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Insertion and Hairpin Formation of Membrane Proteins:

A Monte Carlo Study

A. Baumgartner

Institut fir Festkérperforschung, Forschungszentrum, 52425 Jilich, Germany

ABSTRACT Some particular effects of a lipid membrane on the partitioning and the concomitant folding processes of model
proteins have been investigated using Monte Carlo methods. It is observed that orientational order and lateral density
fluctuations of the lipid matrix stabilize the orientation of helical proteins and induce a tendency of spontaneous formation of
helical hairpins for helices longer than the width of the membrane. The lateral compression of the lipids on a hairpin leads to
the extrusion of a loop at the trans side of the membrane. The stability of the hairpin can be increased by the design of
appropriate groups of hydrophilic and hydrophobic residues at the extruded loop. It is shown that in the absence of lipids the
orientation of proteins is not stable and the formation of hairpins is absent. Some analogies between the formation of helical
hairpins in membranes and the formation of hairpins in polymer liquid crystals are discussed. The simulations indicate that
the insertion process follows a well-defined pattern of kinetic steps.

INTRODUCTION

The partitioning of proteins into membranes and their sub-
sequent folding are fundamental processes in biological
cells (Engelman et al., 1986; Jacobs and White, 1989; Seelig
and Ganz, 1991; Popot et al., 1994; White and Wimley,
1994; von Heijne, 1994a). Although in many cases proteins
insert by taking advantage of a complex proteinaceous
machinery (Wickner, 1979, 1994; Gierasch, 1989; Singer,
1990; Rapoport, 1992; Walter and Johnson, 1994), some,
mostly short proteins are able to translocate spontaneously
and sec-independently into membranes (Kuhn et al., 1990;
Kilian et al., 1990; McKnight et al., 1991; Beschiachvili and
Seelig, 1992; von Heijne, 1994b). Much progress has been
made in elucidating the biochemical basis of spontaneous
insertion of amphiphatic proteins into membranes (Eisen-
berg, 1984; Engelman et al., 1986; von Heijne, 1994a;
White, 1994). However, various physical aspects of this
process are not well understood, and several models for the
transport of secretory proteins across or into membranes
were proposed several years ago (von Heijne and Blomberg,
1979; Wickner, 1979; Engelman and Steitz, 1981; Jihnig,
1983).

One intriguing question is concerned with the role of the
membrane, either passive or active, during the partitioning
and folding processes of proteins (Jacobs and White, 1989;
Popot and Engelman, 1990; Seelig and Ganz, 1991). Of
course, the influence of the membrane on the translocation
process can be expected to be quite complex, and therefore
various aspects related to the thermodynamic state of the
lipids, dipolar interfacial effects, membrane curvature
(Baumgiirtner and Skolnick, 1995; Baumgirtner, 1995), and
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others have to be addressed. Although it is conceivable that
various effects do act in concert and would yield less
effectivity if working separately, it is a useful strategy to
investigate some effects of the membrane independently of
each other.

In the present study we address the question of how the
anisotropic orientational order of the lipids and their lateral
density fluctuations affect the insertion of a protein. Intro-
ducing a simplified model membrane devoid of many de-
tails of lipid molecules, I simulate the insertion process of
proteins of various chain lengths and compositions using the
coarse-grained protein model of Milik and Skolnick (1993,
1995). The method of Monte Carlo simulation has been
applied and preferred to molecular dynamics methods be-
cause of the expected slow dynamics of the translocation
process.

In recent pioneering works Milik and Skolnick (1993,
1995) have studied the insertion of various proteins (M23,
Melittin, Pf1, and fd). As in other simulations (Jidhnig and
Edholm, 1992; Sanders et al., 1991), the membrane was
geometrically defined by a hydrophobic region, but virtu-
ally without lipids. The effect of the lipids on the protein
had been taken into account by a mean orientational field
(Milik and Skolnick, 1993). The basic and important result
was that by using an appropriate hydropathy scale (Eisen-
berg, 1984; Engelman et al., 1986; Roseman, 1988; Jacobs
and White, 1989), short membrane-spanning proteins suc-
cessfully insert into a hydrophobic region.

