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General Model for Lipid-Mediated Two-Dimensional Array Formation of
Membrane Proteins: Application to Bacteriorhodopsin

Mads C. Sabra, Joost C. M. Uitdehaag, and Anthony Watts
Department of Biochemistry, University of Oxford, South Parks Road, Oxford OX1 3QU, England

ABSTRACT Based on experimental evidence for 2D array formation of bacteriorhodopsin, we propose a general model for
lipid-mediated 2D array formation of membrane proteins in lipid bilayers. The model includes two different lipid species,
“annular” lipids and “neutral” lipids, and one protein species. The central assumption of the model is that the annular lipids
interact more strongly with the protein than with the neutral lipids. Monte Carlo simulations performed on this model show that
2D arrays of proteins only form when there are annular lipids present. In addition, no arrays form if all of the lipids present are
annular lipids. The geometry of the observed arrays is for the most part hexagonal. However, for a certain range of low annular
lipid/protein ratios, arrays form that have geometries other than hexagonal. Using the assumption that the hydrocarbon chains
of the annular lipids are restricted in motion when close to a protein, we expand the model to include a ground state and an
excited state of the annular lipids. The main result from the extended model is that within a certain temperature range,
increasing the temperature will lead to larger and more regular protein arrays.

INTRODUCTION

The resolution of membrane protein structure is one of thehodopsin (Henderson et al., 1990). Recently the structure
major challenges of modern biophysics. The traditionalof the surface of bacteriorhodopsin has been determined to
method of protein structure determination, x-ray crystallog-high resolution by electron diffraction methods (Kimura et
raphy, fails in most cases to produce high-resolution strucal., 1997).
tures of membrane proteins because of the difficulty of Electron diffraction applied to 2D protein arrays is also
obtaining large well-ordered three-dimensional crystalsthe basis for the progress made toward determining the
Only a few high-resolution structures of membrane proteinsstructures of the bacterial porins OmpF (Sass et al., 1989)
have been obtained with this method. Among these are thgnd PhoE (Jap, 1988; Jap et al., 1991), of plant light-
bacterial photosynthetic reaction center (Deisenhofer anflarvesting complex Il (LHC-II) (Khlbrandt and Downing,
Michel, 1989), the very first membrane protein structure to19g9: Wang and Khibrandt, 1991; Khlbrandt and Wang,
be determined to high resolution, bacterial porins (Weiss e{g91: Savage et al., 1996; Falchmann anthlktandt,
al., 1990; Pebay-Peyroula et al., 1995; Cowan et al., 1995)1996), of erythrocyte band 3 protein (Wang et al., 1993),
light harvesting complexes (McDermott et al., 1995; Ko- anq of frog rhodopsin (Unger et al., 1997).
epke etal., 1996), cytochroneexidases (lwata etal., 1995, The applicability of electron diffraction methods to de-
Tsukihara et al., 1996), and a photosystem | compleXermine membrane protein structures relies heavily on the
(Krauss et al., 1996; Schubert et al., 1997). Also, mor&,4ijahility of large well-ordered 2D arrays of the mem-
recently, the structure of bacteriorhodopsin has been detef;5ne protein in question. Very few membrane proteins
mined at 2.5 A (Pebay-Peyroula et al., 1997). form 2D arrays in vivo. An example is bacteriorhodopsin
An alternative approach to obtaining molecular Str“Ct“re%Blaurock and Stoeckenius, 1971), which also forms arrays

?f memblrar:e pr(()j'ffeflns.t albeit "’;LIO(;N‘R:S ’?f) ;etsth\‘:l'or;’_ 'S"in a predictable way in vitro (Sternberg et al., 1992). How-
0 use etectron ditiraction methods applied to tWo-dimen-q o 105t membrane proteins do not form arrays in vivo,

sional (2D) membrane protein arrays. These methods Werkhd it is therefore of great importance to develop methods to
originally applied to obtain a three-dimensional (3D) model

f o ¢ . .
of the purple membrane (Henderson and Unwin, 1975) an (gromote array formation in vitro (for reviews see-

later, a detailed map of the transmembrane part of bacterio- rarﬁ)tg%;gz Jap etal,, 1992; Dolder et al., 1996; Rigaud et

