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Molecular Dynamics of Individual a-Helices of Bacteriorhodopsin in
Dimyristoyl Phosphatidylcholine. 1. Structure and Dynamics

Thomas B. Woolf
Departments of Physiology and of Biophysics and Biophysical Chemistry, Johns Hopkins University, School of Medicine,
Baltimore, Maryland 21205 USA

ABSTRACT Understanding the role of the lipid bilayer in membrane protein structure and dynamics is needed for tertiary
structure determination methods. However, the molecular details are not well understood. Molecular dynamics computer

calculations can provide insight into these molecular details of protein:lipid interactions. This paper reports on 10 simulations
of individual a-helices in explicit lipid bilayers. The 10 helices were selected from the bacteriorhodopsin structure as

representative a-helical membrane folding components. The bilayer is constructed of dimyristoyl phosphatidylcholine
molecules. The only major difference between simulations is the primary sequence of the a-helix. The results show dramatic
differences in motional behavior between a-helices. For example, helix A has much smaller root-mean-squared deviations
than does helix D. This can be understood in terms of the presence of aromatic residues at the interface for helix A that are

not present in helix D. Additional motions are possible for the helices that contain proline side chains relative to other amino
acids. The results thus provide insight into the types of motion and the average structures possible for helices within the
bilayer setting and demonstrate the strength of molecular simulations in providing molecular details that are not directly
visualized in experiments.

INTRODUCTION

Understanding the restrictions imposed by the lipid bilayer
environment on membrane protein structure and dynamics
is needed for the successful prediction of membrane protein
tertiary structure. This coupling between environment and
protein is relatively well understood for globular proteins
and very poorly characterized for membrane proteins. This
is partly due to the homogeneous environment for globular
proteins and the heterogeneous environment for membrane
proteins. It is also a reflection of the relative lack of tertiary
structural information for membrane proteins relative to the
situation for globular proteins. This has made detailed mo-
lecular modeling of the interaction of membrane proteins
with their environment difficult.

Molecular level simulations of lipid bilayers and of bi-
layers with membrane proteins have been dependent on new
methods for the generation of initial states and on potential
functions that are parametrized for protein:lipid interac-
tions. Only recently have methods converged to the point
where simulations of bilayer dynamics are possible (e.g.,
see Merz and Roux, 1996). The initial state difficulties can
be understood as the long relaxation times needed for large
amphipathic lipid molecules on the molecular dynamics
time scale. Solvation in a water medium is much easier than
in membrane systems because the relaxation time for the
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water molecules is relatively fast (e.g., see Brooks et al.,
1988). With proper attention to the details of the initial
simulation set-up and with well determined potential func-
tions (Schlenkrich et al., 1996), it is now clear that mean-
ingful results can be calculated (e.g., see Bassolino-Klimas
et al., 1993; Venable et al., 1993; Pastor, 1994; Damodaran
et al., 1995; Woolf and Roux, 1994, 1996). The resulting
methods are computer-intensive, but provide considerable
microscopic insight into details of motion and interaction
that are not directly available to experiment or less detailed
computer models. This has set the stage for the possibility of
constructing representations of known membrane proteins
within the explicit bilayer setting, but the large size of
known membrane protein structures has made it difficult to
immediately perform a direct simulation of a full protein
system and lipid. For example, a simulation of the photo-
synthetic reaction center or of the recent cytochrome c
oxidase structures with explicit lipid would be a system with
on the order of 20,000 or more atoms. At present, a detailed
consideration of simplified model systems can give molec-
ular insight into motions and interactions that will be
present in larger, more complex systems as well as provid-
ing details important for a discussion of protein folding.
The recent development of an algorithm for the construc-

tion of initial starting points for protein:lipid systems used
gramicidin in dimyristoyl phosphatidylcholine (DMPC)
(Woolf and Roux, 1994, 1996). An advantage of the gram-
icidin system relative to the current system is the availabil-
ity of solid-state NMR data for direct comparison with the
simulations. The construction method uses a library of pre-
equilibrated and prehydrated DMPC lipid molecules that
represent the liquid crystalline state of the bilayer. This
allows a much more rapid approach to a realistic starting
point than is possible with gel-state starting conditions. The
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extension of this method to other systems has been used for
simulations of the pfl coat protein and a designed a-helix
[Roux and Woolf, 1996; Belohork et al., 1997 (submitted)].
A comparison of the same method applied to a large set of
peptides has not been presented.

Bacteriorhodopsin has been used as a model system for
protein structure prediction and for understanding the ther-
modynamics of membrane protein assembly (see Fig. 1)
(Lozier et al., 1975; Engelman et al., 1986; Rees et al.,
1989; Cramer et al., 1992). Studies have shown that the
helices of bacteriorhodopsin are capable of independently
assembling to form the final, functional, complex (Cherry et
al., 1978; Kahn and Engelman, 1992; Kahn et al., 1992).
This provides support for the two-stage model of membrane
protein folding (Popot and Engelman, 1990). The two-stage
model of folding posits a thermodynamic stage of protein
assembly with independent a-helices within the plane of the
bilayer. The interaction of these helices with each other then
drives the final assembly into a functional protein. This
suggests that an understanding of the motions, structures,
and interactions of the bacteriorhodopsin helices with the
bilayer would be instructive for the thermodynamics of
membrane protein structure determination. Table 1 shows
the primary sequences of bacteriorhodopsin and further
breakdown into different residue types found within each of
the seven helices. Recent work with other membrane pro-
teins has suggested that, similarly to globular proteins, an
extensive network of protein machinery exists to aid the
folding process (e.g., Do et al., 1996; Rapoport et al., 1996).
Nonetheless, it is clear from the experiments with bacterio-