The intention of the present work is to extend the previ-
ous studies by including lipid molecules during investiga-
tions. It will be shown that orientational order and lateral
density fluctuations of the lipid matrix are important for the
formation and stability of transmembrane helices and the
formation of helical hairpins. Helical proteins with an axial
contour length much larger than the width of the membrane
exhibit a tendency to spontaneously form helical hairpins
and a subsequent extrusion of coiled loops at the frans side
of the membrane. The stability of the hairpin conformation
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can be enhanced by introducing hydrophilic side groups
near the C-terminus and the N-terminus and in the extruded
part of the protein.

MODELS OF POLYMER AND MEMBRANE

The membrane model

Based on our introductory arguments, we want to focus during our inves-
tigations on those effects on the protein insertion that are related to the
orientational order and the lateral density fluctuations of the lipid matrix.
Under this aspect we have constructed a model membrane that exerts
essentially three constraints on a protein: 1) an entropic barrier during the
partitioning process, 2) an anisotropic repulsive environment with lateral
density fluctuations, and 3) a hydrophobic region. The simplest model
fulfilling these requirements is a monolayer of hard parallel cylinders,
representing the lipid chains, with orientations perpendicular to the x-y
plane and confined to move stochastically in the x-y plane. Rotations of the
cylinders with respect the z-direction are prohibited. The monolayer is an
assembly of M = 500 cylindrical molecules (“lipids™) confined in a unit
box of area 15,900 A2 with periodic boundary conditions in the x-y domain.
Each cylinder has a diameter of 4.9 A and a length of 36 A.

The area per chain is a = 31.8 A2, corresponding to a chain-chain
spacing of d = 6.05 A, accordingtoa = d*V/3/2. This density corresponds
approximately to the gel phase, where d = 4.8 A (a = 20 A2), whereas in
the fluid phase d = 8.5 A (a=~62.6 A?) (see, e.g., Gennis, 1989). However,
because the cross-sectional area of the chain is a, = 18.86 A2, which is
close to the area of an acyl chain in its all-trans state, but smaller than the
average area per chain, a = 31.8 AZ, a considerable amount of empty space
between the chains is provided. This empty space has to be introduced to
compensate for the impenetrability of the cylinders. Obviously, at closed
packed densities, a =~ a,, partitioning of a polymer into such a membrane
is prohibited. So, the present discrepancy between the average area per
chain and the cross-sectional area may be considered as a compromise to
support protein insertion. However, it should be emphasized that insertion
processes have been observed for higher density a = 26.3 A?also, although
on a much longer time scale. A systematic investigation of protein insertion
at various densities of lipids is certainly of importance but is not within the
scope of the present work.

The dynamics of the lipids is achieved by randomly displacing the lipids
in the x-y plane. Each move is rejected if it leads to a violation of excluded
volume conditions among the cylinders or between cylinders and the
protein.

The protein model

In calculating the conformational properties of a polymer, it is sometimes
convenient to consider the virtual bonds from one residue to the neighbor-
ing one. This has been suggested by Flory (1969) and has been applied to
proteins by several authors (Miller and Flory, 1966; Gregoret and Cohen,
1990; Milik and Skolnick, 1993). The C-a representation is used, and the
average virtual bond is 3.8 A. In the model of Gregoret and Cohen (1987)
the amino acids are represented by two or three spheres. A different Monte
Carlo model including side chains has been proposed very recently by
Sung (1994, 1995).

More recently, Milik and Skolnick (1993, 1995) have used this concept
and have developed a coarse-grained protein model suitable for fast dy-
namic Monte Carlo methods. In the Milik-Skolnick model a single sphere
of diameter o, is used for every amino acid and placed at the junctions of
the virtual bonds (“‘stick-and-ball chain”). In the present study we have
used the Milik-Skolnick model with some minor modifications.

