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ABSTRACT. Molecular dynamics simulations allow a direct study of the structure and dynamics of membrane
proteins and lipids. We describe the behavior of aromatic residues and lipid properties in POPE and
POPC bilayer models with théscherichia collOmpF trimer, single alamethicin and Influenza M2 helices,
4-helix M2 bundles, and two alamethicin 6-helix channel models. The total simulation time is over 24 ns,
of systems containing solvent, protein, and between 104 and 318 lipids. Various types of adjustment
between lipids and proteins occur, depending on the size of the protein and the degree of hydrophobic
mismatch between lipid and protein. Single helices cause little measurable effect on nearby lipids whereas
the 4-helix bundles, 6-helix channel models, and OmpF cause a significant lowering of order parameters
in nearby lipid chains, an increased difference between odd and even chain dihedrals in the magnitude of
the trans dihedral fractions and dihedral transition rates, and in most cases a decreased gauche population
and a decrease in bilayer thickness. An increased tilt of the lipid chains near the proteins can account for
most of the observed decrease in order parameters. The orientation of tryptophans and tyrosines on the
outside of the proteins is determined by packing at the protein exterior and non-specific hydrogen bonding
with lipids and solvent. The tyrosines in the broad bands that delimit the hydrophobic exterior of OmpF
show little change in orientation over one nanosecond. Their rings are oriented predominantly perpendicular
to the bilayer plane, with the hydroxyl group pointing toward the lipichter interface. Phenylalanines

in OmpF, alamethicin, and Influenza M2 are more mobile and assume a variety of orientations.

Lipid—protein interactions play an important role in T 501

. . . Overview of the Simulations
membrane protein folding and assembly, partitioning, ag-

gregation, and other processes, but it is difficult to obtain system _protein lipid water _ions _length (ns) _ref
detailed structural information on such interactions. Experi- Am6 ~ 6Alm 104POPC 3528 6 Na 2 22
X . Am6H 6 Alm 104 POPC 3528 2 22
mentally, spectroscopic techniques, foremost NMR, are the n\;n1 1 Am 127 POPC 3822 1 Na 2 o1
most powerful tools to study the behavior of lipids near Am1H 1 Alm 127 POPC 3822 2 21
proteins and the structure of membrane-bound or insertedFlu18 1FluM2 127 POPC 3790 2 23
peptides. NMR is able to obtain information about the FlM26 1FluM2 127POPC 4712 1Na 2 23
) - Flu34 1FluM2 127 POPC 3803 2Na 2 23
structure of membrane proteins and labeled lipids, although £\, 718 24FlUM2 110 POPC 4860 4 24
this kind of study often still presents a significant technical FluT22 4FluM2 110POPC 5236 1Na 4 24
challenge 1—3). OmpF 3O0mpF 318POPE 12992 27Na 1 8

128 POPC 2460 15

From the theoretical side, molecular dynamics simulations PoPe
(4, 5 of lipid systems have evolved to a point where ) ) ) )
complicated systems including bacteriorhodop&)n grami- aror_natlc re5|d_ues and the influence of membrane proteins
cidin A (7), and the bacterial porin Ompm)(have been  ©n lipid behavior.
studied in atomic detail. Simulations give detailed informa-  Recently, several simulation studies have addressed the
tion about the structure and dynamics of lipids and protein structure and dynamics of small proteins in bilayers, includ-
side chains. This makes it possible to study important featuresing gramicidin A (7), helices from bacteriorhodopsif, (10,
of membrane proteins, in particular the orientation of a polyalanine model helixl{), and an amphiphilic model

helix (12). However, it is difficult to obtain reasonable

R _ statistics on lipid properties as a function of the distance from
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Table 2: Sequences of the Peptitles

Alm Aib-Pro-Aib-Ala-Aib-Ala-GIn-Aib-Val-Aib-Gly-Leu-Aib-
Pro-Val-Aib-Aib-Glu-GIn-Phe

Flu18 Leu-Val-lle-Ala-Ala-Ser-lle-lle-Gly-lle-Leu-His-Phe-lle-
Leu-Trp-lle-Leu

Flu26  Ser-Ser-Asp-Prd-lu 18 -Asp-Arg-Leu-Phe

Flu34 Ser-Cys-Ser-Asg-lu 26 -Phe-Lys-Cys-lle

aFlu M2 is a 97 residues protein, only part of which is simulated.
The three different lengths are different putative transmembrane
segments, but that is, in the current context, of no real importa®e (
Flu T22 contains 4 helices with 22 residues, with the same sequence (a) Alm (b) Flu 18
as Flu 26 but without the first and last two residues.