Helix B

rhodopsin that thermodynamics alone can fold certain mem-
brane proteins into a functional form.
The prediction of membrane protein tertiary structures is

being pursued in several labs (e.g., Treutlein et al., 1992;
Baldwin, 1993; Cronet et al., 1993; Taylor et al., 1994;
Tuffery et al., 1994; Adams et al., 1995; Herzyk and Hub-
bard, 1995; Sansom et al., 1995; Suwa et al., 1995). The
current approach, in all cases, concentrates on helix:helix
interactions and neglects the membrane environment. This
assumption may, ultimately, prove to be reasonable. But the
validity has not been proven by calculations of the relative
strength of helix:lipid versus helix:helix interactions within
the plane of the bilayer. The analogous situation for globular
proteins has shown that the inclusion of solvent does change
the energy surface for folding (e.g., Brooks et al., 1988). For
example, it has been shown that the rational discrimination
of misfolded globular proteins depends on the inclusion of
water (Novotny et al., 1984). It would not be surprising,
then, to discover that a more accurate potential energy
surface for prediction of membrane protein folding requires
consideration of the solvent environment.

This paper presents calculations using the CHARMm
molecular dynamics program for 10 a-helix/DMPC simu-
lations. In each case the central a-helix is surrounded by 12
lipid molecules in a periodic hexagonal array within the
bilayer plane. Further periodic boundary conditions in the
direction orthogonal to the plane with TIP3 water caps
provides an effectively infinite multilayer system represen-
tative of a liquid crystalline environment. The protocol for
each simulation consisted of 100 ps of equilibration and at

Helix B

Helix A

FIGURE 1 Stereo pair of bacteriorhodopsin structure. The a-helices are shown in ribbon representation and are labeled. The structure was determined
by Henderson et al. (1990) via electron diffraction and is 3.5 A resolution in the bilayer plane and 10.0 A perpendicular to the bilayer.
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TABLE I Bactenorhodopsin helical sequences

TRP ILE TRP
ASP ALA LYS LYS

TRP
ILE

TRP TRP ALA
VAL ALA SER THR

ILE GLU THR

LEU
PHE
ALA
LEU
ILE
PHE
LEU

ALA
TYR
ARG
ALA
SER
LYS
LEU

LEU
ALA
TYR
LEU
THR
VAL
PHE

GLY
ILE
ALA
VAL
ALA
LEU
MET

THR
THR
ASP
GLY
ALA
ARG
VAL

ALA
THR
TRP
ALA
MET
ASN
LEU

LEU
LEU
LEU
ASP
LEU
VAL
ASP

MET
VAL
PHE
GLY
TYR
THR
VAL

GLY
PRO
THR
ILE
ILE
VAL
SER

LEU
ALA
THR
MET
LEU
VAL
ALA

GLY
ILE
PRO
ILE
TYR
LEU
LYS

THR
ALA
LEU
GLY
VAL
TRP
VAL

LEU
PHE
LEU
THR
LEU
SER
GLY

TYR
THR
LEU
GLY
PHE
ALA
PHE

PHE
MET
LEU
LEU
PHE
TYR
GLY

LEU
TYR
ASP
VAL
GLY
PRO
LEU

VAL
LEU
LEU
GLY
PHE
VAL
ILE

LYS GLY MET
SER MET LEU LEU
ALA LEU LEU
ALA LEU
THR
VAL TRP LEU ILE
LEU LEU ARG

Aromatics
TRP

Helix A
Helix C
Helix E
Helix F

TYR

1,3
1, 7
1, 2
16, 23

Helix A 17
Helix B 6, 20
Helix C 4
Helix E 11, 14
Helix F 19

PHE
Helix A 18
Helix B 5, 17
Helix C 9
Helix E 17, 18, 20

Charges
ASP

Helix B 1
Helix C 6, 17
Helix D 8
Helix G 10

GLU
Helix G 2

ARG
Helix C 3
Helix F 9
Helix G 23

LYS
Helix A 21
Helix B 3, 4
Helix F 6
Helix G 14

Helix F 5
Helix G 6, 17

least 250 ps of dynamics. Two simulations were extended
for an additional 250 ps for a total of 500 ps. In total, the 10
simulations and their equilibration represent a sum of 4 ns

of computer time. The present paper analyzes the trajecto-
ries for structural and dynamical properties. A second paper

(Woolf, 1997, submitted), further analyzes the 10 simula-
tions in terms of interaction energies. Preliminary results
from the simulations have been presented (Woolf, 1996).

MATERIALS AND METHODS

Initial structures

The Henderson et al. model (1990) (see Fig. 1; 1BRD) provided the
starting point for each individual a-helix (Henderson et al., 1990). The
a-helices were extracted from the Brookhaven Protein Data Bank entry and
each helix was aligned with its axis normal to the bilayer. The more

recently refined bacteriorhodopsin structure (Grigorieff et al., 1996;
2BRD) was not available at the time the simulations of this paper were

completed (Fall, 1995). The differences in the a-helix starting points (as
judged by the paper) are minimal. It could be argued that an equally
plausible beginning point for the simulations would have been a set of
canonical a-helices with the bacteriorhodopsin primary structure. Such a

starting point would have provided an interesting comparison with the
current simulations, but running another set of 10 simulations with a

different starting point would have required a considerable expense ofCPU
time. It is not clear that the gain in knowledge from consideration of
multiple possible starting points for the 10 simulations would have offset
the cost in computer time. A similar starting point (from the x-ray crystal
structure) has been used for simulations of isolated myoglobin a-helices in

water (e.g., Soman et al., 1991; Hirst and Brooks, 1995).