The total energy of the protein consists of various contributions,

U = Ubond + Uangle + Utorsion + Usteric + US + UH' (1)
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Parameters for U have been estimated by various groups (van Gunsteren
and Karplus, 1982; Brooks et al., 1983; Mayo et al., 1990).
The vibrational energy of the bonds along the chain backbone is

Upona = 2, &(blby — 1)%, )

bonds

where €, = 3.6 kcal/mol and b, = 3.8 A. We used an upper and lower
bound for the extension of the spring such that Uy .4 (b > b,,) =
Upond(® < brin) = %, where by = 3.4 A, b = 42 A,

The bending energy between neighboring bonds is

> eqlcos 8 — cos 6,)?, 3)

angles

Uangles =

where €, = 2.0 kcal/mol and 6, = 89.5.
The torsional energy is

> €4l — cos[n(¢ — o)}, 4)

i,i+ 1

Utorsion =

where ¢ is the dihedral angle between two successive planes spanned by
the bonds ry;, ry,, and ry, n is the periodicity, ¢, = 52.1 is the equilibrium
angle, and €, = 1.5 kcal/mol.

The fourth term in Eq. 1 takes into account the steric interactions among
residues and between residues and lipids:

N M
Usteric = 2 2 V(rij)’ (5)

i=1j=1

where V is a hard sphere potential

0, for |—r|>0
) (6)

viry) {00, for |ri—r|<o
where o = o for residue-residue contact, and o = (op + o )2 for
residue-lipid contact. The hard sphere diameter of a residue is oP = 3.0 A,
and the diameter of a lipid is o, = 4.9 A. N is the number of residues of
the protein, and M is the number of lipids in the membrane. In general, the
effective diameter of a side-chain group depends slightly on the type of
amino acid (Gregoret and Cohen, 1990). This has been neglected in the
present study.

The fifth term in Eq. 1 is due to the hydropathies of the amino acid side
chains and the hydrophilicity of the polypeptide backbone of the protein.
The corresponding total energy of transport of the protein from a polar
aqueous environment to the hydrophobic core of the membrane is given by

N
Us = Z [Sj + Cj]g(zj)a @)

j=t

where s; and c; are the average energy of transport of a side-chain group
and a peptide group, respectively. The s; depends on the type of amino acid
side chain. Estimates of various hydropathy scales have been reported and
discussed by several authors (Eisenberg, 1984; Engelman et al., 1986;
Roseman, 1988; Jacobs and White, 1989). In the present work we have
used the parameters of the Roseman scale (Roseman, 1988). The parameter
¢; represents the hydrophilicity of the peptide group and takes into account
the loss of hydrogen bond energy of a backbone group with water during
the insertion into the hydrophobic region of the membrane. They are
assumed to be independent of j, and ¢; = ¢ = 4 kcal/mol. Because in the
present study water molecules are not explicitly taken into account, one
must introduce an interfacial profile function that describes the change of
fraction of water with distance z; — z, from the interfacial plane of the
membrane located at z,. This interfacial function is assumed to vary
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exponentially:

1
and the decay length A has been assumed to be on the order of the
interfacial regime between hydrocarbon core and the polar environment,
which is on the order of A = 5 A. Similar profile functions have been used
in other studies (Jihnig and Edholm, 1992; Milik and Skolnick, 1993).
The last term in Eq. 1 takes into account the formation of internal
hydrogen bonds. The corresponding total energy is given by

o1
2 5lh 8@) + B g@IValry).  (9)

This energy compensates for the loss of water-peptide hydrogen bonds in
the polar solvent, represented by the term ~c;g(z)) in Eq. 7, during the
partitioning of the chain into the hydrophobic core of the membrane.

The energy parameter (h; + h;)/2 is the average hydrogen bond energy
of the backbone groups i and j. In general, the average hydrogen bond
energy of each residue in the chain depends weakly on the type of amino
acid side group because of different steric interactions. However, in the
present work we neglect these differences and assume for all residues the
same parameter h; = h = —6.6 kcal/mol. This choice yields the experi-
mentally observed value of about 6 kcal/mol.

