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Abstract Bacteriorhodopsin (BR) is a membrane pro-
tein which pumps protons through the plasma mem-
brane. Seven transmembrane BR helical segments are
subjected to simulation studies in order to investigate the
packing process of transmembrane helices. A Monte
Carlo simulated annealing protocol is employed to op-
timize the helix bundle system. Helix packing is opti-
mized according to a semi-empirical potential mainly
composed of six components: a bilayer potential, a
crossing angle potential, a helix dipole potential, a helix-
helix distance potential, a helix orientation potential and
a helix-helix distance restraint potential (a loop poten-
tial). Necessary parameters are derived from theoretical
studies and statistical analysis of experimentally deter-
mined protein structures. The structures from the
simulations are compared with the experimentally de-
termined structures in terms of geometry. The structures
generated show similar shapes to the experimentally
suggested structure even without the helix-helix distance
restraint potential. However, the relative locations of
individual helices were reproduced only when the helix-
helix distance restraint potential was used with restraint
conditions. Our results suggest that transmembrane he-
lix bundles resembling those observed experimentally
may be generated by simulations using simple potentials.
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Introduction

Halobacterium halobium synthesizes a particular region
of the membrane that converts energy from visual light
into stored energy by pumping protons through the
plasma membrane. This region is the purple membrane,
of which bacteriorhodopsin (BR) is the major protein.
This protein has a prosthetic group, retinal, which is
responsible for the proton pump (Stoeckenius and
Rawen 1967; Oesterhelt and Stoecknius 1973). The
seven-transmembrane domain structure of BR was ®rst
determined at 7.0 AÊ resolution by electron microscopy
(Henderson and Unwin 1975). This structure has been
extended to near atomic resolution, 3.0 AÊ (horizontal)
and 10.0 AÊ (vertical), providing invaluable information
about transmembrane helix packing (Henderson et al.
1990). The vertical resolution of the structure has been
improved to 4.3 AÊ . The structure was re®ned using tight
geometric restraints to improve the model (Grigorie�
et al. 1996). BR forms an extremely regular two-
dimensional array (Blaurock and Stoeckenius 1971). BR
has seven transmembrane helices which are roughly
perpendicular to the plane of the lipid bilayer and the
helices are linked by the extracellular and the cytoplas-
mic loops. Helices A to G are arranged in anticlockwise
order when they are viewed from outside the bilayer. All
neighbouring helices are anti-parallel except for the GA
pair which is formed by the ®rst helix (A) and the last
helix (G) which close the bundle. Helices B, C and F
contain proline residues which are believed to induce
the helix kinks (Barlow and Thornton 1988; Sank-
araramakrishnan and Vishveshwara 1992).

Simulated annealing via molecular dynamics (SA/
MD; Kirkpatrick et al. 1983) has been used successfully
to re®ne structures from X-ray di�raction and from
NMR spectroscopy (BruÈ nger et al. 1990; Karplus and
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Pesko 1990; BruÈ nger 1992). Similar SA/MD methods
may be able to predict structures provided that the initial
structure is reasonably close to the native conformation.
This is to set the system within the region where the
global minimum could be found without falling into one
of the local minima. To set the initial structure, infor-
mation from experiments and theoretical studies could be
used. For example, membrane spanning regions could be
predicted and the alignment of the transmembrane seg-
ments could be determined by labelling experiments
(Hubbell and Altenbach 1994). If a complex problem can
be broken down into several smaller ones, the problem
may be solved hierarchically. The proposed ``two-stage
folding'' model by Popot and Engelman (1990) suggests
that this may be possible for membrane proteins. Ac-
cording to this proposal, the process of folding for
transmembrane proteins can be divided into two dis-
tinctive thermodynamic stages: ®rst, stable helices are
formed, and secondly, these transmembrane helices pack
together to form the native structure of the integral
membrane protein. BR has proven to be an excellent
testing system to verify this hypothesis. A number of
experiments on isolated BR segments have been carried
out and it has been successfully shown that reconstituting
BR (in vitro) is possible (Arseniev et al. 1988; Barsukov
et al. 1992; Kahn and Engelman 1992; Pervushin and
Arseniev 1992; Orekhov et al. 1994). This ``two-stage
folding'' model implies that transmembrane helices can
be treated as pre-existing folding elements, i.e., if the
helix domains are predicted, the helix packing simulation
does not have to start from a random or a linear peptide
conformation. The lipid bilayer environment plays a
crucial role in transmembrane helix packing. Therefore,
it is desirable to include the bilayer environment in the
simulation system in order to characterize the behaviour
of transmembrane helices. Membrane lipids are amp-
hipathic molecules and so a bilayer has two hydrophilic
surfaces with a hydrophobic region in between. Using
this property, a simple method mimicking the lipid bi-
layer environment was employed (Son and Sansom
1999). An exponential type of function suggested by
Edholm and JaÈ hnig (1988; JaÈ hnig and Edholm 1992) was
used to represent the hydrophobic potential di�erences
experienced by constituent amino acids of helices.

