(= 16 £+ 2, yp = 17 &+ 4 mN/m), we
4 Inm"7] observe virtually the samg? scaling over the whole range of
Figure 2. Spectral intensity for undulatory modag.£ as a function g vectors.
of wavenumberq. Systems simulated at stress free conditions but B peristaltic Modes. The spectral analysis of the peristaltic
differing in size are compared, plus one simulation at fixed area. The 1, es js presented in Figure 3. Unlike the undulatory modes
solid line indicatesy* behavior observed for smajlvalues, the dashed . - . . !
line o2 behavior observed for largg values. Fhe amplitude of long We}velength modes is not dlverglr!g but
instead reaches a maximum value, in accordance with the
theoretical predictions (see eqs 3 and 4). §wectors smaller
order of the thickness of the membrane, undulations appear.than the correlation length (which 485 nm, somewhat smaller
Figure 1 graphically shows the presence of long wavelength than observed for the undulatory modes) a protrusion dominated
undulations for the system EX&0-y0, which was simulated  regime is found witho? scaling. Fitting of the results givds
aty =0, i.e,, stress free conditions. It is compared to the system = (6 & 2) x 1072°J nnT*andy, = 20 + 5 mN/m. The value
EX8x50-A26, which was simulated at a fixed area larger than for the microscopic surface tension is the same (within error
the equilibrium area of the stress free membrane and thereforebars) as observed for the undulatory modes. The valikg isf
experienced a stress (6fL6 mN/m) that clearly suppresses the about a factor of 10 larger than the value estimated by Lindahl
undulations. and Edholm for a DPPC membrane, indicating that the
The results of the spectral analysis of the undulations are monolayer-monolayer restoring force is larger in the case of
presented in Figure 2. We compare systems of different sizesGMO. Another clear difference to the results obtained for DPPC
at zero surface tension, plus one example of a system at stresse$ the absence of a regime dominated by peristaltic bending
conditions. In general, one can see that the intensities, multipliedmodes. Because of the smaller microscopic surface tension and
by the system area, do not depend on system size. Increasinghe larger monolayermonolayer restoring force observed for
the system size introduces new modes with longer wavelengthsGMO with respect to DPPC, it is likely that the¢ regime is
without changing the short wavelength modes. As expected from effectively absent. As a consequence, the peristaltic intensities
theoretical considerations, two scaling regimes can be observedobserved in our fixed area simulations are similar to those
For smallg vectors the intensities are dominated by undulations observed at zero surface tension, over the whole rangg of
and obeyq* type scaling, whereas for largg vectors the values except fog = 0. In the stress free simulations we find
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Figure 4. Dependence of surface tensignon area per lipidAp.
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the opposite effect for their DPPC membrane. Given that, even
at length scales 0£20 nm, the projected area is only marginally
smaller than the unprojected local area, the effect only becomes
apparent in long simulations of large systems. For systems that
are small, of the order of a few lipidipid spacings only, the
effect of periodic boundary conditions becomes important.
Periodicity induces more order into the system and thereby
reducing the area per lipid. An additional simulation at zero
surface tension of our smallest building block consisting of only
50 GMO molecules displays such an effect. Its equilibrium area
drops to 0.248 ni smaller than that of the larger systems.
The area compressibility modulus can also be evaluated
directly from the fluctuations in area of systems simulated at
zero surface tension, using eq 6. Using this approach, we obtain
Ka = 930 + 60 mN/m,Ka = 680 + 60 mN/m,Ks = 650 +
120 mN/m, anKa = 400+ 80 mN/m for the systems SQ200,
SQ800, SQ1800, and EX&0, respectively. These results are

Systems of different sizes are compared. The dashed lines are lineain good agreement with the values obtained above that were
fits of the data at a particular system size. The inset shows the extendecbased on eq 7. Another method based on the local area

scaling behavior for the SQ200 system. Error bars display 90%
confidence intervals. Some data points are slightly shifted along the
horizontal axis for clarity. See Table 2 for the exact numbers and for
results not shown in this figure.

a g = 0 mode with a nonzero intensity, albeit much smaller
compared to the intensities at layvIn the next subsection we

fluctuations per lipid, used by Feller and Pastir obtain the

area compressibility modulus of a DPPC membrane, should be
considered with care. Fluctuations evaluated locally are much
larger as they will reflect all the nonzepvector peristaltic

modes. These, however, do not contribute to the macroscopic
area fluctuations that determine the compressibility. This could
explain the lower compressibilities these authors observe using

relate this mode to the area compressibility of the system. The this method.

g = 0 mode intensity for the fixed area simulations vanishes,
as it is coupled to the area fluctuations that are obviously
suppressed in constant area simulations.

