
molecule (9). However, the molecules are not 
necessarily sampling all spherically symmetric 
orientations. It is possible, for example, that 
in the fcc phase the long axes of the molecules 
randomly sample the different (111) direc- 
tions. 

Our data indicate that the fcc phase is the 
equilibrium state of pure C,, above 300 K. 
However, the hcp phase is energetically sirn- 
ilar to the fcc phase, and can most likely be 
nucleated by a number of effects, including 
solvent, powder-grain surfaces, crystal do- 
main boundaries, and so forth. The fraction 
of hcp phase can thus be reduced by solvent 
removal, but further reduction requires pro- 
longed thermal annealing, as observed. 
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Computer Simulations of Self-Assembled Membranes 

Molecular dynamics simulations in three dimensions of particles that self-assemble to 
form two-dimensional, membrane-like objects are presented. Anisotropic, multibody 
forces, chosen so as to mimic real interactions between amphiphilic molecules, generate 
a finite rigidity and compressibility of the assembled membranes, as well as a finite line 
tension at their free edges. This model and its generahations can be used to study a 
large class of phenomena taking place in fluctuating membranes. For instance, both 
fluid and solid-like phases, separated by a phase transition, are obtained and some of 
the large-scale properties of these membranes studied. In particular, thermal undula- 
tions of quasi-spherical fluid vesicles are analyzed, in a manner similar to recent 
experiments in lipid systems. 

A MPHIPHILIC MOLECULES THAT ARE 

brought into contact with water 
tend to assemble 'so as to orient their 

polar hydrophilic "heads" toward the water 
and their oily hydrophobic "tails" away from 
it. Among the simplest structures formed in 
this way are bilayer membranes, whose lat- 
eral dimensions can largely exceed their typ- 
ical thicknesses (1). Such (quasi-)two-di- 
mensional molecular assemblies can then 
form a large variety of thermodynamic phas- 
es: closed_vesicles, lamellar or cubic crystals, 
and disordered bicontinuous networks (2). 
Despite definite -progress made recently in 
experimental and theoretical studies of the 
physical properties of membranes and of the 
process of their self-assembling (3), many 
aspects of these structures still remain poorly 
understood. From the theoretical point of 
view, available analytical and numerical 
methods are largely insufficient to solve 
models based on realistic microscopic inter- 
actions between amphiphilic molecules sur- 
rounded by water., For instance, numerical 
simulations of truly microscopic models are 
only possible for very small aggregates such 
as micelles (4). The time scales involved in 
the largest molecular simulations are much 
too short to describe the formation and the 
thermodynamic behavior of larger assem- 
blies such as membranes. 

This situation has led to the development 
of phenomenological theories in which 
membranes are treated as fluctuating surfac- 
es, described by an effective elastic (free) 
energy functional, 8 (1). The effective ener- 
gy depends on details of shape (such as 
curvature) (5) and topology of the mem- 
brane, but it can also take into account 
additional internal degrees of freedom of its 
molecular components describing mem- 
brane fluidity, chirality, and so forth. Start- 
ing with appropriate effective hnctionals 9, 
one can build thermodynamic models of 
various types of fluctuating membranes: flu- 
id (5), hexatic (6, 7), solid-like or polymer- 
ized (6), with different topologies (8) and 
effective interactions. Because universal'prop- 
erties of the fluctuating membranes (such as 
the spectrum of their large-scale excitations or 
the critical indices of various phase transitions 
involving membranes) should not depend on 
microscopic details, studying these phenom- 
enological models can yield useful predictions 
about real systems (9). 