Simulated annealing via Monte Carlo (SA/MC) sim-
ulation (TMH simulation) studies, described in our
previous paper (Son and Sansom 1999), have shown that
helix bundles resembling those observed experimentally
may be predicted by simulations using simple potentials.
BR-like, d-endotoxin-like and cytochrome c oxidase-like
structures have been observed as low energy structures
(the BR-like and the d-endotoxin-like structures are from
a 7-Ala20 simulation and the cytochrome c oxidase-like
structure is from a 12-Ala20 simulation). Both BR-like
and d-endotoxin-like structures co-exist as low-energy
structures in simulations using native BR sequence. We
know from the results of experimental studies (Hender-
son et al. 1990; Grigorie� et al. 1996) that the real BR
sequence does not adopt the d-endotoxin-like structure,

but it was still observed as the lowest energy conforma-
tion in the simulation. Therefore, deciding on represen-
tative structures among low-energy con®gurations was
not straightforward. TMH simulation has so far
employed a semi-empirical potential composed of four
components: a helix-helix distance potential, a crossing
angle potential, a helix dipole potential and a bilayer
potential. These components could be categorized into
two di�erent types of potentials: ``helix-helix interaction
potentials'' and ``helix-environment interaction poten-
tials''. Another potential, a ``helix orientation potential'',
is an addition to the ``helix-environment interaction
potentials'' and is intended to solve the problem of
obtaining representative structures among low-energy
con®gurations. This potential was included in the TMH
potential function. The ``helix orientation potential'' is
intended to orient certain helix faces to be in contact with
the surrounding lipids. TMH simulation including this
new potential produced an ensemble of structures among
which the BR-like structures were the lowest energy
structures. This means that the ``helix orientation po-
tential'' mediated the helix orientation in the simulation
to generate the native-like structure as the lowest energy
structure. However, the positions of constituent helices
generated were di�erent from the energy minimized
(EM) determined structure. This was an expected result,
because there were no restraints in the TMH simulation
to arrange the helices in any speci®ed positions. Further
simulations were conducted with sets of restraints [by
employing a ``helix-helix distance restraint potential
(loop potential)''], and the results showed that the helices
were arranged in a preferred order. These results sug-
gested that the lowest energy structure from the simu-
lation could be used as the initial structure for the further
re®nement using a SA/MD simulation method. A SA/
MD simulation was conducted in order to re®ne the
TMH produced representative structure. In this study,
other atoms were introduced to allow internal ¯exibility
of the helices, i.e., inter-atomic interaction could be
simulated, and helical kink/bend was also allowed.

This paper describes the implementation of the po-
tentials, the ``helix orientation potential'' and the ``helix-
helix distance restraint potential'', and discusses the
structures resulting from the BR TMH simulations that
implemented the potentials. The SA/MD simulation
conducted with the representative BR structure from
TMH simulation is described and the results are also
discussed. Structures at the end of each simulation are
analysed and the results are presented in the relevant
sections.

Materials and methods

BR sequence

Only the seven transmembrane helical segments were
used in our simulations. The residues are labelled such
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that the residue numbers restart from the ®rst residue of
each segment. Helix segments are de®ned as follows:

Helix A: E1WIWL5ALGTA10LMGLG15TLYFL20VK-
GM

Helix B: P1DAKK5FYAIT10TLVPA15IAFTM20YLS-
ML25L

Helix C: Y1WARY5ADWLF10TTPLL15LLDLA20LLV
Helix D: T1ILAL5VGADG10IMIGT15GLVGA20L
Helix E: F1VWWA5ISTAA10MLYIL15YVLFF20GFT
Helix F: E1VAST5FKVLR10NVTVV15LWSAY20PVV-