Two-dimensional arrays have been obtained of only a
limited number of membrane proteins. Apart from the ones
Received for publication 1 December 1997 and in final form 5 June 1998a|ready mentioned, examples include *Né*-ATPase
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photosystem Il core complex (Morris et al., 1997). Several
Dr. Sabra’s present address is Department of Chemistry, Technical Uni-

versity of Denmark, DK-2800 Lyngby, Denmark. other membrane proteins have also been reported to form
Dr. Uitdehaag’s present address is Laboratory of Biophysical ChemlstryarrayS but unfortunately, these arrays are often less repro-
University of Groningen, 9747 AG Groningen, the Netherlands. ducible or are not of a quality sufficient for electron dif-

© 1998 by the Biophysical Society fraction (Kthlbrandt, 1992). These observations are very

0006-3495/98/09/1180/09  $2.00 important, though, because they indicate that many different




Sabra et al. 2-D Array Formation of Membrane Proteins 1181

proteins may form arrays, and hence it is anticipated thaMICROSCOPIC MODEL AND

arrays can be obtained more predictably, provided the necGALCULATIONAL TECHNIQUE
essary conditions can be controlled, The microscopic model we propose includes two different
Reconstituting integral proteins into lipid bilayers may be

e . . . lipid species, “annular” lipids and “neutral” lipids, and one
difficult, and in the following we focus on the formation of PIC Sp P P

. . otein species. The basic assumption of the model is that
2D arrays after the proteins have already been reconstltute{ﬂe annular lipids bind more strongly to the proteins than do

into the lipid bilayer. Hence it is assumed that the process ofne neytral lipids. Furthermore, the proteins are taken to
2D array formation can be separated from the reconstitutiorlnepe| each other. This is done to make sure that observed

process, although some evidence suggests that the micellgrray formation is lipid-mediated rather than a result of
to-vesicle transition may be important for the quality of the gjrect protein-protein interactions. It should be noted that in
2D arrays obtained (Kulbrandt, 1992; Jap et al., 1992; thjs paper the terms “bind” and “binding” do not refer to the
Dolder et al., 1996; Rigaud et al., 1997). formation of a chemical bond, but to a protein and an
One of the most studied membrane proteins with respecinnular lipid being close to each other because of the
to 2D array formation is bacteriorhodopsin. The generalattractive interaction.
model we propose in this paper to describe 2D array for- To study the generic properties of the model, it is imple-
mation of membrane proteins is inspired by the experimenmented in the simplest way possible. All three components
tal evidence of 2D array formation of bacteriorhodopsinare modeled as hard disks, which are taken to be of equal
(Sternberg et al., 1989, 1992, 1993; Watts, 1995). The basisize. Apart from being simple, this choice of particle shape
assumption of the model is that some special lipids have and of the relative particle size speeds up the calculations by
stronger attractive interaction with the membrane proteingeveral orders of magnitude. More insight could be gained
than do other lipids present in the membrane. In the case df the shapes of lipids and proteins and their relative sizes
bacteriorhodopsin it has been shown that some specifi¢e€re more realistic, but this is beyond the scope of this
polar lipids are essential for 2D array formation (Sternbergdtudy and the general conclusions of the model are not
et al., 1992). changed in making this assumption. The hard disks interact

Theoretical modeling of membranes is a compromise"ia square well potentials. There are no assumptions about

between, on the one hand, complexity to provide realismfhe origin of these potentials, although it is believed that

and on the other hand, simplicity to allow for feasibility of electrostatic interactions are very important, and that hydro-

the calculations and transparency of the results (MouritseHhObIC mismatch interactions may aiso play a role. The

et al., 1995). Accurate and elaborate molecular dynamicgenerIC propertps of the modellare not expected to depend
. . . L .. ._0n the relative sizes of the particles or on the shape of the
simulations have given substantial insight into protein-lipid

interactions (Damodaran and Merz, 1994). For example?memlals' However, details of some of the properties might

. . “very well be dependent on both. Likewise, the set of pa-
Edholm et al. (1995) made a model of bacteriorhodopsin i ameters is chosen to study the generic properties of the

the membrane..H'owever, begause of .the complexity of thl?‘nodel, and not to fit a particular experimental system in
kind of model, it is only possible to simulate rather small every detalil.

