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The bulk thermodynamic properties of membrane proteins originate from a complex combination of
molecular interactions. We propose a simple model based on the pair interactions between a model
membrane protein, annexin V. The experimental observations of a honeypéjrand a triangular

(p3) phase are successfully reproduced with Monte Carlo computer simulations. Grand canonical
simulations and a newly developed “strip”-move constant pressure technique reveal the stability of
a dilute fluid phase and a dense solid phase, not observed with the current experimental technology.
While this model is extremely simple in that it relies only on hard-body and short-range directional
interactions, it nevertheless captures the essential physics of the interactions between the protein
molecules and reproduces the phase behavior observed in experimer2802merican Institute

of Physics. [DOI: 10.1063/1.1463423

I. INTRODUCTION ecules undergoing a phase transition or a self-assembly

Most of th " v bei " di théc)rocedureg. Indeed, for computational tractability, simplified
. ost of the questions currently being addressed in oarse-grained potentials are a necessity if we are to study
field of membrane proteins concern the biological function- h " . . )
. X . . . phase transitions in mesoscopic systems. For example, while
ality of the protein, and are aimed at correlating the proteer

! : . i ; z%tomistic models of membrane proteins embedded in a lipid
structure with biological mechanisms, such as ion transport.

. . . bilayers have been able to evaluate the detailed interaction
across the cell bilayer, signal transduction or guest—host rei—

ognition patterns. It is known that some proteins expres orces between pairs of protein molecufethis class of

their functionality only when placed in favorable surroung- Mede! is not qseful for mesoscale 3|mulat|qns ‘?'99 fo the
ings. For example, ion channels are formed by rings of elarg_e computatlonal c.osfc. In contrast, highly simplified mod-
dozen trans-membrane proteins that open, under the rigfts N Which the protein is modeled, for example, as a repul-
conditions, by a concerted action to allow ions to pass alon§'Ve SPhere with a short range attraction, invoking an as-

the central barrel.Such synergetic function can only occur if SUmPtion that the internal structure of the protein is taken
the basic aggregate is formed. More generally, the functionto be essentially rigid and nonspecific, are able to predict the

ality of some membrane proteins is intricately linked to, andchanges in the generic phase diagram as the range of attrac-
sometimes caused by, the formation of a pattern on the ption is varied® Similarly, pattern formation has been studied
layer surface. when there is a membrane-mediated interaction between
The problem of pattern formation in two dimensions hasanisotropic particlésand for nanoparticles self-assembling
been confronted in several areas of research and vario#@ Strings onto flat surfaces.The use of simplified
models have been proposed for the study of the aggregaticgiparse grained models is, of couse, not restricted to
and phase transition in two dimensidrishe questions being two-dimensional(2D) or membrane systems. For example,
asked in this context are fundamentally different than thosé€arlssoret al® have use a simplified model of a sphere with
briefly discussed above and concentrate on the prediction gfmbedded electrostatic potentials to study the self associa-
the phase behavior and the pattern formation for more gertion of lysozyme in water.
eralized models. In comparison to the models necessary for In this paper we formulate a coarse-grained model for a
studies into the biological function of a single molecule or amembrane adhesive protein, annexin V, which is simple
small group of molecules, these problems require a loweenough to allow us to study systems at the mesoscopic level
degree of accuracy in the description of the individual mol-using Monte Carlo simulations, but contains enough of the
details of the interactions between the proteins to reproduce
dAuthor to whom correspondence should be addressed. Electronic maif.aithfu”y the experimentally observed phase behavior. This
bates@soton.ac.uk type of model, whilst still crude, goes some way to address-
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FIG. 1. Schematic electron microscopy maps indicating the structur@s of

the p6 andb) the p3 phases, after Ref. 10. In each case, the position of F|G. 2. The simplified model for annexin V: The dark gray regions indicates

single molecule is shaded black. The trimers are shaded according to thae harq core of the model and the light gray circles show the location and
experimental electron density; dark gray represents high electron densify\qe of the attractive interactions which occur between segments Il in
and light gray lower electron density. pairs of the real protein.

ing the phase behavior of protein with definite specific inter-cage. The corresponding two-dimensional density projection
actions as compared to, for example, the isotropic attractivenap shows inevitably that the crystals are made of trimers,
Sphere mOdelg.The outline of this paper is as follows: In assembled in “p6 Symmetry_” This termino|ogy in not
Sec. II, we briefly review the experimentally observed phaserictly correct since not every cell contains a “captured”
behavior of surface adsorbed annexin V. In Sec. Ill, we detrimer and, if it exists, the mobile central trimer does not
vise a Slmpllfled model potential which contains the essentiaﬂru|y be]ong to the Crysta”ine network and does not possess
physics of the annexin V trimers. Grand canonical simulathe same symmetry as the lattice. This is why the central
tions USing this model are discussed in Sec. IV. The p6 phaqﬂmer appears to be less Sharp]y defined density p|0t ob-
is discussed further in Sec. V, where the link between &ained from EM!!'12

simple lattice gas model and surface adsorbed annexin V is At higher density another crystalline form becomes more
explored. Other possible, high density regions of the phasgtable, where the trimers are packed so tightly that each one
diagram are explored with constant pressure simulations ifs surrounded by neighbors arranged ifgaasj p3 symme-
Sec. VI, and the results of all the simulations and theoreticajry class. A schematic indication of the structure of this phase
work brought together in a global phase diagram in Sec. Vlljs shown in Fig. 1. The transition to the higher density p3