In general, the second sum of Eq. 9 has to be performed over n = N
neighboring residues. However, because of conformational restrictions in
the helical state, the main contributions are related to the third and the
fourth neighbors along the chain. Here we restrict the second summation in
Eq. 9 to these two neighbors. The factor 1/2n, with n = 2 in the case of
third and fourth nearest neighbors, is a normalization factor providing an
average energy per residue j, which is necessary to compare average
hydrogen bond energies to the average segregation energies s; and c; as
used in Eq. 7.

The phenomenological hydrogen bond potential Vyy(r;;) has to be ac-
commodated to the C-a representation of the present protein model and has
been proposed (Milik and Skolnick, 1993) as

1
VH(rij) = 1+ [(lri_rjl - aij)/K]“'

The potential has a maximum, Vy(a;;) = 1.0, at the optimal distance r; =
Ir; — | = a; between two residues i and j. The decay length k of the
potential is assumed to k = 0.1 a;;. Because the axial shift per residue in
an a-helix is 1.5 A, the optimal distance a; between the fourth and third
nearest neighbors is approximately 6 A and 4.5 A, respectively. More
accurate values are a; = 5.04 A and a, =63 A (Barlow and Thornton,
1988), which have been used in the present work.

The Monte Carlo method (Binder, 1984) is used to calculate the dy-
namic and equilibrium properties of the model system. The dynamics of the
lipids and the protein are achieved by randomly displacing their constitu-
ents. Each move is accepted if

exp ( — AU/RT) > n, an

where 0 < 1 < 1 is a random number, and AU is the difference between
the old and new total energy of the system. Otherwise the old configuration
of the system is counted as the new one. Throughout the simulations we
used a temperature of T = 305K, and hence RT = 0.606 kcal/mol. The
displacements of polymer and lipids are performed at equal rates. One
Monte Carlo step is M + N attempted moves and is defined as one time
unit.

The initial configuration of the polymer is an equilibrated random coil,
i.e., the polymer is placed far from the membrane surface, say 200 A, and
equilibrated according to Eq. 1 for about 7000 Monte Carlo steps, which is
comparable to the typical configurational relaxation time on the order of
N2. The equilibrium state is reached if the mean square fluctuation of the
radius of gyration remains constant for larger times. After equilibration the
chain is placed in proximity to the membrane surface such that the closest

(10)
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distance of any of the residues is not smaller than 10 A from the surface.
The subsequent partitioning process is then monitored.

RESULTS AND DISCUSSION

Previous studies on protein insertion (Milik and Skolnick,
1993) were mainly concerned with testing appropriate hy-
dropathy scales applied to particular single membrane-span-
ning proteins, such as M28§, melittin, Pfl, and others. In the
present work we want to focus mainly on the partitioning
and subsequent folding processes. To avoid specific yet
unknown effects due to the heterogeneity of the amino acid
sequence on partitioning and folding, we rather study pro-
teins with a homogeneous sequence of the type XY, where
Y, denotes a sequence of n identical amino acids and Xg
denotes a sequence of six amino acids serving as a hydro-
philic anchor at the surface on the cis side of the membrane.
For the present purpose the anchor sequence must not be
very specific, and we have chosen as an appropriate candi-
date a modified version of the C-terminus sequence of
melittin (see, e.g., Dempsey, 1990), X = Gly—GIln—Arg—
Lys—Arg—Lys—. For the sequence Y, we have used
leucine, which is one of the most hydrophobic residues, s =
—3.02 kcal/mol, according to the Roseman scale (Roseman,
1988).

Insertion of a short protein

The simulation of a short protein of the type X, Leu,g has
been performed to test the ability of the present model
protein to insert into the lipid matrix and to exhibit the
expected coil-helix transition during the insertion process.
The length of the hydrophobic part, Leu,g, has been chosen
to match the length of the helix with the width of the
membrane.