WL25IGS
Helix G: N1IETL5LFMVL10DVSAK15VGFGL20ILL-

RS25RA

TMH simulation potential

The SA/MC method was employed to minimize the
energy of the system. The Metropolis prescription
(Metropolis et al. 1953) was used to determine whether
or not to accept each step of the selection. Helix packing
was optimized by the SA/MC method (TMH method)
employing a semi-empirical potential composed of six
terms:

VT � wdVd � wbVb � wXVX � wlVl � wxVx � wloopVloop

�1�
where VT is the total potential of the system, Vd is a
potential function dependent on the inter-helical sepa-
ration distance, Vb represents the sequence dependent
helix/bilayer interaction energy, VX is a crossing angle
term allowing for ``ridges into grooves'' (Chothia et al.
1981) packing of adjacent helices, Vl is the dipole po-
tential, Vx is the helix orientation potential and Vloop is
the helix-helix distance restraint potential (loop poten-
tial). wd;wb;wX;wl;wx and wloop are the weights applied
to each energy term. The same potential function with
only ®rst four terms [in Eq. (1)] was used to investigate
the packing process of transmembrane helices in our
previous study. The de®nition and the description of the
terms are fully given in our previous report (Son and
Sansom 1999).

Helix orientation potential

Previous TMH simulation studies (Son and Sansom
1999) suggested that more term(s) should be added to
the potential function to generate a lowest energy
structure as a representative structure. This problem was
noticed when BR- and d-endotoxin-like structures were
generated when simulated with seven transmembrane
helix bundles (7-Ala20 and simulations with real BR se-
quence). The d-endotoxin-like structure is a compact
bundle of six helices surrounding a central helix, while
the BR-like structure forms an elongated elliptically
shaped structure. A clear di�erence between them is the

central helix, i.e., the BR-like structure lacks a central
helix which has no contact with the surrounding lipid
environment. Furthermore, previous TMH methods
were not able to predict the rotational orientation of
individual helices with respect to the lipid environment.
A ``helix orientation'' potential was thus implemented
into the existing TMH potential function in order to
solve these problems. The potential is intended to keep
the hydrophobic helix faces in contact with the lipid
environment and consequently to make the d-endotoxin-
like structure unfavourable (if the central helix in the
d-endotoxin-like structure is strongly lipid accessible,
then this helix-buried structure is not favourable).
Analysis of helix face orientation with respect to the
lipid environment shows that helices have a tendency of
orienting speci®c faces pointing to the lipid environment
(PERSCAN analysis); analysis on the PS/RC structure
from Rhodobacter sphaeroides showed that the lipid-ex-
posed residues were more hydrophobic than buried in-
terior residues (Rees et al. 1989). Also, from the analysis
of PS/RC sequences (Yeates et al. 1987) from closely
related species, it has been found that the lipid-exposed
residues of transmembrane helices were poorly con-
served (instead, those buried inside the bundles were
observed to be more highly conserved). Donnelly et al.
(1993) used Fourier analysis of sequence variability
between 33 PS/RC sequences in order to tabulate a
substitution table for lipid accessible residues of trans-
membrane helices.

A ``helix orientation angle (x)'' of a helix is de®ned
by the angle between the helix orientation vector and the
vector joining the centre of the bundle and the centre of
the helix (Fig. 1). The following equation is used to form
a ``helix orientation'' potential:

Exl � cos�x� �2�
where Exl is the ``helix orientation'' potential of helix l,
and x is the angle between most outward-facing vector
of helix l and the vector joining the centre of the bundle
and the centre of the helix:

Fig. 1 De®nition of helix orientation angle (x). Transmembrane
helices are simpli®ed as cylinders and they are viewed perpendicular to
the lipid plane from outside of the lipid bilayer. Vc and Vo are
direction vectors
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Vx �
XN

l�1
Exl �3�

where N is the number of helices in the system. This
potential was included in the total potential [Eq. (1)] of
the TMH simulation system for Metropolis Monte
Carlo selection.

Helix-helix distance restraint potential (loop potential)

Inter-helical distance restraints can be set by this po-
tential term. This potential was originally designed to
mimic the existence of loops between transmembrane
helical segments. If the maximum length that the loop
region can stretch is known, this potential will maintain
two helices within the ``loop length distance''. However,
the potential is ¯exible enough that the end-to-end dis-
tance of any pair of helices can be restrained; solid state
NMR could give information about helix-helix distances
and other chemical methods such as ¯uorescence energy
spectroscopy, and cysteine scanning mutagenesis (Kono
et al. 1996) experiments could also restrain the helix-
helix distances. The loop potential is de®ned as follows:

Eloop � Emin if de � Dcut

0 if de > Dcut

�
�4�

where de is the end-to-end distance of a pair of helices
and Dcut is the maximum cuto� distance which two
helices can separate. The total loop potential Vloop is
de®ned as:

Vloop �
XNÿ1
l�1

XN

m�n�1
Eloop �5�

where l and m are helix indices and N is the total number
of helices. The summation is over every pair of helices to
which the loop potential is applied. This total loop po-
tential term, Vloop, was included in the total potential
function [Eq. (1)].