Finally, our conclusions are presented in Sec. VIII. structure is induced by stressing the p6 system, for example,
by transferring the films from an air—water interface to an
Il. EXPERIMENT EM grid, or by increasing the concentration of the lipid

ligand in solution'® Experiments also suggest that the p6—p3
ins that bind velv ch d phospholinids i htransition is first order and its reversibility has been moni-
proteins that bind to negatively charged phospholipids in t ored using EM and AMF. The first-order transition is char-

bresence of calcium ions in sollutlt_)n. The mechr_;lnlsm Obcterized by an increase in surface density of trimers of about
binding involves an extremely rapid first stage in which three 50513

proteins clusterlotogether in an almost irreversible manner to
form a tnme.r?' The ;trongly pognd trimer structure be- . A SIMPLIFIED MODEL
haves as a single species once it is absorbed onto the surfacé
of the lipid mono or bilayer. The association of the trimer to The shape of the trimeric aggregate and a detailed analy-
a planar substrate seems to be sufficient for triggering thsis of the crystalline structures suggest the essential features
self-assembly into 2D crystals and it has long been knowrof a simplified model potential. The density map of the p6
that annexin V can crystallize in two crystal forms. These argphase shows clearly that the trimer—trimer interactions are
based on the building block just described, namely the tridominated by(i) repulsive (excluded volumg interactions
mer, and show either p3 or p6 symmetry. Experiments orand(ii) attractive interactions between segments Ill of neigh-
lipid monolayers using electron microscofgM) and lipid  boring molecules(see Fig. 2 for the labeling of the seg-
bilayers using atomic force microscoFM) indicate that ments. These segments must be almost perfectly aligned at
the phase with p6 symmetry is the stable phase at low dert80° in order for a transition from the 2D gas to a condensed
sity and that with p3 symmetry at high density? phase to occur and thus we may speculate that the interaction
At extremely low surface density, the trimers behave likeis highly directional; note that if the interaction was not ori-
a two-dimensional2D) gas, although occasionally one ob- entationally specific, then we would not expect to get such a
serves small clusters of trimers. The first 2D condensedvell defined structure. Indeed, the fact that an isotropic 2D
phase observed on increasing the density exhibits a honeliguid is not formed in the experimental system suggests that
comb structure(see Fig. L The “holes” of this structure the anisotropic attraction forces are dominant in causing the
tend to be occupied with a relatively mobile trimer, which pattern formation in the condensed phases. Not surprisingly,
enjoys a more relaxed interaction with its surrounding cagehe same segment Il appears to be responsible for the domi-
than a molecule which forms part of the honeycomb lattice pant interaction between the trimers. Here three trimers con-
but on average, does have a preferred alignment, indicatingerge at a cell edge in the p3 phase, at an angle of about
that it is not totally free to adopt any position within the 120°. In addition to these observations, molecular mechanics

Annexin V is a soluble protein, belonging to the group of

Downloaded 11 Oct 2004 to 145.18.129.130. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 116, No. 16, 22 April 2002 Phase behavior of a model membrane protein 7219

simulations suggest that segment Il is the site at which the 1 9<90°

dominant attractive interactions occur between trinfé/e L

summarize that the attractive interactions between trimers Uz2(6)=1 cosf+3(1—cos6)) 90°<6<270°  (2)
should be extremely localized, short ranged, and orientation 1 6>270°,

dependent. . ]
These observations lead us to formulate a simplified verhere g is the angle between the two vertex vectors; these

sion of the trimers which is depicted in Fig. 2, based on there defined as the vector joining the center of the particle and

following assumptions. The only important particle is theﬂ;]e verttex. Tzel tgtalt _attract]vg ptozﬁnnail W't?h \;Vh'Ch Wﬁ.
trimer; the monomers in solution play no important role jn C00S€ 10 modet INe Mers 15 Just the strength term mufti-

the 2D pattern formation. The internal structure of the trimerp“ed by the angular term
is assumed to be frozen and the trimer may either be strongly u(r,,6)=uy(r,)u,(6). (€]
bound to the membrane, in which case it interacts with othe{N

) s ) . e should, of course, point out that whilst our particular
membrane bound trimers, or it is free in solution and doesChoice of potential conforms to the qualitative prescription
not interact with the trimers at the surface. We simplify the P 9 P P