Simulations

The simulations used the NVE (microcanonical) ensemble. This choice of

simulation system requires an estimate for the lateral square area for each

a-helix and DMPC lipid to set the pressure. The a-helical cross-sectional
area was estimated from the CHARMm subroutine coor surface. This
routine determines the cross-sectional area within a user-defined grid.
Previous simulations of the gramicidin A channel in a DMPC bilayer
showed that this estimate of the cross-sectional area was reasonable (Woolf
and Roux, 1994, 1996). A value of 64 A2 for the DMPC cross-section was
used. This value is considered the current best estimate for this parameter
(Nagle, 1993). After these simulations were nearly completed, the possi-
bility of repeating the simulations with constant pressure algorithms be-
came an option (Feller et al., 1995; Zhang et al., 1995). The constant

pressure algorithms require the choice of a surface tension term in addition
to the normal pressure and adjust the box size during the simulation to

maintain pressure and tension constant. There is currently some debate as

to the best choices to use for these parameters (Chiu et al., 1995; Feller and
Pastor, 1996; Jahnig, 1996; Roux, 1996; Tu et al., 1995, 1996). Simulations
are currenfly being performed with this new constant pressure algorithm
and the results will be compared with the current results for a subset of
a-helices in a later publication.

The initial placement, and construction of the starting point for dynam-
ics, of the lipids around the a-helix is critical for reasonable relaxation of
the system during equilibration. This is likely to be especially important for
large, heterogeneous membrane proteins (Woolf and Roux, 1994, 1996).
To begin the current simulations, an initial choice for the placement of the

lipids was determined by a 500-ps simulation of large vdW spheres to

simulate the DMPC headgroups. The a-helix was kept rigid. The spheres
were confined to planes surrounding the phosphate region of the eventual

bilayer. This created a set of initial placements for the lipids that is

responsive to the distribution of side chains and shape of the a-helix. The

set of 12 initial positions were then used for placement of the DMPC

phosphate atoms. The same method was used for Gramicidin A/DMPC
simulations (Woolf and Roux, 1994, 1996). A set of 2000 DMPC lipid
conformations provided by Pastor and co-workers was used to initiate the

simulations from conformers representative of the liquid crystalline state

(Hardy and Pastor, 1994). This supports a more rapid relaxation than would

a start from an all-trans conformation (e.g., see Heller et al., 1993). Other

methods have been used for the generation of starting structures for

detailed molecular dynamics computer calculations. For example, Stouch's

group gradually grew in an awareness of the protein through an increasing

A:
B:
C:
D:
E:
F :

G:

Prolines
PRO

Helix B
Helix C
Helix F

13
12
20
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TABLE 2 Molecular dynamics calculations

Helix A Helix B Helix C Helix D Helix E Helix F Helix G

250 ps 250 ps 500 ps 250 ps 250 ps 250 ps 250 ps
250 ps (charged) 500 ps (charged) 250 ps (charged)

volume in the center of the simulation cell containing pure lipid (Shen et
al., 1996).

The lipids were systematically rotated and translated to cut down on the
number of bad contacts. A bad contact was defined as heavy atoms within
2.6 A of one another. Following the systematic rotations and translations,
a gradual awareness of neighboring atoms was grown into the system by
using a series of short cutoff distances for nonbonded interactions. A TIP3
water overlay was performed from the glycerol regions on both sides to
support a z-periodicity of -70 A. The final number of atoms in the systems
was near 4000. Equilibration dynamics was pursued with a gradually
decreasing series of harmonic restraints. The first 25 ps of dynamics used
a 1.0 kcal/mol-A2 restraint on all heavy atoms and Langevin dynamics with
a collision frequency of 5/ps. This low value for the collision frequency has
been shown to maximally allow for relaxation of the system while provid-
ing a temperature coupling to the heatbath (Loncharich et al., 1992). The
next 25 ps used velocity scaling with no restraints on atom positions. This
was followed by 50 ps of no restraints and no temperature coupling. The
temperature remained constant throughout the simulation of each system.

The nonbonded list was cut at 12 A with electrostatics shifted and vdW
interactions switched. The vdW interactions used a switching region of 4
A. The list was generated to 14 A and an automatic update of the
nonbonded interactions was performed if the deviations exceeded 1 A.
Atom-based cutoffs were used. This has been shown to produce reasonable
results with the CHARMm parameter function from previous simulations
(Venable et al., 1993; Woolf and Roux, 1994, 1996). Other investigators
have used a group-based cutoff with good results (Bassolino-Klimas et al.,
1993; Shen et al., 1996). The empirical potential function developed in the
Karplus group was used (Schlenkrich et al., 1996).

Conformations were saved every 50 fs throughout the time from 100 ps
to 350 ps for eight simulations. Two simulations were extended from 350
ps to 600 ps with the same rate for saving conformations. In all cases, the
SHAKE algorithm was used with a time-step of 2 fs. Further details of
analysis and construction can be found in other recent papers that used this
approach (Woolf and Roux, 1994, 1996; Roux and Woolf, 1996; Belohork
et al., 1997, submitted). The simulations of this paper, on average, required
1.8 CPU h/ps on a SGI R4400 machine. Due to time sharing on the
machines, the actual time for each simulation was several months.

Analysis used the CHARMm subroutines and FORTRAN programs
written specially for the current simulations.