PERSCAN analysis: parameterization
of orientation potential

The rotational orientation of helices can be characterized
by the helix orientation angles. The PERSCAN analysis
is designed to predict the lipid-inaccessible faces for the
BR helices. Initially, 34 sequences for members of the
bacteriorhodopsin family were retrieved from the PIR
(protein information resource) database version 47.0.
The program AMPS (Barton 1990) was used to calculate
the pairwise amino acid identities and these values were
used to reduce the initial sequence set for each family to a
representative subset. A total of 21 sequences were
excluded and the remaining 13 sequences [the PIR
accession codes and classi®cation of the remaining 13

sequences are as follows: A34178 (archaerhodopsin
precursor from Halobacterium spp.), S14731 (arch-
aerhodopsin 2 from Halobacterium spp.), S35730
(bacteriorhodopsin from Halobacterium spp.), S51206
(cruxrhodopsin from Halourcula spp.), S76743 (crux-
rhodopsin-2), S55297 (sensory rhodopsin II apoprotein
fromHaloarcula vallismortis), S55300 (sensory rhodopsin
II apoprotein from Natronobacterium pharaonis),
S29988 (halorhodopsin from Halobacterium spp.),
D43766 (halorhodopsin fromHalobacterium salinarium),
A35002 (halorhodopsin from Natronobacterium phar-
aonis), A26161 (halorhodopsin precursor from Halobac-
terium spp.), S29989 (sensory rhodopsin I from
Halobacterium spp.), S09277 (sensory rhodopsin I from
Halobacterium halobium)] were then subjected to the
multiple sequence alignment analysis using the program
AMPS. Transmembrane helical segments were predicted
using the program TMS-PRED (Persson and Argos
1994). Periodicity analysis of putative transmembrane
segments was then performed by the program PER-
SCAN (Donnelly et al. 1993). PERSCAN employs
Fourier transform analysis to identify periodicity, in
characteristics such as lipid inaccessibility, hydropho-
bicity and residue conservation, along the sequence
blocks from multiple sequence alignments. From the
results, the lipid-inaccessible face for each helix was
identi®ed. Figure 2 presents the results in the form of
helical wheel.

Fig. 2a±g Results of PERSCAN analysis for seven transmembrane
segments of BR. Each helical wheel contains the BR transmembrane
segment and periodicity analysis. The lipid-inaccessible faces are
directed by open arrows, the symbol * indicates the ®rst residue of the
segment and the solid arrows indicate the directions of the helix wheel
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TMH simulation protocol

The protocol used for the simulation presented in this
section is similar to the one stated in our previous paper
(Son and Sansom 1999). Ideal helices of Ca atoms were
constructed with the BR sequence. The bundle system
was randomized by heating the system to a temperature
of 90,000 K. Subsequent abrupt cooling of the system to
7000 K ®xed the randomized structure and then the
system was cooled slowly down to 300 K to adopt the
simulated annealing process. A step temperature scale of
50 K was used to decrement the temperature from
7000 K to 300 K, and for each step temperature, 600
times of sampling was done (300 times of translational
sampling and 300 times of rotational). An ensemble of
50 structures was generated at the end of the simulation.

An inter-helical distance of 8.8 AÊ and crossing angles
of 14° for parallel and )173° for anti-parallel pairs of
helices (Sansom et al. 1995) were set as the parameters of
the helix distance potential and crossing angle potential.
The bilayer potential parameter was set up using the GES
scale (Engelmen et al. 1986). The dielectric constant
e was set to be 2.0. The weights were set up so that the
minimum energy values of constituent potentials would
be )10.0 kcal/mol ()20 kcal/mol for the loop potential)
in all the simulations unless otherwise stated. Inter-heli-
cal restraints were imposed by the loop potential (Eloop),
and various simulations were conducted with di�erent
restraint conditions. Table 1 lists the de®nition of the
simulation models. In the BR-0 simulation, there was no
inter-helical restraint imposed upon the simulation po-
tential, while in the BR-11 simulation 11, restraints were
imposed to hold neighbouring helices together, i.e., for a
neighbouring helix pair Dcut � 11 AÊ was employed.