: . : ; thought to be necessary for the formation of the p3 and p6
repulsive core or shape of the trimer by drawing the silhou- hases, we are not simulating “real” annexin V, but rather

ette as a superposition of an equilateral triangle and a hard

. . ! . . éust a model. Moreover, many models could be devised
disc sharing the same center, with the diameter of the cm:lwhich all conform to the above prescrintion: for example. the
the same as the height of the triangtes=h. This pair of P prion, Pie,

. : : continuous potential for the angular dependence could be
convex bodies gives a reasonable shagee Fig. 2and was . . L ! X
: . . replaced with a piecewise linear potential, the ramp potential
chosen over a more complicated single concave body, sin

C@%the strength of the interactions could be replaced with a

overlap te;ts betvyeen these shapes, necessary 0 smulgtg guare well and the shape of the hard-body could be taken to
repulsive interactions between the trimers, are both trivia : : o - .
e a body with a slight but definitive chiralitpurs is clearly

and fast. The vertices of the triangle represent the location o chira). However, the point of these simulations is to under-

the three segments Il in the real trimer. The short range d the hiahl i di . Al
orientation dependent attractions are assumed to exist onFtan .t e highly complicated interaction potentia In a more
eneric way, and so we base our model solely on simplified

between segments Ill. These attractions are located at t .

. . : . Interactions.
vertices of the triangles, and the strength of these interactions
are modelled as a linear ramp increasing frerg for a pair

of vertices which are touching, to zero gt, the cut-off
distance where the attractions vanish; that is IV. GRAND CANONICAL SIMULATIONS

Grand canonical, or constant chemical potential,
simulations’ are particularly attractive for the simulation of

r,—r
- e( - C) r,<freg the phase behavior of our model since these mimic the con-
uy(r,)= Fe 1) ditions under which the experiments are performed. In the
0 r,>rg experimental system, the protein is either in solution or

bound to the membrane as part of a trimer. By varying the

. . . . . . concentration of protein in solution, the amount of adsorbed
in V.VhICh.I’U is the dlgtance between the_ verpces .of two 'mer'protein, or surface trimer density, can be varied.
acting trimers. As discussed earlier, directionality of the at- 11,4 advantage of grand canonical simulations over other
tractive interactions is clearly an important factor, if not the .o mon simulation techniques for this model is that one can
dommant_ fac_:tor, for the formation of th_e pé _and p3 phasess;imulate an open system, in which the number of particles is
because it singles out two preferred orientations at 180° ot fixed. The annexin V system is “open” in the sense that
phas¢ and 180°(p6 phasg The actual functional form of e are interested only in the surface adsorbed proteins, and
the angular dependence is not important for our model sQ i iy the protein solution. This means that adsorption
long as these two angles are preferred, but the EM iLﬁapSdesorptiom of a protein trimer ontdfrom) the surface can be
and molecular mechanics caIcuIat|6?1§uggest that three  ,qeled by the additiofor remova) of a model trimer from
main qualitative ingredients should be included: the simulation. By varying thésurface chemical potential
(1) preferred interaction angles between the Ill segments &f the trimers during the simulation, which is equivalent to

120° and 180°; changing the bulk protein concentration in the real experi-
(2) comparable interaction energies when two trimers interments, the surface coverage can be varied.

act at 1809p6 phasgand three particles interact at 120° At low chemical potential, only a few particles are ad-

(p3 phasg and sorbed on the surface. The adsorbed trimers hardly interact
(3) arelative energy penalty for any other angles, especiallfecause the probability for a pair of particles to come within

less than 90°, although we note that angles much leste interaction range is quite low and the system shows gas-

than 90° are disfavored sterically, that is through the relike behavior. However, if the temperature is low, it is pos-
pulsive forces. sible to observe the formation of small clusters of trimers, in

partially formed hexagonal structures. If the chemical poten-
One possible implementation of the requirements outlinedial is increased past a certain threshold, a large jump in the
above are summarized in the expression surface density is observed indicating a first-order transition
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FIG. 3. Equation of state for the annexin V modelTdt=0.12. Typical .
configurations are shown @) the gas phase and in the p6 phaségatow, 60 | LF
(c) intermediate, andd) high surface coverage. Units, temperatdre ’ .
=kT/e, densityp=Na®/V, chemical potentiak* = u/KT.
4.0 1
. 2.0
between the gas and the condensed phase; the equation
state is shown in Fig. 3. A cooperative effect between the 0.0

adsorbed particles leads to the formation of an open hexago 00 20 40 60 80 100 120 140
nal structure spanning the entire simulation box, which is *
Clearly idemiﬁab!e asa P6 phase, as shown in Fig-' 3'-AS theIG. 4. The two possible conformations of the p3 phas@jthe “regular”
chemical . potential is mcreased further, the density is ,aI,S nd (b) the “tilted” state. (c) The equation of state obtained from the con-
found to increase continuously up to a critical value. Simi-gtant pressure simulations &t =0.12, indicating the first-order nature of
larly, if the chemical potential is decreased, the coveragehe transition between these two stat@.Tilt angle a, with respect to the
decreases continuously down to that of the open hexagonayer normals,_ again indicating the noncontiquous nature of the transition.
lattice. Example configurations at intermediate and highef ™) COMPression rundyx) expansion runs. Units, pressuee = P/kT.
surface coverage are also shown in Fig. 3.