C. Area Compressibility. In Figure 4 is displayed the
dependence of the macroscopic surface tengiam Ay, the
area per lipid. The inset shows the dependencg ofer an

It is possible to split the compressibility into an intrinsic part
and an undulatory part, according to eq 9. The intrinsic part
can be related to thg = 0 peristaltic mode intensity via eq 10.
Using this equation, however, we obtain values K" that
are very similar to the values quoted above for the total
compressibility based on the total area fluctuations. It appears

extended range of lipid area for the SQ200 simulations. It Shows that the bilayer area fluctuations and the average bilayer
a steep surface tension dependence around the stress free aregjckness fluctuations (which is thie= 0 peristaltic mode) are

leveling off toward larger areas. A similar qualitative picture
was obtained for the simplified membranes studied by Goetz
and Lipowsky!? The experimental surface area per lipid for
GMO bilayers is estimated to be0.34 nn# (diffractior?®) and
~0.38 nn? (black lipic?Y). Although the experimental determi-

strongly coupled, even for the larger systems that have entered
the regime of strong undulatory excitations. This appears to be
an artifact of the method of analysis. The bilayer thickness is
measured by assuming that the bilayer is aligned irxyt@ane.

With the appearance of stronger undulations this approximation

nation of membrane surface area’s is difficult, according to our s no longer valid. For a proper evaluation of the bilayer

data they correspond to a stressed state of the membrane. Aghickness, one would have to define the orientation of the bilayer
GMO bilayers do not swell very much, it is not unreasonable |ocally. Assuming that for our smallest system, SQ200, the area
to assume that indeed the experimental estimates are applicablgompressibility is almost entirely due to peristaltic modes, we
to stressed membranes rather than freely undulating ones. estimateK?®' = 1000 mN/m. On the basis of this value 6§
The main graph is focused around the equilibrium area under e contribution of undulatory modes to the overall area

stress free conditions. Three different system sizes are com- G . nd

) compressibility is estimated from eq 9 to = 2000
pared: SQ200, SQ800, and EXBO. For all of the system sizes mN /21 for th eySQ800 system athndqz 500 ﬁ\l /m for the
we observe linear behavior around the equilibrium area under EX8x50 svstem. For lenath ’scales larger tha0 nm the
stress free conditions. This is in agreement with the theoretical contributioz of Qndulatorg modes thusg becomes dominant
prediction of eq 7. From the slope of the curves we can obtain Comparing this value toythe value o™ ~ 150 mN/m '

=

h ibili luKa. We find Ky = + ) . T :
tlo% ?rﬁ?nf zmzrg(s)zlg %Omn?lgyr# ?nd( e: T??O iAloognsw?\l /m obtained from the mean field prediction (eq 11), and using our
oA i i earlier estimate of the bending rigidity const&gtit appears

for the systems SQ200, SQ800, and EXG®, respectively. . . S o
There is a clear size dependence in these numbers; the areipat either the mean_fleld predlctlon is, at least quantitatively,
j not accurate or that it applies to even longer length scales.

compressibility modulus gets smaller as the system size
increases. Larger systems are thus more easily compressiblev Di .

This is a direct consequence of the appearance of undulation™" Iscussion

modes (see Figure 2) in larger systems. Excitation of long As was previously found by Goetz and Lipow3kfor model
wavelength undulations is directly coupled to area compression.lipid bilayers, and by Lindahl and Edhofnfor realistic DPPC

This is also evident from the system size dependence of themembranes, we observe a crossover between a length scale
equilibrium area under stress free conditions. As long wave- dominated by peristaltic and protrusion modes toward a length
length undulations appear, the projected surface area becomescale dominated by undulations. The intensity of these modes
smaller (see also Figure 1). The decrease in area is in apparentan be well described by a continuum model. The crossover
contrast to the findings of Lindahl and Edhofrasho observed occurs at a length scale that is almost twice as large as the
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membrane thickness, at least in the case of stress free bilayersapplication of an external surface tension to compensate for
Bilayers simulated at enlarged areas experience a stress osuppressed fluctuations is unnecessary, unless one wishes to
surface tension that suppresses very clearly the long wavelengtireproduce experimental data that apply to bilayers actually under
undulations, even for system sizes much larger than the some sort of thermodynamic stress.

correlation length. Contrary to the observations by Tieleman

and Berendsérand in agreement with the observations by Feller VI. Conclusion

and Pasto?,there is a strong dependence of the surface tension
on surface area. Especially around the stress free equilibrium
area the dependence is very steep (see Figure 4). As was notice
by Feller and Pastdrthe absence of this effect in the simulations
of Tieleman and Berends&rs likely to be due to their short
sampling times 250 ps).