Simulations were performed on a DEC Alpha 2100 4/
275. For each simulation, an ensemble of 50 structures
was generated. For the generation of one structure, CPU
time of approximately 120 min was required. Analyses
of the structures were done on Silicon Graphics R3000
Indigos. Helix bundle geometry was analysed by AC-
TIVE (H.S. Son and M.S.P. Sansom, unpublished) and
graphical analysis was done by ACTIVE and RasMol
(Sayle 1996).

SA/MD simulation protocol

The lowest energy structure was selected from the en-
semble of structures generated from the TMH simula-

tion BR-11. The selected structure itself is similar to the
EM-determined BR structure in terms of its shape, helix
orientation and positions of the helices in the bundle.
The initial structure for further simulation was thus
provided by the TMH simulation. The subsequent SA/
MD simulation is to re®ne the structure in order to
generate more stable structures. The helices in the initial
structure are rigid rods, i.e., no internal ¯exibility was
allowed in the process of the TMH simulation. The SA/
MD simulation introduced the ¯exibility by a full atom
represented simulation procedure.

From the TMH BR-11 simulation, the lowest energy
structure was selected to be the initial structure. Only Ca
atoms were speci®ed in this structure initially. The re-
maining atoms were then added onto the corresponding
Ca atom positions (the TMH simulation procedure re-
placed the initial stage of the existing SA/MD protocol).
These backbone and sidechain atoms were then released
to be ``grown out'' from the ®xed Ca atoms. Simulation
started at 1000 K and at this temperature geometrical
interactions and later a repulsive van der Waals term
were slowly introduced. The system was then cooled
down slowly to 300 K. The Ca atoms were ®xed at their
original locations. At the end of this stage of the simu-
lation, ®ve structures were generated and they were then
fed into the MD stage (this is a molecular dynamics
stage as a module of the SA/MD protocol) to generate
ensembles of 25 structures. At this MD stage the Ca
atoms were gradually allowed to move from their initial
locations. A temperature of 500 K was initially assigned
to the system. An electrostatic term was introduced by
scaling polar sidechain partial atomic charges as the
temperature was reduced from 500 K to 300 K. Partial
sidechain charges were gradually scaled from 0 to 50%
of their standard values. For the treatment of non-
bonded interactions, a constant dielectric condition was
employed (e = 2.0) (Brooks et al. 1983). On reaching
300 K, a 5 ps burst of constant temperature dynamics
was performed, followed by 1000 steps of conjugate
gradient energy minimization. These ensembles were
then subjected to the analysis which is described below.
Xplor V3.0 (BruÈ nger 1992) was used with the
CHARMm PARAM19 (Brooks et al. 1983) parameter
set to perform the SA/MD simulation throughout.
Simulations were performed on a DEC Alpha 2100 4/
275 workstation; for the generation of one structure,
CPU time of approximately 130 min was required. The
geometrical analyses were performed using ACTIVE
and graphical analysis was done by ACTIVE and Ras-
Mol on Silicon Graphics R3000 Indigos.

Results

TMH simulation

There are two sets of simulations: one is without any
inter-helical distance restraints (simulation BR-0) and

Table 1 The types of TMH simulations. Simulation types are
named according to the number of inter-helical restraints imposed
by the loop potential

Simulation type Inter-helical restraints (by Eloop)

BR-0 None
BR-6 A-B, B-C, C-D, D-E, E-F, F-G
BR-7 A-B, B-C, C-D, D-E, E-F, F-G, C-F
BR-11 A-B, B-C, C-D, D-E, E-F, F-G, B-G,

C-G, C-F, C-E, D-F
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the other is with the inter-helical restraints (simulations
BR-6, -7 and -11). Di�erent restraints were imposed to
see if the restraints oriented the helices in the desired
order. Figures 3±6 present the resultant structures from
the simulations; the lowest energy structures are shown.
The shapes of the structures are similar to the experi-
mentally determined BR structure. However, the order
of the helices in BR-0 is not that observed in the ex-
perimentally determined BR structure. The simulations
BR-7 and BR-11 generated structures whose constituent

helices are arranged as observed in BR. Therefore the
helix orientation potential generated the BR-like struc-
tures and the loop potential sorted out the order of the
helices. The structures are geometrically analysed and
Table 2 shows the results of the analysis. The results all
show that the simulation method has successfully opti-
mized the system. The average crossing angles (over the
ensemble of 50 structures) between neighbouring pairs
of helices in the BR-11 simulation are )174° for AB,
)173° for BC, )170° for CD, )172° for DE, )176° for