The continuous density variation observed in the equa-
tion of state corresponds with the filling of the holes in thealignment direction, although the smeared out nature of the
honeycomb structure; the lattice spacing of the hexagonalensity map indicates that the central trimer is not strongly
lattice is unchanged during this process. Therefore, the suheld in place. However, it seems likely that if weaker addi-
face coverage increases simply by the adsorption of new tritional attractive interactions were added to the model, such
mers into the empty cavities. The process is completely reas between segments 1V, then the interactions of the captured
versible, and a lowering of chemical potential causedrimer with the cage would not just be due to the excluded
desorption of the central trimers, leaving the honeycomb netvolume and the orientational freedom could be lost. This
work intact. These observations suggest the classification afaid, the simple model as it stands clearly reproduces the
the trimers into two types; the network or “lattice” trimers essential features of the p6 phase behavior.
and the central or “gas” trimers. The particular geometry of Once the surface coverage reaches a certain limit, corre-
the cages is such that the central trimers experience repulsigponding to all the hexagonal cavities being full, there ap-
interactions when approaching the edges of the cage, and tipears to be no way of adsorbing further trimers onto the
orientational distribution for the captured trimers is essensurface. However, the simulations indicate that there is a
tially isotropic. Thus in the model, there is no prefered align-further jump of ~15% in the density corresponding to a
ment for the trimer trapped within the cage, in contrast to thesecond first-order transition. The new structure, shown in
experimental observation that there is a slight preferentiaFig. 4, loses the hexagonal packing in favor of a more com-
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pact phase with triangular symmetry, the p3 phase. Thisrimers(apart from in an excluded volume wawas we noted
phase is also reminiscent of the p3 phase of annexigeé¢ above, the assumption that once formed, the lattice is essen-
Fig. 1). The fact that the p3 phase is more stable at highetially a rigid, nonevolving structure does seem to be entirely
densities than the p6 phase must clearly be due to the mosalid. Then the only way of changing the density of the
efficient packing. However, since there is an attractive potensystem is to either absorb or desorb gas type trimers. Within
tial which holds the trimers in particular arrangements,this simple statistical mechanical model, we can express the
namely at 180° or 120°, this transition is most probably alsacchemical potentiaj of the adsorbing species as a function
partly energy driven as well as being entropy driven. Noteof the surface coverage fractigh

that, in the model, we choose the energy of a p6-type bond 0

(180°) to be twice that of a p3-type borid20°). In theempty Bu=log——, (4)

p6 phase each trimer interacts with three others, while in the (1-6)q

p3 phase each particle interact with six neighbors in totalwhere 8= 1/kgT, q is the single particle partition function,
The overall potential energy of these two phases is, thereand §=N/M is the occupation number, or the ratio between
fore, the same, at least in perfectly formed, ideal structureshe number of adsorbed gas partickésnd the total number
However, since 1/3 of the trimers in tHally occupiedp6  of cells M. Note that, for our model, the occupation number
phase are noninteractirithe “captured” onej the p3 phase s not the same as the density, since density involves both
for the model system is also slightly energetically favored afattice and gas type trimers, but it is easy to show that

high density. Whilst small modifications in the potential

could lower the energy of one phase with respect to the other, 0=2(V3p—1), ®)
this does not seem likely to change the first-order nature ofvherep is the density of adsorbed trimefisoth lattice and

the transition. We summarize this section by stating that thejas typé. The single particle partition functiogq may be
simple model for annexin V is not only able to faithfully accurately estimated using a free volume argument, assum-
reproduce both the p3 and p6 phases, but also predict theg that the gas particles are constrained by the hard walls of
relatively strong first-order nature of the transition betweera single lattice cell, ag=v3/16. Assuming that the lattice

them and the associated density change. trimers are in fixed sites, which is justifiable since the energy
required to deform the lattice is large, the chemical potential
V. LATTICE GAS MODEL FOR THE P6 PHASE (per trimep of a partially filled p6 phase is given by adding

As we discussed in the last section, the trimers assenil® Pond enthalpy per lattice trimer, which amounts to
bling into the p6 phase can be ideally divided into two dif- ~ 1-KsT. 10 the expression for the ideal gas translational
ferent classes; the lattice trimers which form a rigid hexago€NtroPy contribution. The equation of state for the lattice gas
nal network, and the gas trimers which can be adsorbed int§'°d€! is compared with the simulation data in Fig. 3. The
the cages of the lattice. Of course, while we label the trimerdaCt that the data agree with remarkable accuracy, given that
as being of lattice or gas type, in reality the trimers are thdhere are no adjustable parameters in the theory, indicates
same, but are labeled according to their local environmenthat the pé phase observed for the model appears to be a true