RESULTS AND DISCUSSION
The microscopic details of helix:bilayer interaction were
examined by 10 simulations of individual a-helices from
bacteriorhodopsin. This allowed a detailed cross-compari-
son of simulations with the main difference between simu-
lations being limited to the central a-helix. Table 2 lists the
10 simulations and their total simulation length. The simu-
lations used identical simulation environments, potential
functions, construction, and equilibration protocols. The
differences in calculated motional behavior and average
structure are related to the different primary sequences of
the helices. Six simulations were performed for helices B,
C, and D with charged and neutral side chains. For helix B
this was a change in the charge-state of the lysine side
chains at positions 2 and 4. For helix C, this was a change

in the aspartate charge state at positions 6 and 17. For helix
D, the aspartate charge at position 8 was changed.
The molecular dynamics simulation environment is illus-

trated as a stereo pair in Fig. 2. The central simulation cell
was hexagonal in shape and periodic boundary conditions
were applied both within the plane of the bilayer and normal
to the bilayer. The resulting system is representative of an
oriented liquid-crystalline multibilayer.
The subsections to follow will describe the individual

figures with some discussion of context for each result. The
concluding discussion will bring together all the figures and
tables and further discuss the 10 simulations.

Root-mean-squared deviations from trajectory-
averaged structure

The root-mean-squared (rms) deviations from a reference or
average structure provide evidence for the extent of mo-
tional types present in a simulation. An important result
from the present simulation is that not all the helices had the
same types of motion within the bilayer. This is strikingly
seen in Fig. 3, where the rms deviations from the trajectory-
averaged structure is presented for all 10 simulations. The
time-averaged structure is determined as an average of all

> >

FIGURE 2 A: Stereo pair of the central simulation cell. Periodic images
were used to make an effectively infinite multilayer system. A hexagon is
drawn over the system at the level of the DMPC headgroups to provide a
visual sense of the central cell. Only heavy atoms of the protein and lipid
are presented.
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FIGURE 3 RMS deviations from
the trajectory-averaged structure. The
positive white-filled bars represent
deviations of C-a atoms from the av-
erage structure. The gray-filled nega-
tive bars represent rms deviations of
all heavy atoms from the average
structure. The average structure was
determined from the full trajectory
for each a-helix.
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conformations over each full trajectory. The rms deviations
for helix A is on the order of 1.0 A. In contrast, the rms

deviations for helix D are on the order of 4.0 A. The large
change in rms is spread throughout the length of the helix
for both of these peptides. Another type of motional behav-
ior is suggested by helices C, F, and G. In these three
helices, the mobility is greater near the ends of the helix
than near the center of the bilayer. In each case, the figure
shows the C-a-rms deviations as a white box going up and
the all-heavy atom rms deviations as a gray box projecting
down. The horizontal axis is the residue number.
The rms deviations can differ between charged and neu-

tral helices. For example, helix B-charged has greater fluc-
tuations than helix B-neutral. In contrast, helix C-neutral
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has larger fluctuations at the ends than helix C-charged, but
has similar fluctuations at the center for both cases. Helix D
has similarly large fluctuations for both charged and neutral
forms. The neutral form of helix D has slightly larger
fluctuations than the charged form.

Backbone dihedral angles

A rigid a-helix would remain with set phi-psi angles
throughout a molecular dynamics simulation. In contrast a
flexible chain with little restriction to a particular secondary
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during a trajectory. To examine the motional restrictions on
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the backbone dihedrals, the mean and the rms deviations of
the backbone phi-psi angles of each helix were calculated
from the production trajectories. The results show differ-
ences between the helices with most of the helices adopting
a mean structure that remained a-helical.

Fig. 4 shows these average and rms deviations of phi-psi
angles. The psi angles were multiplied by -1.0 to enable
both sets of data to be present on a single plot. The gray bars
represent the average value of the dihedral averaged over

the simulation trajectory. The white bars at the tips of the
averages reflect the size of the fluctuations from the mean as

measured with a standard deviation. Only the positive rms

deflection is indicated. The values of these dihedrals can be
compared with the usual (phi, psi) values for an a-helix of
(-47,-49) for a ir-helix of (-70,-57) and of (-26,-49)
for a 3-10 helix (Creighton, 1993). The fluctuations from
the average varied from helix to helix. The largest fluctua-
tions are seen for the neutral helix D simulation.
Not all the structures retained full a-helical phi-psi angles

throughout the simulation. Partial unwinding was observed
at the ends of the charged simulations for helices C and D.
Note that the change in some vertical scales makes it appear
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FIGURE 4 Phi/Psi backbone dihe-
dral angles for each of the 10 simula-
tions. The psi values have been mul-
tiplied by -1 to allow presentation of
both sets of angles on a single plot.
The gray bars present the average

value for the dihedral angle. The white
tips give the rms deviations observed
in the trajectory. Note the changes be-
tween helix A and helix D.
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that there is a larger change with helix D-charged and helix
C-charged than is actually the case. In the example of helix
D-charged, the region from residues 8 to 20 remained as an
a-helix, while the region from 1-7 became partially un-
wound. Helix C-charged was partially unwound from resi-
dues 19 to 21, while residues 1 to 18 remained stable.

These results indicate that the a-helix secondary structure
remained a relatively stable constant of simulations for 8 of
the 10 simulations and was relatively less stable for two
simulations at parts of the helix. This gives an indication of
the complexity of coupling between helical motions and the
environment. For example, the greater fluctuations from the
a-helical values evidenced by helix D-neutral can be com-
pared with the smaller fluctuations from the same set of
values for helix A.