(d) Flu 34

Several studies have examined the behavior of aromatic
residues in systems such as gramicidin18-15), porins
(16, 179, and model peptided 8). We describe the orienta-
tion and dynamics of aromatic residues, emphasizing the
differences between Phe, Trp, and Tyr. Alamethicin (Alm)
contains a Phe, Influenza M2 (Flu M2) contains one or more
Phe residues and a Trp, and OmpF contains a wide
hydrophobic band delimited by two rings of aromatic (e) Alm 6 {f) Flu T18 (g) Flu T22
residues.

We also study how the membrane proteins influence the
order parameters, chain dynamics and conformations, bilayer
thickness, and lipid tilt with respect to the bilayer normal.
These properties are of theoretical interest in thermodynamic
models describing protein insertion and aggregation and form
part of the molecular basis of the often used concept of
hydrophobic mismatchl@—20). The influence of the size
of the membrane protein on the properties of the neighboring
lipids can be compared between the small single helices,
medium-sized helix bundles, and the large OmpF trimer. The
effect of different degrees of hydrophobic mismatch between
proteins and lipid can be compared between Alm, the Flu

M2 helices and bundles, and OmpF, which have different (h) OmpF

hydrophobic lengths. Ficure 1: Snapshots of all proteins. Hydrophobic residues are light,
hydrophilic dark, and all aromatic residues are drawn explicitly.

1 METHODS Only one Alm helix and bundle is drawn; the other two are almost
the same.

1.1 Simulations
ps, OmpF) or 500 steps (1.0 ps, all others) and used for

All of systems that we study here have been described in analysis.
detail elsewhered 21—24). An overview of the simulations
is given in Table 1. In Table 2 the sequence of the peptides 1.2 Analyses

is given and in Figure 1 their structure. Briefly, OmpF has  the numbering of carbon atoms in the palmitoyl chain
been simulated in a POPE bilayer with lipid force field ryns from 1 (the carbonyl carbon) to 16 (the last tail atom).
parameters based on GROMOZS). The other systems use  The distances between lipids and protein are calculated as
POPC lipids and lipid parameters based or2@fThey give  the minimum distance between a lipid carbon (order param-
a better density in pure lipid systems but were not available eters), bond (trans fractions and transition rates), or tail
when the simulations on OmpF started. POPE has a highercarhbon atom 5 (lipid tilt) and any proteinoCatom. This is
melting temperature, a smaller area per lipid, and consider-an arbitrary choice. A binwidth of 0.8 nm (roughly equal to
ably more ordered chains than POPC at the same temperathe distance between two lipids) proved to be a useful
ture. In all systems GROMOS parameters are used for thecompromise between sufficient statistics and good resolution.
proteins 7). All systems use a group-based twin-range The first point in graphs with distance-dependent properties
cutoff of 1.0 nm for the van der Waals and 1.8 nm for the can therefore be interpreted roughly as the first layer of lipids
Coulomb interactions. Neighborlists were updated every 15 around a protein. Order parameters, chain dihedral properties,
steps (OmpF) or every 10 steps (all others). All systems wereand chain tilt are calculated for the palmitoyl chain only.
simulated at a constant pressure of 1.0 bar and a constanDeuterium order parameters were calculated in the usual
temperature of 315 K (OmpF) or 300 K (all others), using fashion g).

the weak coupling method{ = 1.0 ps,zt = 0.1 ps) @8). For the trans/gauche and dihedral transition analyses,
All calculations were carried out using the GROMACS dihedrals were divided into three bins of°6@idth, around
package?9, 30. Structures were saved every 100 steps (0.2 the gauche, gauche-, and trans minima. The trans fraction
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FiGure 2: A graphical view of the three examples. The dashed

line represents the plane of the membrane. The three thick lines

with arrows represent the normal to that plane, orzlasis. The

Tieleman et al.