There is no physical reason that a lattice type trimer canndphySical representation of an ideal lattice gas. We should,

become a gas type, and vice versa, although the real kineti&o""ever' point out that additional weaker attractive interac-

associated with the desorbtion and absorbtion of the two spdions: such as those between segments IV of the trimers, may
cies are clearly not available from the Monte Carlo simula-cause deviation from lattice gas behavior for real systems.
tions. However, the large energy barrier which must be over-
come for the removal of a lattice type tr.imer is much IargerVI_ CONSTANT PRESSURE SIMULATIONS
than that for the removal of a gas type trimer, and so it seems
likely that the gas type particles are desorliedd conse- Constant pressurgor NPT) simulations present a
quently absorbed agaimt a much faster rate. Indeed, this is complementary technique to the Grand Canonical
bourne out by the fact that in the simulations indicate that thesimulations'® and are especially useful where the particle
lattice is formed first, presumably due to the strong localinsertion is inefficient, that is, at high density. However, NPT
attractions between the trimers, and only later are the cagesmulations pose a problem for potentials in which the attrac-
filled. This simulation evidence is further backed up by ex-tive interactions are very short ranged. Even at low, gaslike
perimental evidence as lattices can be prepared in a seniensities, the sticky character of the interaction potential en-
filled state, although no detailed experiments have yet beehances the probability of the formation of dimers or small
performed in which the concentration of the protein in solu-clusters, in which the particles are at specific separations,
tion is carefully lowered to “wash out” the cages to leave awhich cause inefficient sampling of the volume for the fol-
bare lattice. lowing reason. In traditional compression—expansion trials, a
In this section we show that the p6 gas trimers behaveew volume is chosen and all the interparticle positions are
exactly as in an ideal lattice gas mod®hence our choice rescaled, such that the location of the particles in the new
for classifying the trimers as being of gas or lattice type. Inbox are the same as in the old box, but the separations are
the following discussion, we assume that the trimers formingscaled. If the particles are well separated, such as in a low
the lattice are assumed to be fixed in position, whilst the gadensity fluid of hard spheres in 3D or hard discs in 2D,
trimers are free to occupy any empty cell, but do not interactompression moves are reasonably efficient. Relatively large
with gas trimers in neighboring cells nor with the lattice volume changes can be made, and still the particles in the
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rescaled box do not overlap; expansion moves, of coursesystems are trivial. Similarly, the extension to particles with
cannot lead to overlaps for hard bodies. However, just oneontinuous but narrow potentials is also straightforward.
dimer or small cluster in a system with a narrow attractive  During the simulation the “strip” trial is performed
range can drastically affect the acceptance of such a trialong thex andy direction randomly, with the center of the
move. This is because the particles in the dimer are “bound’strip also chosen at random. The width of the inserted or
to each other over a very narrow separation range, whiclhemoved strip can also be chosen to be either fixed or at
severely limits the amount the box can be squedpedex-  random. Note that this is an important difference to the lat-
pandedl before an overlap between this pair occiss the tice case, where only whole lattice linés integer multiples
“bonding” energy is losj. One way out of this is to replace of) can be removed or inserted. We tested three methods
these clusters in the scaled box at their original separationgased on random strip widths, one in which the maximum
that is, without rescaling the coordinaf@sThis is often used  width of the strip was fixed at®, a similar method but with
in atomic detailed simulations of molecules with fixed bond0.1s and allowing the maximum width to be self-adjusting,
lengths, where any change in the length of the bond upoBuch that on average 20% of the trials were accepted. Sur-
rescaling would mean that the new state would need to bgrisingly, all three methods appear to be equally efficient at
rejected. Here we describe a different method, based on tagompressing a gas when the pressure is set corresponding to
geting only the low density, cluster-free, regions of the con-a state point at which the p6 phase is stable. We may expect
figuration. Instead of rescaling the coordinates of particleshat the large width strip moves should be more efficient than
within the whole box as a route to changing the density, wghe small ones; however, the rate at which the density
propose a volume trial where a region, in the form of a stripchangegwith “Monte Carlo time”) is essentially the same
of variable width which spans the simulation box in 2D, is for these methods. Presumably, although the large strip can
added or removed. The idea comes from a scheme devisegmove a large volume, these moves are more likely to be
by Mackie et al** in the context of a similar problem en- rejected since a relatively large number of particles must be
countered in the simulations of lattice polymétsyhere a  redistributed. In contrast, typically no particles need to be
whole lattice line(in 2D) or plane(in 3D) is added or re-  redistributed for the narrow strip trial. As the density ap-
moved. proaches liquid-like densitiegnore than about 30% of the
Any proposed volume trial must satisfy detailed balancecjose packed densitythe self-adjusting route works more
If we consider a strip of widthix chosen randomly from a efficiently than either. Somewhat surprisingly, the most effi-
rectangular box, containindl particles and having sides of cient way to equilibrate the volume at these densities using
dimensions, y, then the probability that this strip contains  tpe strip trial is to use extremely narrow stris0.01—

particles is 0.0%0). Again, this can be understood in the sense that, on
NI 217 x— dx]N-" average, no particles need to be redistri.bu.ted fro.m such a