Backbone hydrogen bonding pattern

A distinguishing feature of regular a-helical secondary
structure is the presence of i:i + 4 hydrogen bonding
patterns along the length of the helix. Deviations from this
hydrogen bonding pattern can occur to i:i + 3 and i:i + 5
hydrogen bonding interactions for the 3-10 and X helices.
An analysis of the types of hydrogen bonding interactions
occurring during the simulations thus gives insight into the
relative stability of different secondary structural motifs.

Fig. 5 shows the lifetime and type of hydrogen bonding
observed during the full simulation for each of the 10
helices. The i:i + 4 hydrogen bonding pattern was the
predominant form observed in each case. Additional i:i + 3
and i:i + 5 hydrogen bonding patterns were observed in
some of the helices. The criteria for presence of a hydrogen
bond was the value of the 0-N distance. A distance <3.0
A was considered to be reflective of a hydrogen bond, while
distances greater than this number were considered indica-
tive of a lack of the particular type of hydrogen bonding
pattern. No angle criteria were used. For each type of
hydrogen bond, the total percent of time during the simu-
lation that a particular distance cutoff was met is presented
in the figure. The dark fill pattern is to indicate the i:i + 4
canonical hydrogen bonding typical of an a-helix. The
medium-light fill pattern is an i:i + 3 hydrogen bonding
pattern, and the i:i + 5 hydrogen bonding is shown in the
lightest fill pattern.

There are intriguing differences between the helices. For
example, helices A and G had a relatively high percentages
of time spent in the i:i + 4 hydrogen bonding pattern. Helix
B, for both charged and neutral trajectories, had a higher
percentage of i:i + 4 hydrogen bonding from residues 12 to
22 compared to earlier residues. Helices E and F had a mix
of satisfied and unsatisfied hydrogen bonds along the length
of the helix. In the case of helix E, an i:i + 5 hydrogen
bonding pattern was observed for residues 15:20 and 16:21
for part of the trajectory. Helices C-neutral and charged
were i:i + 4 hydrogen bonding for two separate sections of

drogen bonding of the i:i + 4 type than did the charged
variant. Helix D-neutral had a much higher i:i + 4 pattern
of hydrogen bonding for residues 1 to 6 than did helix
D-charged.
The observed differences in hydrogen bonding patterns

(Fig. 5) are reflective of the motional behavior determined
by the lipid environment and the primary sequence on the
helix. The breakdown of i:i + 4 hydrogen bonding does not
necessarily mean that the helix structure itself is broken,
only that the hydrogen bond is not present for a percentage
of time during the simulation. The presence/absence of the
hydrogen bonds may be related to motional coupling be-
tween the side chains and the lipid environment coupled
into the backbone. A side chain that is strongly coupled to
the environment to the exclusion of a residue i + 4 distant
that has a weaker coupling could lead to a situation with less
time-averaged satisfaction of the hydrogen bond than a

situation where both side chain residues are equally strongly
coupled to the environment. This also illustrates a potential
problem with vacuum and uniform media simulations as

analogs of the lipid bilayer for isolated membrane protein
helices. Such simulations implicitly assume that the envi-
ronment has the same coupling to all side chains regardless
of position within the bilayer system and side chain type.

Lipid conformations

The percent of gauche conformations in the lipid alkane
chains was calculated in two different ways. A first method
averaged over all 12 lipids and discriminated between the
snl and the sn2 chains. The second method averaged the
total percent gauche in both chains for each lipid.
The percent gauche using the first method is portrayed in

the results of Fig. 6 A. The percentage for the sn2 chain is
multiplied by - 1.0 to enable both sets of data to be pre-
sented. The dark fill lines are the percent trans, while the
two lighter fill types are the percent gauche' and gauche-.
If the simulations converged the two gauche populations
should be equal. The figure can be analyzed by comparing
overall trends for gauche between the different helices, as

well as the differences for particular chain positions be-
tween helices. For example, the ninth chain position for the
charged helix B simulation has a much lower percent
gauche in both chains relative to the same position for the
other helices. In all cases, the first chain position is more

likely to be gauche. This is expected for a position near the
glycerol group.
The second method is presented in Fig. 6 B. The results

show differences between lipid states surrounding the heli-
ces. For example, helix C-neutral shows a nearly uniform
distribution of percent gauche conformations throughout the
lipid population. In the case of helix A, the percent gauche
conformation varies from 10 to 30 percent in comparing the
7th lipid with the 1st or 8th lipids. This is related to
preferred conformations adopted by the lipids in response to

the helix. Helix C-neutral had a higher percentage of hy-
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FIGURE 5 Backbone hydrogen
bonding patterns. The distance be-
tween 0 and N atoms was used as the
criteria for presence of a hydrogen
bond. If this distance was <3.0 A the
conformation was counted as a partic-
ular type of hydrogen bond. No angle
restrictions were used for identifica-
tion. For each of the 10 simulations,
the percent of time for a particular type
of hydrogen bond is indicated. The
darkest fill pattern is a i:i + 4 hydro-
gen bond, the medium fill pattern is a
i:i + 3 type of hydrogen bond, and the
i:i + 5 bonding pattern is indicated in
the lightest fill pattern.
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Rigid body motion

An important variable for the overall folding of a membrane
protein is the relative mobility of each helical subunit in the
lipid bilayer. Are the subunits best thought of as locally
rigid bodies without internal motion or is the internal mo-
tion an integral part of their behavior? The ability to think of
the a-helical subunits as relatively rigid bodies would be a
great aid to tertiary structure prediction.
To quantitatively examine the dynamical motion of sub-

parts of each helix, an overlapping series of best-fit cylin-

ders to eight residue main-chain atoms was determined. The
cylinder axis was compared with the normal to the bilayer (z
axis). This analysis gives insight into whether the a-helix
moves as a single rigid body or with more complex inde-
pendent sets of subdomains. Fig. 7 illustrates the time
dependence of the tilt angle for the 8-residue cylindrical
subsets for each of the 10 simulations. There are consider-
able differences in behavior from one helix to another.
To enable visualization and comparison of the different

best-fit cylinders within a helix and between the helices, the
y axis of the plots is not a true displacement scale: an