Fig. 3a, b Lowest energy
structure of TMH simulation
BR-0: a perpendicular view and
b parallel view to the lipid
bilayer plane

Fig. 4a, b Lowest energy
structure of TMH simulation
BR-6: a perpendicular view and
b parallel view to the lipid
bilayer plane

Fig. 5a, b Lowest energy
structure of TMH simulation
BR-7: a perpendicular view and
b parallel view to the lipid
bilayer plane
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EF, )172° for FG, and 2.8° for GA. The EM-deter-
mined structure of BR has a positive crossing angle of
167° for the CD helix pair (Table 3a), i.e., the TMH
simulation has not been able to predict this positive
angle [it is too early to discuss this dissimilarity; the
discussion is left for the later section (below) that de-
scribes the SA/MD results]. Figure 7 shows the energy
trajectories for the lowest energy structures from the
simulation BR-11. In order to investigate the e�ective-
ness of the helix orientation potential, structure clus-
tering was considered. Each structure was projected
onto a two-dimensional plane (e�ectively onto the bi-
layer plane). A pair-wise root mean square deviation
(RMSD) value was found by comparing two projected
structures; one structure was ®xed and the other struc-
ture was rotated through 360°. For each 1.0° rotation,
the RMSD value between two structures was found by
calculating the distances between corresponding helix
pairs. Among these 359 RMSD values, the minimum
value was taken as the pair-wise RMSD of the two
structures. A pair-wise RMSD matrix thus was created.
This matrix was then subjected to a cluster analysis
using a C program ``oc'' (G.J. Barton, unpublished). The
BR-0 simulation (and other simulations also) generated
clusters of structures: d-endotoxin-like, BR-like, rho-
dopsin-like, along with other randomly oriented struc-
tures. The occurrence of structural clustering was
con®rmed by visual inspection of the structures. The
BR-like structures are lower energy structures than the
others (in all the simulations with the helix orientation
potential). This result is di�erent from the simulation
result that was presented in our previous report (Son
and Sansom 1999). This indicates that the new ``helix

orientation potential'' e�ectively in¯uenced the simula-
tion.

SA/MD simulation

Figures 8 and 9 show the result of the SA/MD simula-
tion. The structure was chosen by the ensemble average
method. The coordinates of Ca atoms of 25 structures
from the ensemble were averaged and an average
structure was found. This ensemble average structure
was chosen to be the representative predicted structure
(Fig. 9). The simulation certainly further minimized the
TMH generated structure. However, the overall shape of
the structure has been retained. The representative
structure has been geometrically analysed and Table 3c
shows the results of the analysis. The results show that
the simulation method optimized the system. The geo-
metrical analysis results agreed in reasonable accuracy
with the analysis results from the experimentally deter-
mined structure (Table 3a). However, there are some
di�erences in crossing angles: the SA/MD re®ned
structure shows crossing angles of )173° and 179° for
CD and EF pairs, but the EM structure shows 167° and
)169° for the same pairs of helices. It has been noticed
that the EM-determined BR structure has an ``excep-
tional'' helix-helix packing orientation for dimer CD,
which shows a positive crossing angle against the ex-
pected negative crossing angle by the ``ridges into
grooves'' theory (Chothia et al. 1981). However, in the
SA/MD simulated structure the EF pair is observed to
have this ``exceptional'' orientation. To investigate this
observation, Table 3b is provided. Table 3b is the results
of the geometrical analysis of the TMH-generated rep-
resentative structure. As shown in Table 3b, the crossing
angle of the EF pair before SA/MD re®nement is neg-
ative, i.e., SA/MD re®nement mediated the crossing
angle in the EF pair. It should be noted that after the
SA/MD re®nement the orientation of the helix pair CF
(anti-parallel helix pair) shows an ``expected'' negative
crossing angle which was positive at the end of the TMH
simulation (Table 3c). Therefore it might be that the
``unusual'' orientation of helices are due to the packing

Fig. 6a, b Lowest energy
structure of TMH simulation
BR-11: a perpendicular view
and b parallel view to the lipid
bilayer plane

Table 2 Geometrical analysis of TMH simulated BR helix bundle
structures; dc is the closest distance between two helices