P(n,x)= nllx < (6) narrow strip and so no overlaps occur. This is also important
when the cluster formed percolates from one side to the

In order to construct a scheme that satisfies detailed balan@her, as very narrow strips can still be removed between two

and samples the correct limiting distribution, the probability " more “bound” particles. S .
of adding a strip of widthdx to a box of sidex, and moving Note the difference between this situation and that with

n particles from elsewhere in the box into this new regionlconventional constant pressure trials. For this method, the
should be equal to the probability for the reverse move ofPossibility of rejection is approximately proportional to the
eliminating strip of widthdx from a box of sidex+dx and probability that a pair of particles are tightly bound in the
redistributing then particles over the rest of the box. In other N&rrow strip. In contrast, for conventional moves, this is ap-

words proximatgly proportional to t.he probability' tha’F a tightly
bound pair occurs anywhere in the box. This said, however,
Pe(X)P(Xx—x+ dx,n)Pglccept the method is not perfect as large gaps may occur when the

cluster percolates across both box dimensions, and the simu-
lation will eventually become bottlenecked if the motion of
where the superscriptsand r refer to the “forward” and thg pqrticl_es a_rom_md the edges of the cluster is very slow. In
“reverse” trial moves andPg(x) is the probability that the this situation, it is clearly better tc_) start frqm a numb_er of
box has side of dimensior. As the system is based on crystals of. predefined structure, V\{Ith no voids, to obtain the
hard-body interactions, if an overlap occurs between the redigh density branch of the equation of state. Although the
distributed particles, the trial is immediately rejected. Fol-cOmpression branch will never match the expansion side of
lowing an argument similar to that of Macke al, we ob-  the equation of state due to the voids, jumps in the density in

= Pg(x+dx)P(x+dx,n—X) P, .. ,P(N,x+dX), (7)

accep

tain the compression branch at least indicate that a transition has
taken place on increasing the pressure.
chcept_ v X dx|N g Simulat_ilons were perfqrmed using ju_st conventipnal
pr t_ e X ) moves andii) both conventional volume trials and strip vol-
accep

ume trials, chosen at random. Using the strip method, we
We have described the method for a hard body 2D systeniind that initial equilibration from a gaslike system at low

using trials in thex direction only, but clearly extensions to density to a condensed system is much more efficient than
allow trials in they direction for a 2D system and trials in 3D using traditional moves alone. The rate at which the density
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changes is between 20 and 50 times faster than using trad  os
tion moves alone, although this is clearly temperature depen 7™
dent. Indeed, at high temperature, clusters should not forrr
and so no equilibration problems would be observed, al-
though we are not so interested in this regime. By increasing
the pressure, we have observed the formation of p6 and p: °2
type clusters, which eventually percolate through the simu-
lation box. However, we should point out that, while the
simulations give us an idea of the pressure range over whict
the phases are stable, they are not a good route to accura
thermodynamic data. This is because, for example, if an !
empty p6 structure has formed in a system with fixed number
of particles, the change from an empty lattice to a full lattice
is a very large perturbation. Some of the lattice must be
destroyed, such that the lattice still fits in a commensurate
W_ay Into .the simulation box-and the particles r?moved redIST:IG. 5. The generic phase diagram. At low temperatures, the phase se-
tributed into the holes. This sort of system is, of coursegyence is observed to be gas-P6—P3% RBted), and presumably ends in
much more effectively simulated by allowing the number ofthe close packed solid phase at extremely high pressures. At high tempera-

particles to change thatis. in a grand canonical ensemble. &¥es, only fluid and solid phases are observed. The temperature for which
already described ' ' " the p6 phase is no longer stable is found to be lower than that for the p3

. . . . . . phase. The p3—pg3(tilted) transition appears to be continuous at relatively
The NPT simulations, equipped with the combined striphigher temperatures, and a p3-*p8ritical point is present in the phase
and traditional volume trials, become useful in the treatmentiagram. The bold letters refer to the various phases observed, as discussed

of the high density phases, in which the probability of inser-in the text(Sec. Vi.

tion is extremely low, where grand canonical simulations ei-

ther fail or are extremely inefficient. Since insertions are es; . . .

sentially forbidden, the strip moves are restricted to ones irlierent simulation runs, as we expect. However, the addition
y ' P of even a weak chirality to the particle shape may induce

which no particles are _red|str_|buted. Howev_er, we Contlnuespontaneous chirality to the p3 phase, and indeed a chiral p3
to try these types of trials, since remov@ar insertion of