systems, typically only one protein imbedded in a matrix of e Hamiltonian of the system can be written as
a few hundred lipids. The aggregation behavior of proteins
cannot be studied by this type of simulation. Therefore, we H=>V o (%), @
have chosen to use a simpler statistical mechanical model (B
and to apply stochastic (Monte Carlo) computer simulatio
methods. This type of approach has been used before

]

study protein organization in membranes (Saxton, 1992t'ype of particlei. The neutral lipids are denoted by n, the

Dumas etal., 199_7; Gil et al_. , 1997). A simple model is lessy 4 1ar lipids by a, and the proteins by, = V,,, are the
applicable for a given specific experimental system than Hotentials between particles and are givén byl

detailed one, but a simple model will often be able to grasp
the underlying physics of the phenomenon in question in a
more transparent way than a complex model.

To use electron diffraction methods on membrane pro-

I'\Nhere(i, j) denotes each pair of particles in the system and
EE.’. is the distance between the particlps= {p, a, n} is the

s N, e forx=2r
Vio=Vio=Via=Vaa={g  forx>2r (@

teins, there are two requirements that must be fulfilled. First, o  forx=zr
the proteins must be arranged into 2D arrays, and second, Vap = —k forZr<x=2r+dr ®3)
the proteins must be rotationally ordered. In the model we 0 forx>2r + dir

propose, the proteins are modeled as disks and they have ngq
internal structure. Hence we cannot study the rotational

order of proteins in an array, and in the following we shall s forx=2r
be concerned only with the formation of proteins into 2D V=1 K for2r<x=2r+dr (4)
arrays. 0 forx>2r + dir.
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d/r is the range of the interactions as measured from th&0, 0) = ng, is used as an approximate measure of the

surface of the particles, which all have equal radii, protein order and is denoted I8, In a fully ordered
Using the assumption that the hydrocarbon chains of theystem,S,,, = 1, and for a completely disordered system

annular lipids are restricted in motion when they are close tavith an infinite number of proteinsg, ., = 0. For a finite

a protein, we extend the model to include conformationakystem of proteins, ., > 0, even when the proteins are

energy and entropy of the hydrocarbon chains of the annulazompletely randomly distributed. In this study, the number

lipids. Excitations/deexcitations between conformationallyof proteins is fixed at, = 50, which givesS,,,, = 0.2 for

ordered and disordered lipid chains are expected to occur ia random distribution.

a lipid bilayer in the vicinity of the main gel-fluid phase

transition (Mouritsen and Jgrgensen, 1994), and hence we

assume that the annular lipids can be in one of two state RESULTS

Either a low-energy and low-entropy state (ground state)m the following we present the results obtained from Monte

representing a state of relatively ordered hydrophoblcCarlo simulations performed on the basic model (Eq. 1),

chains, or an excited state in which the chains are disor;
. : llowed by the results from the extended model (Eq. 5).
dered. The degeneracy of the excited state is taken to be 1 . . . . : . .
ypical microconfigurations from the simulations will be

times that of the ground state. When in the excited state . o e
. . - . T shown to give a qualitative description of the data. The
interaction of the annular lipids with the proteins is less

. -~ .~ —corresponding experimental data would be the micrographs
favorable than when in the ground state. For simplicity, ; . o
. . - gbtained from electron microscopy. As a more quantitative
when in the excited state the annular lipids have the same .
roperties as the neutral livids measure, we use the structure factor, which corresponds to
prop N pias. o the diffraction pattern, which can be obtained in an electron
The Hamiltonian of the extended model is given by . . . . . .
diffraction experiment. The intensity of the most intense
H=>V 0(%) + NE,, (5)  spotin the structure factor is used as an approximate scalar

G measure of the order in the system.

where N, is the number of excited annular lipids in the
system andE, = 1.0 is the internal energy associated with
the excitation in units okgT, wherekg is the Boltzmann
constant. The potentials between the particles remain thim the following, the number of proteins in the system is
same, except that, can now take the valup, = X, i.e., fixed atn, = 50, while the number of annular lipids in the
excited annular lipid. The potentials involving the excited system is varied. This is effectively the same as varying the
annular lipids are given by annular lipid/protein ratio. One might have also chosen to
Vo=V =V.=V. =0 5 van, However, it is easier to compare the protein order
O C (6) in different systems when, is fixed.