The average coordinate (z,) of the nth residue perpendic-
ular to the membrane surface is presented in Fig. 1. Two

\'QQ\‘\ | I |
] _‘\\ |
<z >
n
ok -
2F —
| ] ]
0 10 n 20 30
FIGURE 1 Average (z,) coordinate of residues n along the chain for the

short protein X, Leu,g (O). @, Case where lipid-peptide interactions are
ignored. (z,) is given in nanometers.
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snapshots of the protein from the side and top are depicted
in Figs. 2 and 3, respectively. These results conform to the
expected helical structure (Milik and Skolnick, 1993), with
a pitch of about 5.4 A and a rise per residue of about 1.5 A.

The orientation of the helix is perpendicular the mem-
brane surface, and the fluctuations about this orientation are
small compared to the case where steric interactions be-
tween protein and lipids are ignored. This is demonstrated in
Fig. 4 by the angular distribution function P (cos 6) of the
helical axis with respect to the membrane surface. Without
steric interactions the distribution is much broader than in
the lipid-protein case, which indicates that the orientational
order of the lipids imposes a significant constraint on the
orientation of the helical axis. It should be noted that this
difference cannot be clearly deduced from the average co-
ordinates {z,), as shown in Fig. 1, where the two curves
corresponding to the two cases do not differ too much from
each other.

It should be noted that the hydrophilic strength of the
anchor sequence X is sufficiently strong to pin this termi-
nus of the protein at the interface, and hence specific Cou-
lomb interactions between terminus group and interface are
not required.

Insertion of a long polypeptide

Because a short protein cannot react upon the finite width of
the membrane, it is of interest to examine the behavior of
much longer hydrophobic sequences. Then several conflict-
ing scenarios could be envisaged: either no partitioning at
all, or protrusion of the C-terminus into the hydrophilic
region beyond the trans membrane side, or bending back of
the helix. The results of the simulations of the protein X
Leusq are shown in Figs. 5-8.

The curves in Fig. 5 represent a typical time series of
conformations during the insertion process. The coordinates
z,(?) at four different times ¢ indicate the successive forma-
tion of a helical hairpin. The following successive kinetic

FIGURE 2 Snapshot of X, Leu,,. O, Positions of the C, atoms.
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FIGURE 3 Snapshot of X, Leu,4 from top, including the lipid molecules.
The circles represent the lipid molecules from the top.

steps take place. The middle part of the chain starts at first
to penetrate into the lipid matrix, and the a-helix develops
simultaneously from both ends of the chain toward the
middle. These two processes promote each other and lead to
the formation of a stable helical turn located about the
middle of the chain. It is important to note that the same
pattern of kinetic steps is observed, starting with various
different initial random chain conformations outside the
membrane.

The average equilibrium values of (z,) are presented in
Fig. 6 and denoted by the open circles. Snapshots of the
helical hairpin are depicted in Figs. 7 and 8 as views from
the side and top, respectively.

The importance of the lipid matrix with respect to the
formation of a helical hairpin is stressed by comparison with
the behavior of the same protein when the steric interactions
between lipids and protein are ignored. In this case the data
of (z,), denoted by the full circles in Fig. 6, rather provide

0.6 T T

0.4 .

P( cos 6)

02 —

0
0.4 0.6 0.8 1.0
cos 6

FIGURE 4 Probability distribution P(cos) of the orientation of the heli-
cal axis of X, Leu,q. @, Case where lipid-protein interactions are ignored.
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1 | |
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FIGURE 5 Insertion process of a long protein X4 Leus, characterized by
successive ensembles of the z,(r) coordinates of the n residues along the
chain at different times z. The numbers at each curve denote the Monte
Carlo time in units of 6000 time steps.

evidence of a distorted helix extending almost parallel be-
tween the two membrane surfaces.