. . . . : h h I I hase. At high -
narrow particle devoid strips are accepted with sllghtlyp ase may be the only stable p3 phase. At higher tempera

) - ; . tures, the p3 to p8 phase transition appears to be continu-
higher probability to conventional trials. Constant pressure P PSP bp

simulations started in the p6 pha&aken from the grand ous

ical simulati found t d the pB—n3 t At even higher densities attractions become almost un-
canonical simulationsare found to undergo the p6—p ran- important with respect to the enormous pressures applied

d ical simulati Th h - ?especially at high temperatyreand the system relaxes us-
grand canonical simu a_tlons. . us_ ?S the pressure Is Ir\'ng the most efficient packing structure, recurring to close
creased, the.PG phase is not indefinitely stable a’?‘?‘ we Okb'acking. The deviations from the hard-disc close-packed
serve a transition to the p3 phase. Somewhat surprisingly, thg cre are obviously caused by the vertices of the tri-
simulations |n_d|cate that_there are two sta_ble forms of the p_%ngles. The particles tend to interdigitate along the lattice
phase. Even if the density range over which the p3 phase i3, s and show an up—down—up—down pattern, although this
stable is rather narrow, we can distinguish between &qag ot propagate to long range. At low temperattfest
“straight” 93 ar]d a "t'l_ted" p3* phase at low temperaturgs_, is, ones in which attractions are importantlose-packed

as shown in Fig. 4, with the former stable at lower dens't'e%onfigurations melt to the p3 phase, followed by the p6
and the latter at higher densities. In the straight version, thﬁhase and finally a 2D gas phase. HO\’Never at high tempera-
three vertices, representing segment Hin the real systeny req(that is, ones in which the attractions do not really play
join at a cell corner rigorously at 120°. In contrast, in theany rolg, we have found melting from the close-packed
tilted version, the three vertices assemble slightly off-centergi,cture to a disordered fluid system. That is, the p6 and p3
Hysteresis, and small density jumps, in the equation of statghases are unstable with respect to these two phases. At in-
obtained from the NPT simulations suggests that the transksmediate temperatures, the p3 phase is observed on expan-
tion between these two states is first order. As the pressure i§ony of a close packed system, but this phase then melts
increased, the tilted version has to respond by using thgjrectly to the disorded fluid, indicating that the temperature

available volume more efficiently, and we observe that thgange of stability for the p3 phase is extended compared to
tilt angle increases as the density increases, acros@éte  inhat of the p6 phase.

row) range of stability of the tilted p3 phase. The tilt angle

is constant in magnitude and sign for all the trimers within

the (smal) systems we have investigated. Thus the whoIeV”' PHASE DIAGRAM
system responds to the density increase by tilting in the same The phase diagram, derived from combining the stable
direction, even though the model trimers are not chiral themphases and coexistence densities obtained from the different
selves. Presumably, a random fluctuation to a chiral-typsimulation techniques at different temperatures, is drawn
cluster propagates though the system. Indeed, we have obehematically in Fig. 5. In this section we briefly comment
served the two possible orientations for the tilt angle in dif-on the location of the phases.

04

0.2

0.0
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At high temperatures, the fluid phas&) and a close- and p3, and quantitatively the 15% density gap at the tran-
packed solid(B), resembling a slightly distorted hard disc sition between these phases. The honeycomb network in the
compact structure are observed. We find no evidence for p6 phase can be mapped onto an ideal lattice gas problem,
liquid-gas type transition, that is, one ending in a criticaland the simple statistical mechanical theory reproduces the
point, for this range of attractions. However, we havesimulation data with no adjustable parameters. The phase
checked that such a transition exists when the range is suffdiagram, derived by combining information from comple-
ciently large ¢.~0.50) as predicted by theofy, although  mentary simulation techniques, indicates that a low density
for this range the attractive potential is not localized and thegyas phase and a high density close-packed solid phase should
model is clearly not a good model for annexin V. At lower occur, although these may be inaccessible experimentally.
temperatures a very low-density gas undergoes a transition to It is clear that, although the model described in this pa-
the p6 phase upon increasing the chemical potential. Thper is relatively crude compared to the atomic detail model
low-density boundary of the p6 phase is an empty honeywhich could be constructed from the chemical structure of
comb lattice (C). On increasing the chemical potential- the molecules, such models should provide a useful test-bed
density—pressure, the empty cages are gradually filled bfor ideas concerning the mesoscopic assembly of biological
“adsorbed” trimers(D) until all the holes are filledE). The  systems, since they can tackle the large length scales pre-
system is driven into the p3 phase through a first-order traneluded in an all atom description simulation.
sition. Even if the density range over which the p3 phase is
stable is rather narrow, we can distinguish between an “unACKNOWLEDGMENTS

tilted” (F) p3 and a *tilted” (G) p3* phase. In the filted The work of the FOM Institute is part of the research
variant, three vertices join at a bonding site slightly off cen-program of “Stichting Fundamenteel Onderzoek der Mate-
ter. The system responds to a density increase and tend {g" (FOM) and is supported by NWO. M.G.N. acknowl-

pack more efficiently by increasing the tilt, albeit with a gqges financial support from the “Marie Curie Fellowship”

slight energetic cost. The “chirality” of the bonding centers gy contract No. ERBEFMBICT982949.