1 3| 5- 7 11 13 15sS--17
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FIGURE 6 Lipid conformations as aver-
ages over the trajectory for all 10 simula-
tions. (A) shows a breakdown along the two
alkane chains averaged over all 12 lipids.
The positive deflection is snl, the negative
is sn2. The dark fill is percent of time in the
trans conformation, the medium and light
fills represent percent of time in the two
gauche states. (B) presents the percent
trans, gauche' and gauche- as a function
of lipid number. The percentages are aver-
aged over both alkane chains and all dihe-
drals for each lipid.
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arbitrary displacement was added to each subsequent time
series to enable a vertical separation. The 200 displacement
bar on the left of the figure should be used as a guide to the
size of the fluctuations. This method gives an immediate
sense for the differences in 8-residue cylindrical movements.

Helix A has the smallest set of fluctuations and helix D
the largest. Helices C-charged, C-neutral, and F show evi-
dence of two separate domains of motion. There is also
some evidence of different subdomains in helix D-charged.
Helices A, B-charged, B-neutral, D-neutral, E, and G all
show motional behavior similar to a rigid single domain.

The presence of a proline residue in helices C and F pro-
vides a structural basis for the two motional domains. The
proline in helix B does not appear to introduce a break in the
motional behavior of the cylindrical subsets across the bilayer.
To further examine the motional behavior of the cylin-

drical domains separated by the proline, two cylinders were

best fit on each side of the proline residue for helices B, C,
and F. As a check, helix A was also divided into two
cylinders for analysis. The results illustrated that helices C
and F have larger fluctuations in tilt angle between the two
domains than helices A and B. This is illustrated for the case
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of helix A versus helix C in Fig. 8. This type of analysis
further confirms that it is possible to think of the proline
residue as creating a separation between two separate do-
mains of motion for helices C and F.

This last result suggests that a division into separate
domains of a-helical secondary structure may be associated
with the presence of a proline residue. This is related to
speculation about the possible functional roles of proline
residues in membrane proteins (Deber et al., 1990a,b; Wil-
liams and Deber, 1991; Heijne, 1991). It is also similar to

1 2 3 4 5 6 7 8 9 10112llAl
1 2 3 4 5 6 7 8 9 10 11 12

results for isolated a-helices in vacuum that suggested
greater motional change about a hinge-axis (Sankarara-
makrishnan et al., 1991; Sankararamakrishnan and Vish-
veshwara, 1990, 1992, 1993; Sansom, 1992; Breed et al.,
1995; Sankararamakrishnan and Sansom, 1994) and to sim-
ulation results for single proline containing a-helices in

explicit water (Yun et al., 1991). The result further suggests
that the proline residues can be thought of as local helical
hinge-points allowing two separate relatively rigid bodies to
be functionally separated. This may be further related to

0.8

0.6

0.4

0.2

0

0.8

0.6

0.4

0.2

0

0.8

0.6

0.4

0.2

0

Figure 6. Continued.
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FIGURE 7 The motional behavior
of eight residue subsets of each helix
considered as a cylinder. The best-fit
cylinder for sets of eight residue
backbone atoms was determined at
each time point. The angle between
the cylinder axis and the bilayer nor-
mal is plotted for each cylindrical
subunit. An arbitrary displacement
along the y axis was used to enable
presentation of all sets of cylinder
time-courses on the same series of
plots. The scale bar should be con-
sulted for a 200 vertical fluctuation.
The numbers to the right of each
curve label the residues contained in
the cylinder.
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observed structural changes in the M-stage of the bacteriorho-
dopsin photocycle (Subramaniam et al., 1993).

Side-chain dynamics

The character of the solvent environment is expected to
influence the torsional barriers for side-chain dynamics.
Thus, while a detailed comparison was not made, the cur-

rent simulations will differ from simulations of the same set
of helices within a homogeneous solvent. To investigate the

effect of position on side-chain dynamics, the trajectories
were analyzed in terms of the average and rms deviations
from the average for all chi- and chi-2 values of all side
chains in all 10 simulations. The results are partially shown
in Fig. 9. In particular, the figure shows the chi-l averages
and rms deviations as a function of relative bilayer distance
for three different amino acid types pooled together from all
10 simulations.

Several interesting results are obvious from Fig. 9. First,
for chi-1 in Leu, the majority of side chains are found in the
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FIGURE 8 The angle between two helical axes defined by proline in
helix C and for comparison the same type of angle between two cylinders
at the middle of helix A. The motions observed for two of the three
proline-containing helices were larger than that observed for the nonpro-
line-containing helices.

trans state with relatively small rms deviations throughout
the full trajectory. In contrast, the gauche conformers have
a much larger rms deviation over the trajectory. Secondly,
not all the Thr and Ser side chains remained hydrogen-
bonded to the backbone carbonyl oxygens throughout the
trajectories. Considerations of crystal structures suggested
that Cys, Ser, and Thr side chains may predominately sat-
isfy hydrogen bonding with the internal backbone carbon-
yls, and therefore not find the bilayer interior a disfavored
environment (Gray and Matthews, 1984). The simulation
results suggest that there is not a strong energetic driving
force to maintain internal hydrogen bonding. In fact, the
majority of chi- 1 values for Ser and Thr in the middle of the
bilayer indicate a lack of internal hydrogen bonding. This is
in contrast to the Ser/Thr near the interface where the
hydrogen bonding interactions are more readily observed.