In this report we descrlk another ap- 
proach to the computer simulations-of fluc- 
tuating membranes. It is similar in spirit to 
the approach used in many recent numerical 
studies of solid-like (10) and fluid (11, 12) 
membranes in that it does not start with 
realistic microscopic interactions and thus 
concentrates only on the universal, large- 
scale properties of simulated systems. How- 

J.-M. Drouffe and S. Leibler, Service de Physique Tht- ever, in contrast to the previous simulations orique de Saclay, F-91191 Gif-sur-Yvette Cedex, France. 
A. C. Maggs, Laboratoire de Physico-~himie Thtori ue, which start with some kind of a triangulated 
Ecole Superieure de Physique et de Chimie 1ndustriJes Surface [such as a "tethered" nenvork of 
F-75231 Paris Cedex 05, France. 

impenetrable spheres (13) or a surface with 
*To whom correspondence should be addressed. fluctuating triangulation (1 I)], the mem- 
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Fig. 1. The interactions between the par- 
tides used in the simulation have three 
distinct contributions. (A) A hard core 
repulsive interaction A@$), of range a, 
ensuring the incompressibdity of the mol- 
ecules at high density. (8) An anisotropic 
interaction, between pairs of partides i and 2 s 
j, of the form B(rij){(ni nj)" + g[(ni so .. b 

6 7 
PI 

tij)'] +g[(nj ?ij)]2} with ni and nj unit ,, 
vectors cxpresslng the orientation of the 
partides and ?ij the unit vector between 
thepartides;g(x)=d+bx+c(inthe la- 
simulations desuibed below we use a = 
0.75, b = 0.25, and c = 0.8); a = 1 
corresponds to partides with two distinct Od- 

sides, whereas for a = 2 the partides are 
completely symmetric and ni &uld be re- I I I 
placed by a director. The radial function O I .  
~ ( r )  sm&thly cuts ofF the interaction for 
large separations between the molecules. 
The anisotropic torque from this interaction strongly favors planar con6gurations of aligned m o l d e s .  
As a consequence, the partides assemble into a two-dimensional object with a layered strucnuc: the 
vectors n can be viewed as b e i i  perpendicular to the im- "hydrophobic and hydrophilic layers" 
on each partide (see inset). (C) A multibody "hydrophobic" potential that expresses the large increase 
in free energy occurring when water is in contact with the hydrocarbon pacts of the amphiphiles. The 
entry of the solvent into the membrane is associated with a local depression in the mean density of the 
amphiphiles. We therefore write this term as a sum XiC(pi), where pi is the local density: pi = Xj(r#), 
with h(r) a weighting function. The "hydrophobic" multibody potential is essential for the existence of 
a two-dimensional fluid phase; without it the partides would evaporate easily from the membrane. All 
the potentials are measured in terms of an energy scale E. 

branes are formed here from interacting 
particles through a self-assembling process. 
This approach, somewhat similar to recent 
simulations of small surfactant assemblies 
such as micelles (14), allows one to study 
membranes that not only can change their 
shape but also can vary their internal struc- 
ture and topology. For instance, self-assem- 
bled dosed vesides can exhibit large pores or 
can even open completely, they can fuse 
with one another or break into smaller piec- 
es, they can be fluid or can solidify under 
cooling, and so on. 

In order to obtain self-assembling mem- 
branes, one has to mimic somehow complex 
interactions between amphiphilic molecules 
in water. In our model, interacting partides 
are hard spheres that can be viewed as 
consisting of three parts (Fig. 1): a "hydro- 
phobic layer" surrounded by two "hydro- 
philic layers." The anisotropic attraction be- 
tween partides is chosen so that the particles 
aggregate together in such a way that the 
hydrophobic parts are next to one another. 
The attraction is short-range and can be 
described in terms of unit vectors n associ- 
ated with each vartide and wrwndicular to 

1 stable membrane at higher temperatures, 
that is, a stable quasi-two-dimensional flu- 
id phase with a sufIiciently low partial 

, pressure so that vaporization is negligible, 
one needs to introduce additional interac- 

Flg. 2. Evolution intime ofan arbitrary random initial distribution of 252 partides enclosed in a box with sides 
of length 40a. We made the simulation using molecular dynamics in the prcsemc of wcak damping and 
thermal noise, which permit equilibration at a given imposed tempmtu~ (of 1 . k  inside the f i d  phase); 
~~ndmthethdnoiseandfiiceionhmthesohzntpresentinrralsvstan (16). K k m a t i d y  
the parti&= taken to be solid spheres ofmass m and moment of& 2&/5. ' h e  mterp&de potenti& 
/Fie. 1) were Darameaizcd bv cubic svlines. which oermit the efiicient calmlation ofthe ctraeies and forces 
h&g on &panicle. The &onalnaldegkes off&dom wae described in terms of quatemio'ns rather than 
more usual Euler angles (this ehnkues the need to calculate tcigononmic functions in the equations of 
motion) (23). Each step of simulation consists ofintegm@ the deterrmtllsnc . .  . 