From these observations one can conclude that if the
hydrophobic sequence prevents the protein from extension
into the hydrophilic environment at the trans side of the
membrane, then the helical molecule accommodates to the
anisotropic lipid matrix by the formation of a helical hair-
pin. It is conceivable that the concomitant loss of energy by
breaking hydrogen bonds at the turn of the hairpin must be
compensated by the gain of “steric” free energy by render-
ing semirigid helical segments parallel to the orientation of
the lipids, quite similar to lyotropic liquid crystals (Onsager,
1949; Flory, 1984).

Formation of hairpin and loop

However, the exact location of the turn along the helical
axis is, in principle, not restricted. It may fluctuate slowly
around some average location and could lead to some con-
formational instabilities. One way to stabilize the helical
hairpin would be to introduce proline (von Heijne, 1991)

0 20 n 40 60

FIGURE 6 Average {z,) coordinate of residues n along the chain for X,
Leug, (O). @, Case where lipid-protein interactions are ignored.
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FIGURE 7 Snapshot of X, Leuss. O, Positions of the C, atoms.

instead of leucine, approximately near residue n = 28 to
favor a kink at this position. Another possibility encoun-
tered in many membrane proteins is the extrusion of the
helical turn at the trans side of the membrane into the polar
environment. This could be promoted by replacing the res-
idues in the neighborhood of the turn by hydrophilic side
groups. Of course, the replacements cannot be arbitrary and
could even prevent protein insertion. The turning of size and
strength of this hydrophilic loop is a delicate task generally
related to the prediction of sequences and structures of
membrane proteins (Engelman et al., 1986; von Heijne,
1994a) and will not be pursued in the present work. Rather,
we will demonstrate at a particular protein the robustness of

4

FIGURE 8 Snapshot of X, Leus from top, including the lipid molecules.
The circles represent the lipid molecules from the top.
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the translocation process, including the formation of a he-
lical hairpin.

The formation and extrusion of such a loop and its
stabilizing effect on a helical hairpin can be studied by
simulating a protein of the type X4 Leu,, Gly,q Leuy, X,
The two sequences X at both ends serve as anchors at the
cis side of the membrane, as in the case of the protein M13
(Kuhn et al., 1990). The group Gly,,, which has a hydro-
phobicity of s = 0 kcal/mol (Roseman, 1988), can be
expected to form a loop extending into the polar region at
the trans side of the membrane. The results of the simula-
tions are presented in Figs. 9-12.

The process of formation of the helical hairpin and the
subsequent extrusion of a loop are depicted in Fig. 9 by
means of z,(#) at various times f. After the adhesion to the
cis side of the membrane surface (time = 1), the two
hydrophobic Leu sequences start to penetrate into the lipid
matrix (time = 3) and successfully pull the Gly sequence
into the hydrophobic region (time = 9). At that stage two
helical hairpins, at about n =~ 25 and n =~ 60, had formed.
Each length fluctuates at the expense of the other, until one
of the hairpins dominates (times = 13, 26, 30 in Fig. 9).
This leads to the localization of the turn at the Gly sequence.
The turn becomes finally extruded (time = 50 in Fig. 9),
forming a coiled loop outside the membrane. Because var-
ious simulations starting with different chain conformations
outside of the membrane exhibit similar time evolutions of
partitioning and formation of helical hairpins, it seems very
likely that the insertion process in general follows a certain
pattern of successive kinetic steps, as described above.

Typical snapshots of the final helical hairpin are por-
trayed in Figs. 10 and 11 from side and top, respectively.
The data of (z,) in the final equilibrium state are shown in
Fig. 12 (denoted by the open circles), and they indicate a
stable helical hairpin with an orientation parallel to the lipid
molecules. For comparison, the corresponding data of the

FIGURE 9 Insertion process and formation of a helical hairpin of the
protein X Leu,, Gly,o Leu,, X characterized by the z,(r) coordinates of
the n residues along the chain at subsequent times ¢. The numbers at each
curve denote the Monte Carlo time in units of 1000 time steps.
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FIGURE 10 Snapshot of X, Leu,, Gly,, Leu,, X,. O, Positions of the C_
atoms.