To determine the equilibrium properties of the model, we The upper panel of Fig. 1 shows the effect of having both
use the Metropolis Monte Carlo algorithm (Mouritsen, @ahnular and neutral lipids present in the membrane. When
1984) on a system consisting of 2000 particles. The systerdll of the lipids present are neutral lipids (Fig.A), the
is confined to a square box with side length= 100r. proteins are seen to be randomly distributed throughout the
Particles are allowed to move in the plane in small stepsSystem. This is supported by the calculated structure factor
and |0ng-range exchange of partides is app“ed (inseI), which shows no spots, except for the Oth order spot.

The simulations are always initiated from a completely The situation is the same in Fig.Q, where all the lipids
random configuration, and equilibrium is typically reachedPresent are annular lipids. The proteins are randomly dis-
after ~10° Monte Carlo steps. During the subsequent 10 tributed, and the structure factoinge) shows no spots,
(approximately) Monte Carlo steps, the microconfigurationsexcept for the Oth order spot.

(i.e., the positions, and in the case of the extended model the When both annular and neutral lipids are present, a well-
internal state, of all particles) are recorded with certainordered hexagonal array of proteins is formed. This is seen

The basic model

intervals. in Fig. 1B, where the concentration of annular lipids is 20
The structure factor§(@), of each microconfiguration Mol%. The proteins are embedded in a matrix of annular
characteristic of the equilibrium state is calculated as  lipids such that each protein has six annular lipid neighbors

and each annular lipid has three protein neighbors and three

other annular lipids as neighbors. The corresponding struc-

ture factor {nse) also reveals a very high degree of order in

the system, showing several orders of well-defined Bragg

whereR is a two-dimensional vector giving the position of peaks arranged in a hexagonal pattern.

proteini, i.e., @) is based on the positions of the proteins For low concentrations of the annular lipids, an interest-

only. ing effect is observed, as shown in the lower panel of Fig.
The intensity of the most intense Bragg spofid), § # 1. For 5 mol% annular lipids (Fig. D), the arrangement

(0, 0) is extracted, and this value, relative to the intensity ofresembles that of 20 mol% annular lipids (FigB), show-

S@ = (Z éﬁ'ﬁ), (7)
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2-D Array Formation of Membrane Proteins

FIGURE 1 Typical microconfigurations obtained from simulations of the model (Eq. 1). The top row shows the effect of having two different kinds of
lipids present in the membrané\)(No annular lipids are presenB)20 mol% annular lipids are present in the membra@gA(l lipids present are annular

lipids. The bottom row shows different geometries of 2D arrays formed at low annular lipid concentrddpsnl% annular lipids.E) 2 mol% annular

lipids. In F there are also 2 mol% annular lipids, but the rardie, of the interactions is changed frodr = 0.4 tod/r = 0.2. The proteins are denoted

by yellow circles, the annular lipids by blue circles, and the neutral lipids are represented by red circles. The strength of the inteididns=is5,

the number of proteins in the systemnis = 50, and the total number of particlesNs= 2000. The range of the interactionsd$ = 0.4, except irF.

Contour plots of the structure fact&d) in the @y, g,) plane are shown in the insets fer5 < g, < 5 and—5 < g, < 5. §(@) is calculated from each
microconfiguration by using Eq. 7.

ing a well-ordered hexagonal array of proteins in the mi-of annular lipid results in the formation of 2D arrays, as
croconfiguration and clear spots in the structure factorrevealed by the significantly high&,,,,. From 0 mol% to
Lowering the concentration of annular lipids to 2 mol% 5 mol% annular lipids, there is a steep increaseSin,.
(Fig. 1 E) results in a degradation of the hexagonal array.
The structure factorifse) shows only a few Bragg spots
arranged in a seemingly quadratic pattern corresponding to

X 4 1.0 r T . T
a quadratic array. It is not clear, however, whether the 00 ©
observed structure is slightly rectangular or perhaps even 0.8 o .
orthorhombic. An answer to this question might be found by o o
decreasing the range of the interactiadis, but keeping the o6 f 1
concentration of annular lipids at 2 mol% (FigF). Now :,JE 04 B o i
the proteins are clearly arranged in rows, with rows of »)
annular lipids between them, and the array is not quadratic, 02¢ © 00 009
but more rectangular or slightly orthorhombic, as also indi- 0.0 . . . .
cated by the structure factor. 0 20 40 60 80 100