The Flu peptides contain a phenylalanine, which is located
in the membrane interior, and a tryptophan, which is located
near the acyl chainheadgroup interface. In the 4-helix
bundles this residue is buried inside the bundle. Flu 26 and
Flu 34 contain additional phenylalanines, but these are
located in the headgroup region and are not further analyzed.
The most interesting protein is the porin trimer. Each
monomer contains two tryptophans, 19 phenylalanines, and
29 tyrosines. Trp61 is buried near the trimer axis and is
completely immobile in the simulation, 9 phenylalanines are
buried in the barrel interior or located in an external loop,
and 16 tyrosines are part of the porelining, buried in the barrel

long axis in all three snapshots is dashed with an arrow, the normalinterior or located in loops. This leaves 3 tryptophans, 30

on the ring thin solid with an arrow. In the left snapsh&t,=
—0.5 andS, = 1. Sy can assume all values by rotating around the
CpB—Cy bond, which does not chan@e. The angléf is the angle
between the long axis and thzeaxis. In the middle snapshot, the
long axis is aligned with the axis andS has the value 1. This
means tha§y can only be—0.5 and is perpendicular to thzeaxis.
Rotation around the long axis would change neitBenor Sy. In

the right snapshot shows the angle between the normal to the
ring and thez axis. The long axis is at some angle with thaxis,
andSy can assume a range of values by rotation around fhe C
Cy bond. However, the maximum value 8 is limited by the
orientation of the long axis.

was calculated by dividing the total number of dihedrals in
the trans bin by the total number of dihedrals in the three
bins. If a dihedral fell outside one of the three bins it was
not counted, nor was its bin changed. A transition was
counted if a dihedral changed from one bin to another.

phenylalanines, and 39 tyrosines in the trimer that interact
directly with the lipid bilayer.

Two parameters describe the orientation of an aromatic
residue in the bilayerSy describes the angle between the
axis, which is the axis normal to the bilayer, and a normal
vector on the plane of the aromatic side chain. A value of 1
means that this vector is parallel to thexis, and thus, the
ring itself is parallel to the plane of the membrane. A value
of —0.5 means that this vector is perpendicular tozhgis,
and thus, the ring is perpendicular to the plane of the
membraneS_ describes the angle between thaxis and a
vector from the @ to C¢ in tyrosine and phenylalanine.
Three examples and Figure 2 may clarify this. (1) If a side
chain hasSy = 1, the plane of the ring is parallel to the
plane of the membrane ar®l can only be perpendicular to
thezaxis,§ = —0.5. (2) If§ = 1, the long axis of the side

The tilt of lipids was calculated as the angle between the chain is parallel to the axis andSy can only be—0.5,
vector from chain carbon 1 (the carbonyl carbon) to 10 and perpendicular to the axis. It is still possible that the plane

the z axis. The distance of a whole lipid from the protein

of the ring rotates around the long axis, but this is not visible

was calculated as the minimum distance between carbonin eitherSy or S.. (3) If S goes from—0.5 to close to 1Sy

atom 5 and any & atom. Membrane thickness was calcu-

changes automatically, too. However, there is an additional

lated as the distance between the carbon 2 atoms of lipidsmotion, namely, rotation of the plane of the ring around the

of the two monolayers, which corresponds roughly to the
hydrophobic interior of the bilayer.

long axis, that changeSy. Thus, for most orientations of
S, Sy can assume almost the entire range fre.5 to 1

In all analyses, standard errors were calculated assumingoy rotation around the long axis.

that each lipid is an independent sample. This is likely to

In Figure 3 a few representative cases are plotted. Below

underestimate the errors slightly because there is a weakwe examine each system in more detail.

correlation between the lipids, but this is compensated for

by the extra information due to the long length of the
simulations.

2.1.1 AlamethicinThe phenylalanines in the four alame-
thicin systems have considerable freedom. Figure 3A shows
that in the single helix systems many possible combinations

The orientation of aromatic residues is described in terms occur. Whersy is high and the phenylalanine ring is oriented

of two order parameters, is defined asSy = %,(3 cog 0

— 1), with 6 the angle between the normal vector to the
plane of the phenylalanine, tryptophan, and tyrosine ring,
and the axis perpendicular to the membrafeis defined

in the same way but witl® the angle between the vector
from Cy to C¢ for tyrosine and phenylalanine and thaxis.

Figure 2 gives a more detailed graphical explanation of this.