Simulation
type

X (parallel)
(°)

X (antiparallel)
(°)

dc (neighbour)
(AÊ )

BR-0 )173.0 (0.9) 13.6 (0.6) 8.9 (0.3)
BR-6 )172.6 (0.8) 12.7 (1.1) 9.0 (0.3)
BR-7 )172.0 (2.6) 12.4 (0.6) 9.0 (0.5)
BR-11 )173.0 (2.7) 14.4 (0.7) 8.8 (0.3)
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competition among neighbouring helices. The kink angle
analysis shows that the SA/MD-generated structure ex-
hibits a kink ranging from 13.5° to 19.5° (13.5° for helix
B, 19.5° for helix C and 16.6° for helix F). The kink
angles calculated from the experimentally determined
BR structures are 5.8° (B), 17.2° (C) and 22.0° (F). The
kink in helix B shows a minor disagreement with the
EM-determined structure. The SA/MD re®nement did
not alter the overall shape of the structure, i.e., the shape
of the re®ned structure is dependent on the initial TMH-
generated structure. Therefore, TMH generation of ini-
tial structure(s) is pressingly important.

Discussion

Figures 3±6 show the structures generated from TMH
simulations of di�erent restraints imposed by loop po-
tential. The restraint potential was employed to arrange
the helices in the sequential order (simulation BR-6);
further, to arrange them in the positions where the EM-
determined BR structure show (simulations BR-7 and
BR-11). The restraints were not based on existing EM
experimental data, but based on the data which feasible
experiments could produce; solid state NMR could give
information about helix-helix distances as could other
chemical methods such as ¯uorescence energy spectros-
copy and cysteine scanning mutagenesis (Kono et al.
1996) experiments, and for some cases, short loopsT
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Fig. 7 Energy trajectory for the lowest energy structure from the
simulation BR-11
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between helices could restrain the helix-helix distances
(however, in the BR case, the loops are not su�ciently
short to derive e�cient positional restraints). From all
the types of simulations, the shapes of the lowest energy
structures are similar to the EM-determined structure.
However, the positions of the helices in simulations BR-
0 and BR-6 are di�erent from those observed in the EM-
determined BR structure. The simulations BR-7 and
BR-11 exhibit the same shape and the same position of
the helices. The BR-7 structure shows that the C-F re-
straints held the pair tightly together. Further positional
restraints imposed in the BR-11 simulation produced a
preferred structure in terms of the shape and positions of
the helices. However, there also exists one other possible
con®guration that satis®es the condition: a clockwise
ordered helix bundle. Among the simulated structures in
the BR-11 simulation, it has been observed that some
structures have clockwise oriented helices; among the
clustered seven BR-like structures, two structures are
anti-clockwise ordered, two are clockwise ordered and
the rest are randomly ordered bundles. These clockwise
ordered helix bundle structures could also have energies
as low as the anti-clockwise oriented helix bundle
(Fig. 6). The shapes of the structures are similar to the
anti-clockwise helix bundle structure (EM-determined
BR structure). Having implemented all the possible

geometrical restraints, these clockwise ordered struc-
tures are energetically indistinguishable from the anti-
clockwise helix bundle. This problem could be solved by
experiments such as ¯uorescence energy spectroscopy
and cysteine scanning mutagenesis (Kono et al. 1996)
(the orientation of sidechains can be determined and this
information can establish the order of helices). From the
cluster analyses, it has been noticed that the introduction
of restraints produced more randomly oriented structure
(i.e., structures which are similar to none of the d-en-
dotoxin-like, BR-like and rhodopsin-like structures; the
randomly oriented structures have higher potential val-
ues than other structures). This is because the restraints
reduce the frequency of energy jumps between local
energy minima, which results in structures trapped in
one of the local energy minimal located in a high energy
level.

So far, the method of predicting BR structure has
been investigated. The RMSD value between the BR-11
structure and the EM structure is 0.43 AÊ . The method of
calculating the RMSD value is similar to the one used
for cluster analysis; both structures are projected onto a
two-dimensional plane (the bilayer plane), and the pair-
wise RMSD value is derived by calculating the minimum
distances between centres of corresponding helices.
Figure 8 shows the superimposed structures. The next

Fig. 8 Superimposed Ca-trace
plot. The lowest energy struc-
ture from the BR-11 simulation
(TMH-SA/MD) and the
Brookhaven BR structure
(2brd) are superimposed
together

Fig. 9a, b Average RMSD BR
structure at the end of the
SA/MD simulation. The struc-
ture is the RMSD averaged
ensemble structure
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stage is to re®ne the representative structure generated
by the TMH method. The SA/MD procedure is chosen
to be the re®nement method.