18
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same protein but without steric interactions with the lipids
are included in Fig. 12, denoted by the full circles. The
statistical error in the former case is approximately 4 A,
whereas in the latter case it is considerably larger because of
orientation fluctuations, and is probably on the order of 10
A. According to the average coordinates there is no evi-
dence of a helical hairpin, but rather a distorted bend helix
pervading the “empty” hydrophobic region. The latter case
clearly demonstrates the importance of the lipid matrix for

FIGURE 11
ing the lipid molecules. The circles represent the lipid molecules from the
top.

Snapshot of X Leu,, Gly,, Leu,, X, from the top, includ-
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FIGURE 12 Average z, coordinate of residues n along the chain for Xg
Leu,, Gly,, Leu,, Xg (O). @, Case where lipid-protein interactions are
ignored.

the formation and the stability of a helical hairpin. Without
the anisotropic steric interaction between the helix and the
lipids, the formation of a hairpin would be virtually impos-
sible. The lateral pressure imposed by the fluctuating lipids
on the growing helices after the partitioning into the mem-
brane promotes the formation of a hairpin and leads finally
to the extrusion of an extramembranous loop.

It is interesting to note that the formation of a hairpin as
a special type of conformation of a macromolecule is not
restricted to helical membrane proteins only, but can be
encountered in polymer liquid crystals as well (de Gennes,
1982; Warner et al., 1985). It is well known that periodic
polymers consisting of a repeating unit of short, rodlike,
nematogenic molecules separated by flexible spacers may
exhibit in a nematic environment a considerable amount of
hairpin defects. In this case there are two main reasons for
the formation of hairpins: the flexibility of the spacers,
which allows spontaneous reversal of the chain direction,
and the nematogenic character of the rodlike groups forcing,
in concert with the anisotropic environment, the chain to
meander in accord with the nematic director. Obviously,
hairpins are an important contribution to the conformational
entropy of the chain. Comparing liquid crystal polymers
with helical membrane proteins, even with regard to multi-
ple membrane-spanning proteins, it is tempting to suggest
some analogies by identifying the semirigid membrane-
spanning helices and their connecting coiled loops with the
repeating units of nematogenic polymers, which are the
rodlike molecules separated by flexible spacers. How far
these analogies could be used to improve our knowledge of
protein insertion is still an open question and may be con-
sidered in the future.

SUMMARY AND CONCLUSIONS

In the present work the effects of orientational order and
lateral density fluctuations on the insertion and the forma-

Volume 71 September 1996
tion of a hairpin of some special proteins have been inves-
tigated using Monte Carlo simulations. It is found that
orientational order and lateral density fluctuations of the
lipids stabilize the orientation of helical proteins and induce
the spontaneous formation of helical hairpins. The lateral
compression of the lipids on a hairpin leads to the extrusion
of a loop at the trans side of the membrane. The stability of
the hairpin can be increased by the design of appropriate
groups of hydrophilic and hydrophobic residues at the ex-
truded loop. It is shown that in the case of the absence of
lipids, the orientation of a protein is not stable and the
formation of a hairpin is not observed. The simulations
indicate that the insertion process follows a certain pattern
of successive kinetic steps. Although several simplifications
with respect the intermolecular interactions have been as-
sumed, the essential conclusions based upon the present
results seem to be promising enough to justify further in-
vestigations along this line using more elaborate model
membranes and proteins.

Of course, several other effects observed during protein
insertion have been deliberately neglected in the present
model simulations. Among others, the nonclassical hydro-
phobic effect (Seelig and Ganz, 1991; Beschiaschvili and
Seelig, 1992), which is supposed to be related to compen-
sating contributions from the desolvation of an amphiphilic
molecule and the increased hydration of the bilayer inter-
face during the partitioning process, is of importance for a
complete understanding of the thermodynamic basis of pro-
tein insertion. Other interesting effects, related to Coulomb
interactions among residues and with surface charges,
which may be of importance for targeting to and transport
across membranes (Kuhn et al., 1990), might be of rele-
vance as well.
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