A hydrogen bond is counted if the donresicceptor

parallel to the bilayer plane, the side chains are extended
away from the helix, perpendicular to tzeaxis. WhenS
is lower, more conformations are accessible for the long axis.
In 2 ns major changes in conformation take place. A similar
picture is seen for the Alm 6 and Alm 6H bundles, with a
wide distribution of orientations, including orientations with
the long axis more parallel to the bundle (not shown).
2.1.2 Influenza M2Similar to the case in alamethicin, the

distance is less than 0.35 nm and the angle betweenphenylalanine in the Flu monomers remains mostly in a

hydrogen-donor-acceptor is less than 60
2 RESULTS

2.1 Aromatic Residues

conformation with the side chain extended away from the
helix, almost perpendicular to the helix. Only a few short
fluctuations in this orientation occur. The orientation of the
ring itself fluctuates rapidly by rotation around the long axis,
with fast transitions (tens of picoseconds) between a parallel

The different systems contain several types of aromatic and perpendicular orientation of the plane of the ring with

residues, but not all of them are in contact with the respect to the plane of the membrane. In the short tetramer,
membrane. Alm has a C-terminal phenylalanine, which is Flu T18, the long axis is also extended and hardly changes
located at the edge of the hydrophobic membrane interior. orientation in 4 ns. The orientation of the plane of the ring
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FIGUrRe 3: The orientation of selected aromatic residues as a
function of time, defined by (left column) andS_ (right column)
(see text). (A) Phe20 from Alm 1 (black) and Alm 1H (light gray),

as examples of extended freely rotating phenylalanines. (B) Three

examples of phenylalanine from OmpF. Phe23 (black), part of the
aromatic band in OmpF, remains oriented with its ring perpendicular
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perpendicular to the plane of the membrane, but the long
axis has many possible orientations. Phe96 is buried in the
middle of the band in the cleft on the outside between two
monomers. This renders the residue nearly immobile during
1 ns, with the plane of the ring perpendicular to the plane of
the membrane and the long axis mostly parallel tozthgis.
Phel44 and Phel45 (Figure 3B) are stacked together and
are part of the aromatic boundary on the intracellular side.
Phel53 neighbors them but is part of the interior of the
hydrophobic band. It is free to move and assumes a wide
range of orientations (Figure 3B). Phel85 forms part of the
aromatic boundary on the intracellular side and is sandwiched
between Tyr180 and Tyr220. Phe265 and Phe267 are stacked
and sandwiched between Tyr263 and Tyr301 at the intra-
cellular side. Phe295 is part of the aromatic boundary on
the extracellular side, and Phe303 on the intracellular side.
Most of the tyrosines on the outside of OmpF are ordered
in two regular bands with roughly enough space between
neighboring tyrosines for another large side chain, often Phe
or Trp: 313, 275, 231, and 191 on the extracellular side and
301, 263, 220, and 180 on the intracellular side. These
residues are placed at regular 12-residue intervals on the
S-sheets that make up the outside of the protein. If we look
at the orientation of the rings and the long axis of the side
chains, we see the same picture for all 8 of them. There is

to the membrane plane, but its long axis is free to move. Phe145 little motion around the long axis. In most of these residues
(dark gray) is stacked between other side chains and is mostlythe long axis is not moving either, with the exceptions of

immobile. Phel53 (light gray) is located in the middle of the

hydrophobic band and is not restricted. (C) Three examples of

tyrosine from OmpF. Tyr90 (black) is the most flexible tyrosine
on the protein exterior. Tyr98 (dark gray) is buried in the protein
exterior and completely immobilized. Tyr180 (light gray) is a typical

residues 220 and 313. These residues make brief excursions
to orientations closer to perpendicular to #eexis, but return

to parallel. This means that all of the tyrosines in the aromatic
bands are aligned with the pore wall, parallel to #exis,

example of the 24 tyrosines that form the aromatic band on either and mostly experience only small fluctuations while main-

side of the protein.

taining their primary orientation. An example of this is given
in Figure 3C, Tyr180. Of the remaining 5 tyrosines on the

fluctuates much more, with several sharp transitions and asige, Tyr98 is deeply buried in the outside wall, with its
wide spread in orientations between the four phenylalan|nes|0ng axis exactly parallel to the axis, and is completely

during the simulation. In Flu T22, two of the phenylalanines
orient with their long axis parallel to the helix, effectively

folding the side chains against the helix. This completely
restricts the orientational freedom for the ring, and conse-

immobile over 1 ns in all three monomers (Figure 3C). The
most mobile tyrosine is Tyr90, at the intracellular side in
the aromatic band. This residue shows considerable variation
in both the orientation of the long axis and the plane of the

quently, only very small motions are seen. The other tWo , (Figure 3C). Tyr139 and Tyrl57 are opposing residues
sidegroups are extended away from the helix, and their rings 4t the intracellular and extracellular sides but are located more

fluctuate over all available orientations. Autocorrelation times
for the ring orientation can in principle be calculated, but
these yield widely varying results, from picoseconds to well
beyond the longest simulation time of 4 ns.