The effect of the concentration of annular lipids on the
order of the proteins is summarized in Fig. 2, which shows

mol% annular lipids

the protein orderS,,.,, defined in above as a function of the FIGURE 2 The protein ordeg, .. as a function of the concentration of
ax

concentration of annular lipids in the system. When ther
are no annular lipids preser8,,., is low, implying that no

annular lipids in the systeng,,, is defined in the text. The ratio between
&he interaction constant and the temperature is fixdd(lg{T) = 5, and the
range of the potential id/r = 0.4. The protein concentration is 2.5 mol%,
2D protein arrays are present. Adding even small amountsnd the system consists of 2000 particles in total.
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Increasing the concentration further t620 mol% causes 1.0 T : r .

the protein order to improve only slightly. Increase of the

annular lipid concentration beyond this level leads to a 08 1 © o0 |

decrease in the protein order up+@0 mol%, wheres,,,, 06 -

becomes low again, indicating that no 2D protein arrays are g o

formed at high concentrations of annular lipids. “ 04 r © 1
Two important parameters in the model are the strength, 02 doo © 60 o 0 1

k (the interaction constant), and the rangk, of the po-

tent@ls. For simplicity, the repulswe interaction between 0-00.0 02 04 06 08 10

proteins is taken to be equal in strength and range to the d

attractive interaction between annular lipids and proteins. It

should be noted that in this very simple model, varyiig ~ FIGURE 4 The protein orderS,., as a function of the range of the

equivalent to varying the temperature. The controlling pa.potential,d/r. The concentration of annular lipids is 50 mol%, and the ratio

rameter is the ratio between the interaction constant and tHgtWeen the interaction constant and the temperatuiiisT) = 5. The
. . protein concentration is 2.5 mol%, and the system consists of 2000 parti-

temperaturel/(kgT), that is, large values dfare equivalent .= o

to low temperatures and vice versa.

The effect on protein order of varyirg(kgT) is shown in
Fig. 3. At low values K/(ksT) < 2.5), the protein order, state. Because the relative stability of the two states depends
Snax 1S below 0.2, indicating that the proteins are com-strongly on the temperature, but not &nthe reciprocal
pletely disordered. Increasimg(kgT) to above 2.5 results in  relation between the interaction constant and the tempera-
a rise in the protein order, revealing the presence of 20Oure does not hold for the extended model. By changing the
protein arrays. The slope of the curve is relatively steep tdemperature, the fraction of annular lipids in the excited
begin with, but levels off, reaching a maximunkiksT) = state is also changed, and hence the effective nhumber of
5.0; stronger interactions have not been studied. annular lipids varies with the temperature. It is therefore not

Fig. 4 shows the protein orde$,,,, as a function of the surprising that 2D array formation in the extended model
range of the interactiongl/r. At very short-range interac- depends strongly on the temperature.
tions d/r < 0.2), no 2D arrays of proteins are formed, as At fixed temperatures, the extended model is very much
seen from the low protein order. Increasing the range tdike the basic model. The only difference is that at a given
d/r = 0.2 results in a steep increaseSyf,,to ~0.8, which  temperature, a fraction of the annular lipids will be in the
indicates the presence of highly ordered 2D protein arraysexcited state and therefore have no attractive interaction
Further increases of the range caSgsg, to decrease mono- with the proteins. It should be noted, although it is not
tonically until it reaches a minimum at abodtr = 0.6, important for the results, that this fraction is not constant,
where no 2D arrays are formed. At longer range potentialdut varies in time around a mean value because of the
(d/r > 0.6), no arrays are formed. thermal fluctuations of the system.