equations ofmotion and then 
d m m a b q  linear and angular velocities by the addition of small random components. In the initial stage the 
particles agyegate to form a number of indcpendrrrt segments, which then a n d p n a t e  to give one large 
membrane. (Note, howcva, the possibility ofthe formation ofsewral dosed =ides or even smaU dustas like 
the one shown on these sMpshm.) A finite acdvation barrier fbr passing h n  a nearly flat membrane to a 
quasi-spherical veside r e d s  h m  a competition between the bendrng energy and the line m i o n  ofthe edge. 
AftasometimedKrmalffuctuationsdrivethemunbraneoverthisbarriaandthevesidedoses.'Ihe 
interadon between the partides does not generate a sponmneuus curmure term. Because a = 1 hem, the 
partides duster with wdlde6ned okntations (comspondmg to wd-sepmed colors); however, self- 
asembllng of completely symmetric particles (a  = 2) into the dosed vesides has also been observed. 
The images are taken at times (A) 0, (8) 145%, (C) l!ZOr, (D) 20% and (E and F) 215Ot,,, 
~ h a e t ~ = ~ . ? h e ~ c e o f t h e u r l o s i n g b r m i s ~ s e e n i n ( ~ ) .  

I keir niighbors for the solvent because of 
the large free energy cost of solubilizing 
their hydrocarbon chains in water. To 
mimic this cchydrophobic effect" (15), we 
introduce an effective multibody interac- 
tion that favors a close-packed environ- 
ment for each particle (six nearest neigh- 
bors); thus it is more difficult for small 
clusters of particles to leave the fluctuating 
membrane. With the inclusion of this ad- 
ditional term, membranes are stable well 
above the melting transition. 

We have performed molecular dynamics 
simulations of N such interacting partides 
endosed in a box (16), N ranging from 252 
to 1962 (Fig. 2). It is a nice feature of the 
model that, with an appropriate choice of 
the relative amplitude of the multibody 
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Fig. 3. As the temperature is varied, there is a 
phase transition fkom a low-temperature sdid 
phase characterized by very low diffusion con- 
stants to a higher temperature fluid phase with 
much greater molecular mobilities. This transition 
can be characterized by measuring the diffusion 
c d c i e n t s  of the two phases. We have measured 
the mean squared separation (in three-dimension- 
al space) of two initially neighboring particles ;s a 
function of time. The inset contains typical results 
for different temperatures. At low temperatures 
the diffusion is so small that initially neighboring 
particles never separate during the simulation. At 
higher temperatures the slope of the curve of 
mean squived separation as a function of time 
gives a 6nite diffusion constant. The main figure is 
a plot of the diffusion c d c i e n t  as a function of 
the temperature (0,252 particles; 0 , 4 9 2  parti- 
cles). The transition between the low- and high- 
mobility phases occurs for a value of the mean 
kinetic energy of about 1.1~. 

term, an effective line tension generated at 
the edges of the assembled sheet forces the 
membrane to dose. The dosed fluid veside 
fluctuates in shape, and its diffusing partides 
give rise to finite density fluctuations in the 
plane of the membrane. 

The diffusion of partides forming the 
membrane can be analyzed quantitativdy. 
The inset of Fig. 3 shows that the time 
evolution of relative distance of two particles 
obeys a simple diffusion law. The diffusion 
constant, D, is practically zero (exponential- 
ly small) below some finite temperature T,, 
and it increases quickly above T, (Fig. 3). 
This temperature corresponds to the melt- 
ing of membrane and is dependent on the 
amplitude of different interaction terms as 
well as on the vesicle size N. 