In Flu 18 and Flu 26, the orientation of the Trp plane
fluctuates around a mostly perpendicular orientation with

toward the middle of the hydrophobic zone than the two
regular bands (not shown). The plane of their rings is more
or less perpendicular to the plane of the membrane and does
not change much over the simulation. Their long axes are
more or less parallel to the axis. Finally, Tyr182 (not
shown) is part of a short intracellular loop but could also be

respect to the plane of the membrane. The NH group in Flu seen as part of the aromatic band. In all three monomers the

18 forms hydrogen bonds with the carbonyl oxygens of

plane of the ring is roughly perpendicular to the plane of

His13, Phel4, or one of two different ||p|dS In Flu 26 the the membrane, but the |0ng axes assume a whole range of

NH group is not hydrogen-bonded, and in Flu 34 the NH
group is bonded to water, lipid, or Asp28.

The orientation of the Trp residues in the short bundle
model is difficult to interpret, since they are pointed toward

orientations.

All tyrosines mentioned above form hydrogen bonds,
mostly with lipids and solvents. The number of hydrogen
bonds per OH group for tyrosines from the outer wall with

each other, at the inside_z and top of the bundle. In the longersolvent and lipids is about 2. Hydrogen bonding is not very
bundle they are approximately stacked on top of each otherspecific; tyrosines form a donor with any oxygen atom in
on the inside of the helix bundle and are not accessible to the lipids or water and an acceptor with the Nifithe POPE

lipids.
2.1.3 OmpF.Phe23 (Figure 3B) is part of the aromatic

headgroups.
There is one Trp on the outside of the porin, positioned

boundary of the hydrophobic band on the extracellular side. with the six-ring in line with two tyrosines that are part of
The plane of the ring in all three monomers remains mostly the regular aromatic band on the extracellular side. During
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FiIcure 4: The bi|ayer hydrophobic thickness as a function of FIGURE 5: L|p|d properties aS. fUnCtiOn. of distance from alamethicin
distance from a protein. The hydrophobic thickness was estimated (AIm 1), as example of a single helix. (A) Order parameters per
as the distance between two atoms at the ends of a more or lesdail carbon. (B) Average trans fraction per tail dihedral. (C) Average

continuous hydrophobic face of the peptides_ time between transitions per tail dihedral.
Table 3: Estimated Hydrophobic Thicknessof the Peptides and 26), and loses much of its helical structure at each end of
Lipids® the peptide.

Alm Flul8 Flu22 Flu26 Flu34 OmpF POPC POPE The effect of larger proteins on the local thickness is more
ronounced. A considerable decrease in thickness is found
Lp 2.27nm 25nm 3.0nm 3.2nm 3.2nm 2.6 nm 3.0nm 3.2nm P .
n - - - ) near Flu T18. Alm 6H and Flu T22 do not induce much
a Peptide hydrophobic thickness was calculated from a single

structure, and lipid hydrophobic thickness was calculated as the averageChange' while Alm 6, which is somewhat broader and shorter

distance between the carbons next to the carbonyl group in both leafletsth@n Alm 6H, induces a slight decrease in thickness. Note
that for the larger AIm bundles reliable data is only available

up to 2.4 nm away from the protein. The most interesting
case is the porin, for which we can calculate the bilayer
thickness over 4 nm away from the protein. The first two

the simulation, this Trp in all three monomers orients mostly
with the aromatic plane perpendicular to the plane of the

membrane, with short fluctuations from an angle of 8 |, 015 of Jipids are affected and show a considerable decrease

about 60 with the plane of the membrane. The direction of ;" ness, whereas the next three layers are close to the
the NH-vector fluctuates slowly and is different in the three POPE bulk thickness.

monomers. In the first the angle between the NH vector and 2.2.2 Lipid Order and Mobility. Single HeliceQverall,
the z axis slowly fluctuates between about°hd close to