Long simulation times are indeed necessary to be able to
distinguish differences in surface tensions or equilibrium areas.
For the smallest systems simulated (200 surfactants) we find
correlation times on the order of 0.5 ns, with fluctuations that
are generally larger than the differences we are looking for (see

Table 2). The situation is even more dramatic for larger systems.f i d. Applicati f " | surf tension in MD
Long wavelength undulations show correlation times of more actreversed. Application ot an external suriace tension in

than 5 ns. Similarly, long correlation times were found for a simulations of bilayers to reproduce experimental surface areas

DPPC bilayer by Lindahl and EdholfnOn the basis of these for stress free systems is therefore unnecessary.
data, one should be careful when interpreting simulations of

bilayers that do not sample at least a few multiples of these for helpful discussions. S.J.M. is supported by the Royal Dutch

correlations times. .
Looking at the system size dependence of the surface tensionfAcademy of Science (KNAW).

it appears from Figure 4 that, for bilayers under stressed
conditions (large area), the surface tension drops when the
system size increases. This is the same effect as was originally (1) Tieleman, D. P.; Marrink, S. J.; Berendsen, H. J.Biochim.
observed by Feller and Pastdn their simulation of DPPC ~ Biophys. Actal997 1331 235. _ _
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however, that a similar drop in surface tension appears over (5) Feller, S. E.; Pastor, R. Waiophys. J.1996 71, 1350.

the whole range of surface areas, including the stress free (6) Jawnig, F.Biophys. J.1996 71, 1348.

regime. In other words, they assumed that the area compress- (7) Feller, S. E.; Pastor, R. W. Chem. Phys1999 111, 1281.

ibility was independent of system size. If this were the case, 487(15_3) Tieleman, D. P.; Berendsen, H. J. L.Chem. Phys1996 105

the straight line fits in Figure 4 would run parallel. This is clearly (9) Safran, S. AStatistical Thermodynamics of Surfaces, Interfaces,
not the case. We observe instead a crossing of these lines at and MembranesAddison-Wesley: Reading, MA, 1994.
surface tension close to zero. Therefore, at stress free simulation (10) Lipowsky, R.; Grotehans, &urophys. Lett1993 23, 599.
conditions, the equilibrium area does not show a strong (11) Allen, M._P.; Tildesley, D. JComputer Simulation of Liquigs
. . . . Clarendon Press: Oxford, 1987.
dependence on system size. T.h.e S|mulat|0ns.0f' Lindahl gnd (12) Goetz, R.; Lipowsky, RJ. Chem. Phys1998 108 7397.
Edholm? also at stress free conditions, show a similar behavior.  (13) van Der Spoel, D.; Van Buuren, A. R.; Apol, E.; Meulenhoff, P.
This is contrary to the effect anticipated by Feller and Pastor, J.; Tieleman, D. P,; Sijbers, A. L. T. M.; Van Drunen, R.; Berendsen, H.
i.e., that a small system simulated at stress free conditions?; C-Gromacs User Manualersion 1.2 Nijenborgh 4, 9747 AG Groningen,
L The Netherlands. Internet: http://rugmd0.chem.rug.nl/gmx, 1996.

produces an area much smaller than _the eqU|I|_br|um area of a (14) Wilson, M. A.; Pohorille, AJ. Am. Chem. S0d.994 116, 1490.
much larger patch. In fact, the opposite effect is observed: a (15) Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. EL.M.
slightly smaller system area for the largest system simulated. Comput. Chem1997, 18, 1463.
This can be explained by the difference between the local areaJ (Ilfti) BetrendsenaFll. J].c C, Potstm_a, J. IID.t!VI.; Ctiunste{e_n, Vr\]/.clj:.:tlﬁlermlans,

H H : . Interaction moaels 1or water In relation to protein ration. In
and the prOJecte_d area of a bilayer that undergoes undulatlor_]s'lntermolecular ForcesPullman, B., Ed.; Reidel: Do?drecht, 'the Nether-
As the undulations become larger, the projected area Wwill |ands, 1981; pp 332342.
become smaller, assuming the local bilayer area remains (17) Miyamoto, S.; Kollman, P. AJ. Comput. Chem1992 13, 952.
unchanged. As a consequence, at surface areas slightly above (18) Feenstra, K. A.; Hess, B.; Berendsen, H. JJQComput. Chem.

the local equilibrium area the surface tension actually increases1999 20. 786.
q | y (19) Berendsen, H. J. C.; Postma, J. P. M.; Van Gunsteren, W. F.; Dinola,
upon system enlargment. _ A.; Haak, J. RJ. Chem. Phys1984 81, 3684.
On the basis of our current data plus that available from the  (20) Briggs, H. C. J.; Caffrey, MJ. Phys. Il Fr.1996 6, 723.

literature (neglecting short simulations), we conclude that the  (21) White, S. H.Biophys. J.197§ 23, 337.

In agreement with simulation data of simplified lipid bilayers
gs well as DPPC bilayers, we have shown for GMO bilayers a
crossover from a peristaltic and protrusion dominated regime
to an undulatory regime for patches around twice the size of
the bilayer thickness. As a result of the accessible undulatory
modes, we observe a clear decrease in surface compressibility.
This is an important effect having the consequence that whereas
for stressed systems the surface tension drops upon system
enlargment, under stress free conditions these changes are
marginal. Because of a difference in projected and local lipid
surface area the effect close to the stress free conditions is in
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