arises spontaneously during the simulation and is consistent

throughout the sample. The critical temperature above whichtsee, for example, L. X. Yeu, J. B. Peng, M. A. Hediger, and D. E.

the p3 phase is no longer stable is found to be above that forClapham, NaturéLondon 410, 705 (2002; L. W. Runnels, L. X. Yue,
the p6 phase. and D. E. Clapham, Scien@91, 1043(2002).

. . 2W. M. Gelbart, A. Ben-Shaul, and Didier RouMicelles, Membranes,
We should point out that, whilst these phases can be Microemulsions, and MonolayefSpringer-Verlag, New York, 1994

observed for the simple model, they may not all be stable for3p, pemange, D. Voges, J. Benz, S. Liemann, P. Gottig, R. Berendes, A.
real annexin V systems. For example, as already pointed out,Burger, and R. Huber, Trends Biochem. St9, 272 (1994.
i ; i i ; ; i O. G. Mouritsen, Curr. Opin. Colloid Interface S8i.78 (1998.
if thehpartlcle §hapl)e |sl_li:h||ralhth|shmay Ieiad to a single, tilted 5M. G. Noro and D. Frenkel, J. Chem. Phyld4 2477 (200.
p3 phase. .It IS also likely t.at the real systems cannot baP. G. Dommersnes and J. B. Fournier, Eur. Phys. 12 (1999.
forced to high enough density to observe the close packedw. M. Gelbart, R. P. Sear, J. R. Heath, and S. Chaney, Faraday Discuss.
structure; recall that we are only simulating the surface, and, 122 299 (1999. .
not the solution above the surface. In reality, if the protein I Ca1sson, M. Maimsten, and P. Linse, J. Phys. Chent0§ 12190
so_lution_ density i§ S0 high as to force the surface density INteg £ zgiris and R. D. Kornberg, Natuteondor 301, 125 (1983.
this region, then it is unlikely that the surface can be thought®A. Brisson, A. Olofsson, P. Ringler, M. Schmutz, and S. Stoylova, Biocell
of as an isolated entity. However, the predicted phase dia; 80, 22_18,9949- . b chi
gram does raise some interesting questions, such as do the p nEeAV'aBr'ir;es’oxv' JBesrﬁﬁglagsiSngifezréfiz“ggéerewo i Tl Govoruiding,
a.nd p6_phases melt at different temperatures as found in theg mosser, C. Ravanat, J.-M. Freyssinet, and A. Brisson, J. Mol. Biol.
simulations, or do both phases disappear at the same tem=217, 241(1991).
. . .. 13 oL .

perature. Also, the simulations indicate that the p6 phase'- Reviakine, W. Bergsma-Schutter, A. N. Morozov, and A. Brisson, Lang-

« » ; muir 17, 1680(2001.
could_be carefully _Washed of the c_aptured_ trimers by de- 1), o’ Noro, M. A. Bates, A. Brisson, and D. Frenkel, Langmirpress.
creasing the protein concentration in solution, to leave ansa. risson, W. Bergsma-Schutter, F. Oling, O. Lambert, and I. Reviakine,
empty honeycomb structure of reproducible dimensions J. Cryst. Growthl96 456 (1999.

. . 16 H H :
which could be used for templating. As far as we are aware, A Brisson(personal communications -
D. Frenkel and B. SmitUnderstanding Molecular SimulationfAca-

this has not been investigated to date. demic, New York, 1995
18T, Hill, An Introduction to Statistical Thermodynamigover, New York,
VIIl. CONCLUSIONS 1986.

) ) . o M. P. Allen and D. J. TildesleyComputer Simulation of Liquidéxford
The bulk thermodynamic properties of annexin V origi- University Press, Oxford, 1987

nate from a varied and complex combination of interactions:°For a review on the cluster move, see K. Bindapplications of the

; : : Monte Carlo Method in Statistical Physi¢Springer, Berlin, 1984
Nevertheless, a S|mple model based on the interactions bglA. D. Mackie, A. Z. Panagiotopoulos, D. Frenkel, and S. K. Kumar, Eu-

tween pai_rs of molecules ?s able to reprodu_ce qualitatively rophys. Lett.27, 549(1994.
the experimental observation of two crystalline pha§®s  ?°M. G. Noro and D. Frenkel, J. Chem. Phyd3 2941(2000.

Downloaded 11 Oct 2004 to 145.18.129.130. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