It is important to stress that at low tem- 
peratures at which the partides are in solid- 
like phase and do not diffuse within the 
plane, the membrane still shows large undu- 
lations. The effective rigidity, although 
higher than that of the fluid phase, is still 

50 
I (ltl) . .. 

Fb. 4. In the h i d  phase, motivated by experkma on quasi-spherical vesicles, we have made a daailed 
analysis ofshape fluctuations. For each veside analyzed we fim @rm a aiangulation ofthe vesicle by going 
to the center of mass and projecting the particle positions onto a reference sphere of radius &. The 
mangul;mon is pecbrmed by successively ad@ links between neghbots (sorted in order of their length) 
until the swface is closed. The shape of the trhgdated & is then expmsed as a series in spherical 
harmonics (Eq. 1). FaasurEacewhosecon6guramns acedemmkdbykndmg~tyoneexpemthat 
(2tm) = k,T/~[t(t + 1)12. We have @d simulations for the temperatux k,T = 1 . 5 ~  for systems of 
252 (+), 492 (O), 1002 (x), and 1962 (0) particles. A fit to this law (dashed line) allows us to &te that 
A T  = 3.0 + 0.3. ?he imets show two typical codigumaons of 1962 particles. The simulation time 
for these systems is 5- d c i e n t  for equilibration of(ujJ for all t and m. For 252 and 492 pafides this 
time is also long compared with the time necessary to diffuse a dhnce Ro; the time for equilibration of the 
s h a p e f l W o n s  is shortcompandtothetimenecessqtodi&scthisdhnce. For 1%2pareidg this 
comsponds to 14 days ofcahhtion on a SUN SPARCl wodaation. 

quite low. In real phospholipid membranes, 
by comparison, the effective rigidity in- 
creases thousands of times below the so- 
d e d  main transition (1). One could take 
into account this effect, which is due to the 
ordering of the hydrocarbon chains in solid- 
like membranes, by introducing an addition- 
al term describing the chain degrees of free- 
dom and their coupling to the part..de 
positions and orientations. 

We have also analyzed the fluctuations of 
large quasi-spherical fluid vesicles. This anal- 
ysis was strongly inspired by a series of 
recent experiments, made with large phos- 
pholipid vesicles (17). In such experiments 
one observes fluctuations of closed fluid 
membranes under a light microscope and 
then analyzes the computer-enhanced imag- 
es containing the shapes of vesicles' con- 
tours. As a result, one can extract the values 
of the hgidity co&tant, K, of the membranes 
and vedy the consistency of the observed 
spectrum-of large-scale undulations with the 
q4 law (where q is the wave vector of the 
undulation) (18). 

One can extend the analytical expressions 
used to describe the undulations of phos- 

pholipid vesicles in terms of spherical har- 
monics (19) to the situation relevant for our 
simulations, namely, completely permeable 
membranes, (volume fluctuations), with fi- 
nite density fluctuations (total area fluctua- 
tions). Let the shape of a quasi-spherical 
veside be described as a series in spherical 
harmonics (Fig. 4): 

where r(0, 4 )  is the distance between the 
center of mass of the surface and the point 
on the surface with spherical coordinates 0, 
4, and R, is the radius of the reference 
sphere. If we use the simple q4 law for the 
energy of undulations and neglect anhar- 
monic effects, we obtain a general formula 
for the amplitude of thermally excited undu- 
lations u,: 

where k, is the Bolmann constant, T is 
temperature, and A and B are constants, 
which in our model are connected with the 

29 NOVEMBER 1991 REPORTS 1355 



area and volume compressibility. The undu- 
lations of quasi-spherical vesicles of different 
sizes can then be analyzed (Fig. 4). On the 
basis of these curves, we estimate the effec- 
tive rigidity of these vesicles as K/~,T = 3.0 
? 0.3. The compressibility constants A and 
B are subject to much larger errors (howev- 
er, the relative effect of these terms is quite 
small for almost all modes). Also it seems 
that the assumed law for the spectrum of 
large-scale undulations is consistent with the 
results of our simulations: the data show the 
expected scaling behavior emerging from 
finite-size effects as the system size is in- 
creased (Fig. 4). However, one would have 
to perform much longer simulations with 
larger systems to measure the exponent char- 
acterizing this law and show that there are 
no nontrivial renormalization effects [a sim- 
ilar remark applies also in our opinion to 
experimental systems (17)l. 