The lowest energy structures from the TMH simula-
tions were analysed in terms of bundle geometry, and the
result of the analysis is shown in Table 2 and discussed
in the Results section. The shapes of the structures are
similar to that of the EM-determined BR structure.
Having employed the positional restraints, the lowest
energy structures (simulations BR-7 and BR-11) showed
preferred structures in terms of shapes and helix posi-
tions in the bundles. The lowest energy structure from
the BR-11 simulation was then subjected to a SA/MD
simulation. This procedure is to re®ne the representative
structure (from the BR-11 simulation). The SA/MD
simulation method generally searches for wide confor-
mational space; therefore this re®nement procedure en-
ables the helix bundle to adjust itself to form a more
stable conformation. Particularly, other atoms previ-
ously restrained to the Ca atoms were released to move
in order to introduce the internal ¯exibility of a helix
bundle. The SA/MD simulation results show that the
prolonged kidney shape of the structure has been re-
tained throughout the simulation. Therefore the shape
of the structure was more or less pre-determined before
the SA/MD simulation, i.e., by the TMH simulation,
and the structure was then re®ned by the subsequent SA/
MD simulation.

The helix-helix distance and the crossing angle ana-
lyses show that the predicted bundle of helices are rea-
sonably similar to the EM-determined structure. The
kinks in the proline-containing helices were observed in
the simulated structures; this kink was clearly induced
during the SA/MD stage. The helix-helix orientation
was supporting the similarity between the simulated and
the EM-determined structure.

A simulation method to model seven transmembrane
helix bundles has been reported (Herzyk and Hubbard
1995). The method was to pack the transmembrane
helices according to the restraints that were derived from
experiments. A penalty function was constructed to
evaluate the inter-helical restraints. BR has been used to
test the method; a 7 AÊ EM density map of BR (Hen-
derson and Unwin 1975) was used to derive the posi-
tional restraints. The simulation produced a model
structure with a RMSD of 1.87 AÊ . This simulation study
showed that experimental data were an invaluable
source of information in predicting transmembrane
protein structures. The method used, however, included
neither the lipid environment nor the helix-helix orien-
tation terms. This is a reasonable assumption because
the restraints from the density map were su�cient to
generate the model without including the lipid environ-
ment. However, in the absence of the EM density map,
the method would have di�culty in predicting the
packing characteristics of the helices such as helix-helix
orientation and helix orientation with respect to the lipid
membrane. The TMH method employed no geometrical
restraints on the initial conformation, i.e., no EM den-

sity map is needed to predict the structure (if a density
map is provided, then the CPU time will be greatly re-
duced as more positional restraints could be given to the
simulation system). The TMH simulation-produced
structure is analogous to the density map by EM ex-
periments. However, the TMH-generated structure has
no means of determining the correct positions of con-
stituent helices [for EM-determined BR, the positions of
the helices were determined by careful inspection of ar-
omatic sidechains in the sequence and the helix density
map (Henderson et al. 1990)]. Therefore a set of geo-
metrical restraints are needed to position the helices in a
bundle. The TMH simulation system includes a lipid
bilayer environment as a continuum function of hydro-
phobic interaction with amino acids. This certainly
reduces the CPU time but more sophisticated represen-
tation of the bilayer could be bene®cial. As the reduced
representation method has been employed for helical
segments in the TMH simulation method, a simple
physical representation of the lipids would be a possi-
bility. One such representation has been reported
(BaumgaÈ rtner 1996). The e�ect of lipid membrane was
studied by Monte Carlo simulation of helix insertion.
The membrane was represented by a monolayer of hard
cylinders. The cylinders were allowed lateral movement
only and the hydrophobic region was incorporated in
the cylinders to mimic the hydrophobic region of the
lipid bilayer membrane.

Conclusion

A series of BR simulations (TMH and SA/MD simula-
tions) from the sequence analysis to the ®nal generation
of a tertiary structure has been completed. The analyses
showed that the structure generated at the end of the
simulations plausibly resembled the EM-determined
structure. The potential terms included in the potential
function have been successfully optimized. As the testing
case, the methods employed so far have been successful
in predicting the BR helix bundle; the same method
could be applied to unknown systems with the same
parameter set.
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