0°. In the second monomer this angle remains more or less
constant at close to°0and in the third monomer a very
sharp transition in a few picoseconds is seen from an
orientation parallel to the axis to an orientation perpen-
dicular to this axis. Each tryptophan is hydrogen-bonded to
6 different water molecules during the simulation, as well
as to a neighboring glutamate.

the effect of single helices on the order parameters of the
lipids is small. One example of a single helix is given in
Figure 5. The most obvious effect is a lowering of the order
parameters in the upper half the lipid chains for the first two
bins. The difference between the bins is smaller for the three
Flu peptides, although the overall picture is the same. The
effect of the helices on the trans ratios is small. The increased
alternation of trans ratios with dihedral number indicates a
tilt of the lipids adjacent to the protein, because such a tilt
aligns one-half of the bonds more with thexis than the
2.2.1 Local Thickness of the Membramow do lipids other half. Rotations around bonds parallel tozlagis occur
behave in the vicinity of a protein? The first and most more readily than rotations around bonds that are at an angle
obvious change that might occur is a change in the local with thez axis. This is consistent with a direct evaluation of
thickness of the bilayer around proteins. This local thickness the tilt angle. The dihedral transition times for Aim 1 in
is plotted in Figure 4. It is clear that it is difficult to get Figure 5 are representative for all 5 single helices, both in
accurate averages, particularly in the case of single helicesirend and in magnitude. Adjacent lipids exhibit slightly
The shortest peptide, Flu 18, causes a small local decreasslower transitions.
in thickness. Flu 26 causes a considerable increase in Helix BundlesThe four helix bundles give better statistics
thickness. AlIm 1 and Alm 1H are similar and have little on lipids close to the protein due to their larger size. As
effect. The behavior of these four systems can be explainedrepresentative examples the order parameters, trans fraction,
by the estimated hydrophobic thickness of the peptides, and dihedral transition times are given for Flu T22 in Figure
summarized in Table 3. Flu 26 has a considerably longer 6. There is a significant decrease of order parameters in the
hydrophobic segment than the other peptides. Flu 34 is evenfirst ring around the bundle, but not further away. The same
longer, but this peptide bends in the middle, has a largeris true for the trans fractions and dihedral transition times,
overall tilt (ca. 28 with the z-axis, compared to 10 for Flu  only the first ring of lipids is affected. The trans fractions

2.2 Lipid Properties
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Ficure 6: Lipid properties as function of distance from Flu T22,
as example of a helix bundle. (A) Order parameters per tail carbon.
(B) Average trans fraction per tail dihedral. (C) Average time

Ficure 7: Lipid properties as function of distance from OmpF.
(A) Order parameters per tail carbon. (B) Average trans fraction
per tail dihedral. (C) Average time between transitions per tail

between transitions per tail dihedral. dihedral.
are lower than in bulk lipids and the dihedral transition times partitioning of host-guest peptides showed that the aromatic
longer. This picture does not differ much from the results residues are very hydrophobic at the lipid-water interface
for Aim 6 and Alm 6H, which also show slightly lower order  (32). In other systems, more specific roles for, in particular,
parameters and trans fractions in the first ring around the tryptophans have been postulated: anti-aggregation properties
bundle and slightly slower dihedral transition times. In Flu (18), conductance-regulating propertieg3), and as deter-
T18 the order parameters are much lower than in the otherminants of translocatior3).
three bundles, but in that system too the effect is limited to  From our simulations, it is not clear how aromatic residues
the first ring of lipids. Transition rates and trans fractions would stabilize peptides or proteins in the bilayer. In a naive
are little affected. The strong alternation with dihedral picture, the rings of aromatic residues would act as floats
number of both the trans fraction and the transition time is on the rough sea which is the headgroup zone. However,
related to a tilt of the lipid molecules. The average tilt angle the mostly perpendicular orientation of tyrosines, the random
of the palmitoyl chain in bulk POPC is 32+ 1°. In Flu orientations of phenylalanines, and their rapid changes in
T18, which shows the biggest deviation from bulk near the orientation do not support this image. Tyrosines and tryp-
protein, it is 38 £ 5°. tophans are typically hydrogen-bonded, but not in a specific
Porin. The largest protein, OmpF, has the most pronounced Way. The number of sodium ions in the simulations is too
effect on neighboring lipids. In Figure 4 we saw a decrease low to draw conclusions about the effect of these ions on
of 0.4 nm in the local hydrophobic thickness near the porin. the aromatic side chains. The orientation of the side chains
Figure 7 shows the order parameters, trans fraction, andappears to be determined by their general amphiphilic
dihedral transition times for OmpF. The first ring of lipids character and their location in the membrane protein. The
around the protein has much lower order parameters thananchoring and mechanical stability provided by a large scale
bulk lipids. This effect perpetuates to the second half of the hydrophilic-hydrophobie-hydrophilic division of the out-
lipid tails further away from the protein. The trans fraction Side of the protein should outweigh the effects of individual
is correspondingly lower. The overall increased order residues. However, although the simulations give insight into
parameters and trans fraction compared to the same properthe dynamics and orientation of the aromatic side chains,
ties in the other systems are due to the use of POPE.they do not give information about the way the side chains
Interestingly, the average dihedral transition times are not Would be distributed without being attached to a protein,