Microconfigurations from the simulations of the extended
model are shown in Fig. 5. It is seen that increasing the
temperature in the chosen interval has the effect of enhanc-
We turn now to a description of the results obtained froming the ordering of the proteins. AT = 0.18 (Fig. 5A),
the extended model (Eq. 5), which includes two differentthere is some ordering in the form of a cluster containing
states of the annular lipids, a ground state and an excited10 proteins. There is also a tendency of the remaining

proteins to be close to each other, surrounded by annular
lipids in the ground state. The corresponding structure factor

The extended model

L0 : : . , shows only a few weak spots, and hence supports the

o ¢ observation of a lack of protein order in the system. When

08 o ] the temperature is increased kgT = 0.19 (Fig. 5B), at

06 L i least three protein clusters are formed. Two of these have a
z o considerable degree of order, as supported by the structure

vy 04 . factor (nsed, which reveals several orders of weak Bragg

spots. AtkgT = 0.20 (Fig. 5C), there is one large and

0.2 o © o © 1 relatively well-ordered 2D array of proteins. The order,
0.0 : ' L L however, is not perfect. The array has defects, and not all
00 10 20 30 40 50 proteins in the system are incorporated into the array. The

(ks T) structure factorifise) shows several orders of bright spots.

_ _ _ _ Fig. 6 shows quantitatively the effect of the temperature
FIGURE 3 The protein ordery, ., as a function of the interaction .
constantk/(kgT). The range of the potential @r = 0.4, and the concen- on 2D array formation as calculated from the eXten_ded
tration of annular lipids is 20 mol%. The protein concentration is 2.5 mol%, MOdel. At low temperaturesT (< 0.18) the protein order is
and the system consists of 2000 particles in total. around S, = 0.2, revealing that the proteins are not
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FIGURE 5 Microconfigurations obtained from simulations of the extended model (Eq. 5), showing the effect of increasing the temperature in a certain
interval. A) kgT = 0.18; B) kgT = 0.19; C) ks T = 0.20. The interaction constantks= 0.2, and the range of the interactionglis = 0.4. The proteins

are denoted by yellow circles, and the annular lipids in the ground and excited states by blue and purple circles, respectively. The neutral lipids are
represented by red circles. The number of proteins in the systeps50, and the total number of particlesNs= 2000. Contour plots of the structure
factor @) in the @, g,) plane are shown in the insets fei5 < g, <5 and—5 < ¢, < 5. () is calculated from each microconfiguration by using Eq. 7.

ordered. AtkgT = 0.19, S, iS significantly above 0.2, for this is that all protein configurations have approximately
indicating that the proteins are ordered to some degree, artie same interaction enthalpy because the number of inter-
at temperatures betweégT = 0.25 andkgT = 0.35,S,,.«  acting lipid-protein pairs is almost constant. Whether or-
is large as revealed in large, well-ordered arrays. Increasindered or disordered, each protein interacts with six annular
the temperature tkgT = 0.40 results in a decrease®),,  lipids. To minimize the free energy, the system has to
to ~0.2, which means that the proteins are disordered ataximize the entropy by distributing the proteins randomly.
temperatures abougT = 0.4. Decreasing the concentration of annular lipids below 60
mol% leads to an increase in the protein order, indicating
that 2D arrays begin to form. The most ordered arrays are
DISCUSSION formed at 20 mol% annular lipids, but the order remains
We have presented the results from a computer simulatiohigh down to 5 mol%.
study of a general model for 2D array formation of mem- When the total concentration of annular lipids is lowered,
brane proteins. In addition to proteins, the model involvesthe concentration is still relatively high around the proteins
two different kinds of lipids. One of these, the annular lipid, because of the attractive interaction. A given protein there-
has a more attractive interaction with the proteins than theore finds the highest concentration of annular lipids in the
other, neutral lipid. vicinity of other proteins. This favors the intermolecular
Monte Carlo simulations performed on this model showassociation of proteins leading to 2D array formation.
that large regular hexagonal 2D arrays may form if both A more appropriate way of explaining the formation of
kinds of lipids are present. If all of the lipids present are 2D protein arrays in a mixture of annular and neutral lipids
annular lipids, no arrays form (Fig. fop row). The reason s in terms of entropy maximization. Because of the attrac-
tive interaction between proteins and annular lipids, the
enthalpy of the system is at a minimum when each protein

L0 | ' ' ' ' ' has six annular lipids surrounding it. The enthalpy of the
08 F - system can be minimized, for example, by arranging the
o0 L ) -

proteins in hexagonal 2D arrays like the one seen in Fig. 1

06 i © ) B. In the system shown in this microconfiguration, there are
(,F 04 + : i 2.5 mol% proteins and 20 mol% annular lipids, that is, eight
annular lipids per protein. Hence, an alternative way of