Radial distribution functions

Fig. 10 shows the radial distribution functions for the hy-
drogen-bonding atoms of Trp and Tyr side chains. The
presence of these hydrogens and their capacity for forming
hydrogen bonds sets these two aromatic residues apart from
other types of side chains. In particular, a stable set of
hydrogen bonds from these oxygens to the rest of the system

60
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FIGURE 9 Side chain chi-l for selected amino acid residues. The plot
uses a normalized effective distance across the bilayer by scaling the
number of amino acids as a function of the total number in the helix. The
average and rms deviations are shown for time-series calculated from the
full trajectory.

may have an effect on the overall rms stability of the
system. This is suggested from considering the differences
between Trp and Tyr side chains on different helices. For
example, the reason that helix E is not as stable as helix A
may be traced to the hydrogen-bonding pattern of the aro-
matics of helix E relative to those of helix A. A priori, it
might have been expected that helix E would be equally as
stable as helix A, since it has two aromatics at both ends of
the helix. But, examination of Fig. 10 shows that for helix
E, only one of the four aromatics is consistently hydrogen-
bonding throughout the simulation. This suggests that not
only the presence of an aromatic, but the surrounding amino
acids in the helix, can influence the type of interactions
between the protein and the bilayer surrounding.

Concluding discussion

The present results provide insight into the structural and
motional behavior of a-helices within an explicit DMPC

Woolf 2387
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FIGURE 10 The radial distribution function
for the oxygens of Trp and Tyr from all 10
simulations. Notice that the hydrogen bonding
was satisfied in some of the simulations, but not

in all cases. In particular, there are differences
between the neutral and charged simulations and
between hydrogen-bonding with the side chains
at different distances within the bilayer. It is
especially interesting to note that for helix A
three of three possible hydrogen-bonding inter-
actions at the interface are present through most

of the simulation; for helix E, only one of four is
present with high probability. This relates to the
difference inn rms deviations seen over the tra-

jectory for helix A relative to helix E and the
other helices.
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bilayer. The only significant change between each simula-
tion was the central a-helix. Thus, the large differences in
motional behavior and in average structural conformation
reflect differences in helix interaction with the bilayer en-

vironment.
Two types of rigid body motion are observed in the

simulations. A first type is evidenced by helices A, D, and
E (Fig. 3). The motion is a relatively uniform rms distribu-
tion along the helix axis. The second type is evidenced by
helices C, F, and G (Fig. 3). This second type is more

strongly influenced by rigid-body rotation about a central
axis than translational motion for all atoms. This second
type of rigid body motion has been discussed in the context
of simulations of myoglobin by other researchers (Furois-
Corbin et al., 1993). Such independent domains of helical
motion could be used to determine the most efficacious
methods for determining tertiary structure of membrane
proteins. The differences in rms fluctuations between the
helices of a given type, e.g., between helices A and D
suggests that the internal hydrogen bonding state of the
helix (Fig. 5) as well as the coupling of the helix to the lipid
environment can have a large effect on the types of motion.
An extensive series of simulations have been performed

on proline containing a-helices in vacuum (Sankarara-
makrishnan et al., 1991; Sankararamakrishnan and Visvesh-
wara, 1990, 1992, 1993; Sansom, 1992; Breed et al., 1995;
Sankararamakrishnan and Sansom, 1994). One of the cen-

tral goals of the vacuum simulations was to compare the

helices with prolines against those that did not contain
proline. The results suggested an increased mobility about a

hinge axis determined by the proline. This is consistent with
the current results. However, the detailed motional behavior
in vacuum is expected to differ from that in an explicit
representation of the solvent. Though not compared di-
rectly, the current results do differ in the motional dynamics
observed. This can be understood as the changes in envi-
ronment from a nonuniform membrane setting to a homo-
geneous (vacuum) setting. The membrane environment is a

complex mixture of differing chemical types as the sur-

roundings change from the water exterior solution to the
alkane interior regions. This change in setting will have an

influence on the average structure and dynamics observed in
the simulation.

Isolated a-helices have been simulated in a variety of
explicit solvents (e.g., Hartsough and Merz, 1993; Van
Buren and Berendsen, 1993; Kovacs et al., 1995). The
results have been analyzed to determine the possible differ-
ences in average structural and motional behavior from one

environment to another. In water, several of the simulations
suggest that an isolated a-helix is only marginally stable. In
a nonpolar, nonhydrogen-bonding environment, the simula-
tions suggest that the regular secondary structure of the
a-helix is stabilized. Thus, several simulations suggest that
the structure stabilizing effects of certain solvents (e.g.,
trifluoroethanol) may be due to this effect on hydrogen
bonding. The current results, while not compared to similar