This analysis of the fluctuations of fluid 
vesicles shows that one can use the present 
model to study the large-scale universal 
properties of different types of membranes. 
It would be interesting, for instance, to search 
for a "crumpling" transition that has been 
observed in recent simulations of fluid-like 
membranes (14, a result that seems to con- 
tradict other simulations (11) or our intuition 
based on analytical calculations (1 8). 

Studies of the large-scale behavior of fluid 
or solid-like vesicles are among the many 
possible phenomena that can be considered 
within the framework of the present model 
or its generalizations. For instance, we have 
constructed and have begun to study a struc- 
ture consisting of a polymerized network 
attached below a fluid vesicle. Such a com- 
posite membrane can be a model for the 
membranes of red blood cells, in which 
amphiphilic fluid bilayers are coupled to 
spectrin cytoskeletons (20). Even more in- 
teresting should be studies of phenomena 
that involve changes in membrane topology, 
such as exo- and endocytosis (21). Another 
simple but spectacular example of topology 
changes is the recently observed behavior of 
fluid vesicles made of chiral phospholipids. 
When such vesicles are cooled below the 
fluid-solid transition, they break and form 
helical ribbons (22). We believe that the 

\ ,  

numerical studies of such phenomena could 
shed light on the general principles of self- 
assembly in membranes and other molecular 
systems. 
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Major Role of the Cyanobacteriurn Tvichodesmium in 
Nutrient Cycling in the North Atlantic Ocean 

The diazotrophic cyanobacterium Trichodesmium is a large (about 0.5 by 3 millime- 
ters) phytoplankter that is common in tropical open-ocean waters. Measurements of 
abundance, plus a review of earlier observations, indicate that it, rather than the 
picophytoplankton, is the most important primary producer (about 165 milligrams of 
carbon per square meter per day) in the tropical North Atlantic Ocean. Furthermore, 
nitrogen fixation by Trichodesmium introduces the largest &action of new nitrogen to  
the euphotic zone, approximately 30 milligrams of nitrogen per square meter per day, 
a value exceeding-the estimated flux of nitrate across the thermocline. Inclusion of this 
organism, plus the abundant diazotrophic endosymbiont Richelia intracellularis that is 
present in some large diatoms, in biogeochemical studies of carbon and nitrogen may 
help explain the disparity between various methods of measuring productivity in the  
oligotrophic ocean. Carbon and nitrogen fixation by these large phytoplankters also 
introduces a new paradigm in the biogeochemistry of these elements in the sea. 

I T IS NOW COMMONLY ACCERED THAT 

picophytoplankton (<2 km) are the major 
primary producers and constitute the larg- 

est fraction of the standing crop of phytoplank- 
ton iri oligotrophic marine waters; this implies 
that large phytoplankton play a minor role in 
carbon and nitrogen cycling (1-4). However, 
because of sampling ihadequacies, the very 
large (- 1 to 3 mm) phytoplankton such as the 
diazotrophic (nitrogen fixing) cyanobacteriurn 
Trichodesmium have been underrepresented in 
most oceanic biomass and C and N flux mea- 

surements. A reevaluation of past studies on 
phytoplankton species distribution, and recent 
measurements, indicate that Trichodesmium is 
usually the most important phytoplankter as 
regards standing crop and prt3ductivity, and, 
through N, fixation, is the major source ef new 
N to the euphotic zone of the tropical North 
Atlantic Ocean. 

In the equatorial Atlantic Ocean, the less 
than 1-km size class has been reported to 
contain an average of 44 to 71% of the total 
chlorophyll a (chl a) (2, 4), and to be respon- 
sible for 60% of the primary productivity (4). 
Similar observations have been made for the 
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Universitv of New York. Stonv Brook. NY 11794-5000. m~ical  Pacific Ocean (3)' The of this 
K. ~ o m h s ,  SEA   ducat ion hsociauon, Woods Hole, prokaryotic (5, 6)  and eukaryodc (7) pico- 
MA 02543. planktonic flora has led to a new paradigm for 
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