02r o 0O 00go 1 minimizing the enthalpy would be to distribute the proteins
0.0 . . . . . randomly throughout the system each with an annulus of six

00 01 02 03 04 05 06 annular lipids. This “random” configuration maximizes the
k,T entropy of the proteins, and at first sight this seems to minimize

_ _ the total free energy of the system, suggesting this “random”
FIGURE 6 The protein orde, ., as a function of the temperature as configuration to be the most favorable configuration.

calculated from the extended model (Eq. 5). The interaction constint is However. in both cases. each protein and the area around
0.2, the range of the interactionsd& = 0.4, and the concentration of ! ! P

annular lipids is 80 mol%. The protein concentration is 2.5 mol%, and thell are not _available for t_h‘? neUtra! lipids pecause of the
system consists of 2000 particles in total. accumulation of annular lipids, that is, there is an “excluded
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area” around each protein. In the random configuration thi®nly interaction in the system (except for the hard disk
excluded area is roughly given by the area of the six annulainteractions) is the repulsive protein-protein interaction, and
lipids surrounding each protein. In the 2D array in Fid3,1 then the proteins do not order.
the excluded areas of each pair of neighboring proteins It has been shown experimentally that when reconstituted
overlap, and therefore the excluded area corresponding tato lipid bilayers consisting of only DMPC, bacteriorho-
the 2D array is only about one-third of the excluded areadopsin trimers do not form 2D arrays (Sternberg et al.,
corresponding to the random configuration. Consequently1989). Array formation of bacteriorhodopsin trimers in
each time a protein is incorporated into an array, eactbMPC bilayers only occurs when certain specific lipids are
neutral lipid gains translational entropy due to a decrease ialso present in the membrane (Sternberg et al., 1989, 1992).
the excluded area. The total entropy gain of the systenin these lipid mixtures, trimers of bacteriorhodopsin form at
therefore decreases with the number of neutral lipids, antkast two different kinds of arrays, specifically hexagonal
the tendency to form arrays decreases with an increasingrrays and orthorhombic arrays (Sternberg et al., 1993).
concentration of annular lipids. This is the reason for theThese orthorhombic arrays of bacteriorhodopsin trimers
decrease ir§,,,, With increasing concentration of annular should not be confused with the orthorhombic arrays of the
lipids seen in Fig. 2. monomers, which have also been observed (Michel et al.,
There is also a contribution to the entropy from the 1980). The experimentally observed hexagonal arrays of the
“setting free” of about three annular lipids each time atrimers have a lattice constant of 9.2 nm, and the ortho-
protein is incorporated into a 2D array. Because of thehombic unit cell dimensions are 9:95.9 nm (Sternberg et
attractive interaction, each protein imposes order on thal., 1993). The results from the model calculations show a
annular lipids in its annulus. In a 2D array, only about threesimilar difference in the dimensions of the two observed
annular lipids per protein are ordered, compared to six if theggeometries; one of the orthorhombic unit cell dimensions is
proteins were randomly distributed. Hence entropy isequal to the hexagonal lattice constant, and the other is
gained by the annular lipids when a 2D protein array isshorter.
formed. Fig. 2 shows that the optimal concentration for 2D array
At low concentrations of annular lipids, the 2D array formation is 20 mol%. However, it is obvious from the
formation cannot be explained by entropy maximization. Inmicroconfigurations shown in Fig. 1 that this optimal con-
the microconfigurations shown in the bottom row of Fig. 1, centration would be higher if the protein concentration were
all annular lipids present are incorporated into the arrays, ndigher, and vice versa. Furthermore, from geometric con-
annular lipids have been set free, and hence no entropy haterations, and from the suggested mechanism for 2D array
been gained by the neutral lipids. On the contrary, there i$ormation presented above, the size of the proteins as well
a loss of entropy (compared to a random configuration) duas the relative size of protein and lipid, is also important for
to the proteins and annular lipids being restricted in motionestimating the optimal concentration of annular lipids. A
when in the arrays. The reason that 2D arrays still form irotein such as bacteriorhodopsin, which is much larger
that the minimization of the enthalpy contributes more tothan the lipids, would attract more lipids to its annulus,
the total free energy than to the loss in entropy. thereby increasing the optimal concentration of annular
The different geometries of arrays seen in the bottom rowipids. Furthermore, as the larger protein would be able to