Trp HEI - Oxygen

_~~~~~~~4
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calculations in an explicit water environment, do suggest
that the membrane environment is more complex in its
effects on hydrogen-bonding secondary structure than a
homogeneous solvent. In particular, the difference between
helix A and helix D suggests that the membrane setting can
act to stabilize those types of a-helices that can interact
favorably with the interfacial region in contrast to those
helices that do not have such strong interactions.
A set of simulations, with the isolated helices of myo-

globin (Hirst and Brooks, 1995; Soman et al., 1991),
showed that different helices had differential effects with
the water environment. The approach of Hirst and Brooks
addressed the folding pathway. Such differences in relative
stability with the water environment were then related to the
formation of larger structures. This is consistent with the
overall tone of the current results. Thus, the large differ-
ences in motional behavior between helix A and helix D
may be related to the thermodynamics of folding. Unfortu-
nately, the folding pathway for bacteriorhodopsin is not
known in enough detail for speculation to proceed any
further at this date.
The presence of proline has been linked, in globular

proteins, to differences in interactions between a-helices
(O'Neil and DeGrado, 1990; Hermans et al., 1992). The
unusually large effect of a proline on helical dimerization
was explained as a change in the relative structures imparted
by the proline (Hermans et al., 1992). The other amino acids
tended to encourage a particular type of helix:helix interac-
tion that was not present in the helices with a proline at the
center. The proline residue was largely understood as cre-
ating a change in the effective local flexibility of the helix
at the center of the simulation. The series of free energy
calculations was effective in providing an explanation for
the experimental measurements of changes in helix:helix
interaction strength. The molecular dynamics calculations
of Hermans et al. also showed that the presence of a proline
can create a hinge-point that breaks the helical secondary
structure in water. Thus, in analogy to the globular proteins,
it might have been predicted that a similar possibility is
reached for membrane proteins. Yet, it is not obvious that
this would be the case. The membrane environment pro-
vides a different set of constraints on motion than the
bulk-water environment. A full analysis of this situation
would require a set of relative free energy calculations. Such
calculations are not unreasonable for the system constructed
here, provided that the overall change in bend produced
around the proline is not overly large for the simulation cell.
It is quite interesting to note that the situation for the three
proline-containing helices is not identical. Two of the three
helices showed greater motional flexibility around the pro-
line hinge-axis than did the third. This suggests that for a
single a-helix in isolation, there may be other factors that
contribute to the motional ability.
The presence of proline residues may thus serve to break

the helical motion into two independent functional domains.
For example, hinge-bending motions important for function

1993; Holland et al., 1992; McPhalen et al., 1992; Sharff et
al., 1992) and suggested in simulations (e.g., Paulsen and
Ornstein, 1995). It is possible that the conformational
changes observed in helix F during the BR photocycle are
related to domains defined by the proline (Subramaniam et
al., 1993). However, the three proline-containing helices
had differing degrees of motional flexibility. This leads to
the suggestion that the ability to adopt "hinge-motions"
about the proline axis is not simply related to the proline but
is determined also by the presence or absence of aromatic or
charged residues. The aromatic or charged residues could
change the coupling of the helical domains to the environ-
ment. The presence of amino acid types that favor a stable
a-helix with well-satisfied internal hydrogen-bonding pat-
terns could also lead to a more rigid structure relative to a
situation with a less strongly internally bound helix. Thus,
the proline residue alone may not determine the relative
hinge-bending ability of the helix. This may be further
modulated by helix:helix interactions in the full bacterio-
rhodopsin structure. This is reinforced by substitution stud-
ies from Khorana's lab that suggest replacement of proline
does not necessarily disrupt function (Mogi et al., 1989).
The time course of the current trajectory, though too short to
dedtice the details of the relative free energy surface, is
strongly suggestive of differences between the three pro-
line-containing helices.

There is a natural wish to relate the current results more
directly to the function of bacteriorhodopsin. This is not
possible beyond the suggestion that the proline hinge-bend-
ing degree of freedom may be important for function. With-
out considering the interactions between helices, the con-
nection to proton pumping is absent. The results are mainly
related to secondary structure prediction and helix/lipid
interactions and not related directly to functional consider-
ations in the bacteriorhodopsin system. A recent simulation
study of the bacteriorhodopsin trimer in an explicit bilayer
environment (Edholm et al., 1995; also Jahnig and Edholm,
1992) and the studies from the Schulten group (e.g., Zhou et
al., 1993; Humphrey et al., 1994; Logunov et al., 1995; Xu
et al., 1995, 1996) should be consulted for calculations more
directly related to bacteriorhodopsin function.
The current results should be understood in the light of

the current status of membrane protein molecular dynamics
simulations. In particular, these results are the first detailed
simulations of a set of a-helices compared within an explicit
bilayer environment. The field itself is still very young. For
example, the best method to simulate pure lipid bilayers is
an active subject of debate (see, e.g., Roux, 1996; Feller and
Pastor, 1996; Jahnig, 1996). The current simulations used
NVE (microcanonical) simulation conditions. This may not,
in the longer-term development of methods, have been the
optimal choice. At the time the simulations were initiated,
the constant pressure techniques for lipid bilayers had not
been developed (Feller et al., 1995; Zhang et al., 1995).
Currently, a subset of the helices of the present calculations

have been identified in globular proteins (Gerstein et al.,

2389Woolf
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the results will be compared with the current results in a
future paper.

CONCLUSION

The microscopic details of protein:lipid interactions are not
well understood. By analogy to globular proteins, it is
expected that a full analysis of the solvent interactions with
protein will be needed to rationally separate misfolded
membrane proteins from correctly folded proteins (Novotny
et al., 1984). Thus, the analysis presented in this paper can
be understood as the first steps toward a more complete
elucidation of the details of protein:lipid interactions from a
microscopic level. Two important findings that have bear-
ing on structure prediction should be emphasized. First,
proline residues act to break up the a-helical structure and
should be considered as possible hinge points for generation
of conformational searches in tertiary structure. Second, the
presence of aromatics at the interfaces should be viewed as
a favorable partitioning state. This suggests that positioning
of a-helical segments in order to optimize the position of
aromatics relative to the interface could be used in the
construction of starting points for tertiary structure.
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