slower for lipids closer to the protein. The average tilt angle Which is related to the free-energy contribution of having
for the pa|mitoy| chain less than 0.8 nm away from the porin an aromatic side chain at the interface. Detailed simulations

is 30° & 2°, whereas the bulk value is 23 1°. The effect ~ on the side chains by themselves, NMR, and diffraction

of this extra tilt on the order parameters would be a decreaseexperiments will possibly provide this information.

to 85%, close to the observed difference. . .
° 3.2 Lipid Properties

3 DISCUSSION The effect of the proteins on the lipids depends on the

size of the protein and the difference in hydrophobic length
between the protein exterior and the membrane interior. It

The abundance of aromatic residues in membrane proteinshas been shown that this hydrophobic mismatch can give
has been noticed since the first structures became availableaise to drastic effects such as phase separation or a change
(31). Several general roles have been attributed to them,in phase 18, 20), when the mismatch is large enough. In
including mechanical stabilityl() and special dielectric ~ our simulations, we have mild cases, which will be quite
properties at the acyl chaitwater interface16). Studies of common.

3.1 Aromatic Residues
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The largest effects occur in OmpF. The local thickness of scale in most experiments, compared to the diffusion
the bilayer near the protein is about 0.4 nm less than the coefficient of lipids, makes it hard to study lipids near
bulk value, the order parameters of carbons close to theproteins. Some data are available on rotation rates of lipids
protein are about 15% lower, and the trans dihedral fraction bound to or close to proteins, studied by, for example,
is about 10% lower. A larger tilt angle of the lipid chains fluorescence36) or ESR @7), but the conclusions are too
with the bilayer normal can explain the decreased order general to be compared with our simulations. Vogt et al.
parameters, if we assume that the deuterium order parameterstudied the order parameters of a carbon chain covalently
can be taken as a product of two contributions: the attached to gramicidin A38). This is an elegant way to make
orientation of the €D bond around the lipids molecular sure the lipid chain remains close to the protein. They found
axis, and the orientation of the molecular axis around the that the first carbons are greatly affected by the protein, with
normal to the bilayer. An increased tilt of the lipid long axis much lower order parameters and two deuterium splittings
would decrease the contribution of the molecular axis, and at each of the first three carbons, indicating that the
therebyScp, even if the orientation of the deuterium atoms deuteriums in those positions are not equivalent. The second
with respect to the chain did not change. In this case, the half of the chain showed no change in order parameters
observed increase in tilt angle from2® 30 can account  compared to bulk value§; measurements showed that the
completely for the decreased order parameters. However, thisnobility of the first few carbons is much lower than for the
increased tilt only reduces the bilayer thickness by about 5%. rest of the chain. These results agree with ours to the extent
The remaining decrease in thickness must be caused by arhat the effects for a chain near a small peptide are not very
increased gauche fraction. Because in the lipid chain adjacendrastic, but the systems are too different for an exact
bonds are at an angle of about 108ith each other, the  comparison.
increased tilt angle of the chain as a whole, combined with  Older deuterium NMR on bilayers with embedded proteins
the fact that the lipid molecules do not rotate isotropically found little effect of the proteins on order parameters, but
about their long axes3p), aligns one-half of the bonds more averages over all lipids on a long time scale in an inhomo-
with the z axis than the other half. This causes a stronger geneous membran&9). However, recently De Planque et
alternation in trans fractions and dihedral transition times, al. have presented a detailed study of the effect of peptides
because rotations around bonds aligned wittztiels occur with different lengths on the mean thickness of bilaydd.(
more readily than rotations around bonds that are at an angleThey calculated the mean bilayer thickness from deuterium
with the z axis. NMR order parameters in bilayers of ditPC, di-G4PC,