of Fig. 1 can also be explained in terms of enthalpy mini-share more annular lipids, the direct enthalpic forces keep-
mization. When the number of proteins exceeds the numbeéng the array together would also be larger.
of annular lipids, it is not possible for each protein to have Arrays only form if the attractive interaction between the
six annular lipids in its annulus. Because of the repulsiveannular lipids and the proteins is strong enough when com-
interaction between proteins, the opposite configuratiorpared to the temperature, as shown in Fig. 3. If the attraction
with six proteins surrounding each annular lipid is unfavor-is too low, or if the temperature is too high, 2D arrays are
able. However, it is possible to have four proteins interactnot observed. In an experiment it is the temperature that is
ing with each annular lipid, giving rise to the nonhexagonalmost easily controlled, and it has been shown that 2D
geometries seen in Fig. E,andF. The difference between bacteriorhodopsin arrays undergo a melting transition when
these two microconfigurations arises from the range of thehe temperature is increased (Koltover et al., 1997). No
repulsive interaction, which determines how close the proassumptions about the origin of the attractive interaction
teins can be without interacting. It is clearly seen that wherbetween the proteins and the annular lipids in the model
the range of the interaction is decreased frdim= 0.4 to  have been made. In the case of bacteriorhodopsin, it seems
d/r = 0.2, the proteins come closer and form long rows,clear that electrostatic interactions play a major role, be-
with rows of annular lipids in between. It is possible that cause the lipids needed for 2D array formation are highly
additional geometries of protein arrays could be observed, i€harged (Sternberg et al., 1992; Watts, 1995). However,
there were no repulsive interactions between the proteins dydrophobic mismatch interactions may also play an im-
all. portant role. It has been shown theoretically as well as
When the concentration of annular lipids is decreased t@xperimentally that lipids with a hydrophobic length which
below 2 mol% as shown in Fig. E andF, the 2D arrays matches that of bacteriorhodopsin have a tendency to be
start to dissolve, and when no annular lipids are present, theloser to the protein than lipids with another hydrophobic
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length (Dumas et al., 1997). It is not clear whether thiswhen quenched from higher temperatures (Watts, 1995).
tendency is strong enough to drive 2D array formation. Furthermore, most of the 2D arrays obtained for other
The range of the interactiond/r, is also very important membrane proteins have been produced at room tempera-
for array formation. As seen in Fig. 4, the range of theture or higher (Khlbrandt, 1992). However, if the temper-
interactions has to be in a certain interval for 2D arrays taature is too high, no arrays will form. This can easily be
form. If d/r is either too large or too small, no 2D arrays understood as a melting transition. The arrays go from an
form. This can be explained in terms of the entropy gainordered, low-temperature state to a disordered, high-tem-
from the “setting free” of annular lipids. Whedt'r is in-  perature state. In the case of bacteriorhodopsin, the melting
creased, the annular lipids and the proteins are free to mow&f the arrays has been studied by x-rays (Koltover et al.,
within a greater distance from each other without increasind. 997).
the enthalpy. Hence the order that the proteins impose on In conclusion, from a practical viewpoint for producing
the annular lipids decreases, that is, the entropy gap betwe@®D arrays for structural studies of membrane proteins, the
“bound” and “free” annular lipids becomes smaller,dis  model presented predicts that 2D array formation of mem-
increases. Consequently, increasiigdecreases the drive brane proteins may be promoted by having two different
for 2D array formation, and therefore 2D arrays are notlipid species present in the membrane. One of these species
formed when the range of the interactions is long. When aras to interact more strongly with the protein than the other.
annular lipid is bound to a protein, entropy is lost. How The relative amount of the two lipid species giving the most
much entropy is lost depends on the range of the interaceptimal conditions for 2D array formation depends on the
tions. A bound annular lipid is more restricted when thesize of the protein as well as the protein concentration.
interactions are short than when they are long, i.e., mor&urthermore, the model offers an explanation for why in-
entropy is lost for the shorter interactions. Hence binding ofcreasing the temperature might promote 2D array forma-
an annular lipid is less favorable for the shorter interactionstion, which is somewhat counterintuitive.
and decreasing the range of the interactions will lead (on
average) to fewer annular lipids around each protein, and
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