A similar effect is seen in the helix bundles. Both the order di-C;6-PC, and di-Gs-PC with a family of synthetic hydro-
parameters and trans fractions are lower near the protein,phobic polypeptides (called WALP peptides) with different
and there is a significantly stronger alternation between odd lengths. In general, longer peptides in short lipids caused an
and even dihedrals for trans fractions and transition times. increase in the mean bilayer thickness, whereas short peptides
The largest effects are found in Flu T18, where the order in longer lipids caused a decrease. Certain intermediate
parameters for carbons near the headgroup are up to 30%ombinations showed no measurable effect on thickness. In
lower for the neighboring lipids than for the other lipids. all cases where there was a hydrophobic mismatch, the
The increase in tilt angle of lipids near the bundle is change in thickness by itself was not enough to compensate
correspondingly large. This correlates with Flu T18's short completely for the mismatch. These results are very similar
hydrophobic length and a significant mismatch with the to the results for our single helix simulations, but the
lipids. simulations give the local thickness as a function of the

Near the single helices, all effects are less pronounced,distance from the helices as well.
but in general, there is an increase in the magnitude of the There have been several theoretical studies of proteins in
alternation between even and odd dihedrals. As an overalllipid bilayers. In an early molecular dynamics simulation on
mechanism of adjustment, it seems lipids around a proteina model membrane with simplified lipids, Edholm and
tilt a little, causing a decrease in order parameters and aJohansson found no evidence for lipids that are tightly bound
stronger alternation between even and odd dihedral transto helices 41). Several effects were observed, depending
fractions and transition times. The effect on the magnitude on the helix side chains, including changes in order param-
of transition times is small. If more adjustment is needed, eters, trans ratios, and dihedral dynamics, but overall the
an increase in gauche fractions causes a further reduction ireffect of the single helices on the lipids was not strong. The
bilayer thickness. Although our simulations did not include number of lipids used in most recent molecular dynamics
a clear case where the protein is much longer than thesimulations of membrane proteins is usually too small to
hydrophobic thickness of the bilayer, we can speculate aboutcalculate lipid properties as function of distance, and the
what would happen. In such a case, the tilt of the lipid chains focus is usually on the protein. Shen et al. found little effect
might decrease, causing an increase in order parameters, andf a polyalanine helix on nearby lipid41). Gramicidin A
possibly the trans fraction would increase. In support of this, caused a significant increase in lipid order parameters
the order parameters close to Flu 26 and Flu 34, which have(DMPC) at a high protein concentratioid)( in agreement
a slightly longer hydrophobic length than the bilayer, are with experimental data for this system. Sperotto and Mou-
not significantly lower than those further away from the ritsen have studied the coherence length of the perturbation
peptides, and they are significantly higher than the order of lipids due to proteins as a function of hydrophobic
parameters close to the other proteins. mismatch and temperaturd?). They use a Monte Carlo

It is difficult to compare our findings to experimental approach that does include hydrophobic mismatch and
information. Labeled phospholipids can give information different protein sizes. Near the main phase transition
about the properties of lipids near proteins, but the long time temperature, the coherence length is several nanometers, but
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well above this transition, the coherence length decreases to 19.
a few tenths of a nanometer. For larger proteins and larger
hydrophobic mismatch, the coherence length increases. The 20.
results from our simulations agree qualitatively with this
dependency on protein size and hydrophobic mismatch,
although our resolution of 0.8 nm does not allow an accurate
estimate of a coherence length from the simulations. We also

did not study the effect of temperature.
Future Work.Although the set of simulations described

in this paper contains important differences in hydrophobic
length and size, it would be interesting to use a more
systematic approach to study the effect of size and hydro-

phobic mismatch in detail. One intriguing possibility is to

combine much simplified proteins such as those used in the

Monte Carlo approach of Speroti2) with simplified lipids

in MD simulations. Potentials of mean force for such
simulations can be derived from distribution functions
obtained from detailed simulations. This would allow the
extension of simulation methods to the study of lipid mixtures

and possibly of phase segregation.
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