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Abstract

We propose a coarse-grained (CG) model to study the native structure and physical properties of helical membrane proteins (HMPs)
using off-lattice computer simulations. Instead of considering sequence heterogeneity explicitly, we model its effect on the packing of heli-
ces by employing a mean packing parameter ry, which is calculated from an all-atom (AA) model. Specifically, this CG model is applied
to investigate the packing of helices in bacteriorhodopsin (BR), and predicts the seven helix bundle structure of BR with a root mean
square deviation (RMSD) in coordinates of helix backbone atoms (N, C, C,) of 3.99 A from its crystal structure. This predicted structure
is further refined in an AA model by Amber and the refined structure has a RMSD (in coordinates of helix backbone atoms) of 2.64 A.
The predicted packing position, tilting angle, and orientation angle of each helix in the refined structure are consistent with experimental
data and their physical origins can be well understood in our model. Our results show that a reasonably good structure of BR can be
predicted by using such a dual-scale approach, provided that its secondary structure is known. Starting from a random initial configu-
ration, the folded structure can be obtained in days using a regular desktop computer. Various thermodynamic properties of helix pack-

ing of BR are also investigated in this CG model.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Membrane proteins (MPs) perform important and
diverse functions in living cells, such as regulation, commu-
nication, and assisting the folding of other MPs (White and
Wimley, 1999). They are partially buried in the non-polar
environment of a lipid membrane, where the hydrophobic
effect is absent. Since lipid tails are unable to form hydro-
gen bonds with proteins, the intra-chain hydrogen bonding
along the backbone of proteins plays a significant role to
form their native structure in a membrane. Only two main
structural motifs are observed for MPs: membrane-span-
ning o-helix bundles and B-barrels, the former being pre-
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dominant. Although analyses show that more than a
quarter of all proteins coded in genomes are MPs (Ger-
stein, 1998; Wallin and von Heijne, 1998; Krogh et al.,,
2001), due to difficulties in crystallizing MPs, less than
200 MPs have known crystallographic structures so far
(data obtained from http://blanco.biomol.uci.edu/Mem-
brane_Proteins_xtal.html). Therefore, there exist great
incentives for computational and theoretical studies of
MPs (Milik and Skolnick, 1992; Chen, 2000; Floriano
et al., 2000; Chen and Chen, 2003). As the information
technology advances, computer assisted structure predic-
tions and dynamic studies of MPs might serve as a power-
ful tool to understand the biological functions of MPs.
The retinal protein bacteriorhodopsin (BR) is a MP
found in the purple membrane of Halobacterium salinarium
and serves as a light-driven proton pump. It converts the
energy of green light (of wavelength 500-650 nm) into an
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electrochemical proton gradient, which is used by the cell
to produce ATP. BR is generally assumed to be structurally
similar to G protein-coupled receptors like (GPCR-like)
MPs, which are the largest protein family and involved in
all types of stimulus-response pathways. It is the focus of
much interest and has become a paradigm for MPs in gen-
eral and transporters in particular (Oesterhelt and Stoecke-
nius, 1973; Oesterhelt, 1976; Henderson, 1977, Dobbs
et al., 2002; Kokubo and Okamoto, 2004). Its structure
and function have been analyzed in great detail using a
variety of experimental techniques. Structurally, it has a
topology of seven transmembrane (TM) helices arranged
in two arcs, an inner one containing helices B, C, and D
and an outer one comprising helices E, F, G, and A.
Between helices B, C, F and G, there is a TM channel,
which accommodates a retinal to separate the extracellular
half channel from the cytoplasmic half channel. London
and coworkers have demonstrated denaturation and rena-
turation of BR under a wide variety of conditions (Huang
et al., 1981; London and Khorana, 1982). Understanding
the structure and thermodynamics of this membrane resid-
ing retinal protein is crucial to further investigate its bio-
logical functions.

The unique structural topology of BR serves as a simple
model for the study of computer assisted structure predic-
tions of helical MPs (HMPs). Many investigators have
used the structure of BR (or bovine rhodopsin recently)
as a template to build models of GPCR-like MPs (Pardo
et al., 1992; Davies et al., 1996; Baldwin, 1998; Herzyk
and Hubbard, 1998). An advance in modeling GPCR
was made by a study from Baldwin (Baldwin, 1998), in
which knowledge from sequence and homology as well as
important conjectures of MP structure were used to con-
struct a model for rhodopsin. However, due to the low
sequence identity (less than 30%) between most GPCR-like
MPs and rhodopsin (or BR), it should be noted that their
arrangement of TM helices could be very different, which
leads to an incorrect prediction of their structures. In fact,
the average sequence identity of 99% of human GPCRs to
bovine rhodopsin is lower than 20%. Another template
based method for structure prediction is the threading
method (Zhang et al., 2006), whose success depends on
the completeness of the library of solved structures in the
protein data bank (PDB) (Berman et al., 2000). An alterna-
tive method for structure prediction of MPs without using
homology has been developed by Goddard III and cowork-
ers (Trabanino et al., 2004; Kalani et al., 2004), which
requires an initial input of the experimental electron den-
sity map of MPs. The ab initio approach is based on the
global minimization of a physical potential energy func-
tion, which thus far has had limited success for small pro-
teins (Simons et al., 1997; Liwo et al., 1999; Zhang et al.,
2003; Kokubo and Okamoto, 2004). Several recent
attempts have tried to integrate knowledge-based poten-
tials with physical interactions to study the packing of
MP helices, which demonstrate how the existing experi-
mental structure database can be utilized to help the struc-

ture prediction of MPs (Chen and Xu, 2006; Yarov-
Yarovoy et al., 2006). We note that most previous studies
of MP structures (such as homology modeling and thread-
ing) show little interest on the thermodynamic hypothesis
of protein folding, which is the main focus of this article.
In addition, most previous methods in studying the struc-
ture of large proteins often require extensive computation.
Our study intends to obtain a reasonably good structure
within limited computational time by a dual-scale
approach. In the first step, we will identify important phys-
ical interactions that would determine the structure of BR
and construct our coarse-grained (CG) model. A serious
search for the ground state of the system is then carried
out by both the Monte-Carlo (MC) simulations and the
parallel tempering (PT) algorithm (Hansmann, 1997). In
the second step, an all-atom (AA) representation of our
predicted CG structure of BR will be refined to get the final
structure using Amber (Case et al., 2002).

It has been suggested that folding of many integral
HMPs can be understood by a two-stage model (Popot
and Engelman, 1990; Booth and Curran, 1999; Pappu
et al., 1999; Popot and Engelman, 2000): Independently
stable helices are formed in lipid membrane in the first
stage, and the helices interact with others to form a func-
tional MP in the second stage. In this paper, based on
the two-stage model, we demonstrate the feasibility of pre-
dicting the native structure of BR by finding the lowest
energy channel state of a CG protein model using MC sim-
ulations. Dominant physical interactions responsible for
the folding of BR are discussed in detail in the Model sec-
tion. In the Simulation Methods section, we describe the
procedure in carrying out a CG MC simulation of MPs,
which are used to get kinetics and thermodynamics of
MP folding from a random structure to the ground state
structure. The ground state structure has been identified
by the PT algorithm. The procedure to refine the predicted
CG structure is described in the all-atom refinement sec-
tion. Our results on the predicted structure and thermody-
namics of BR folding are discussed in the Section 5.

2. Model

Previous studies using lattice MC simulations have
shown the feasibility in correctly predicting the number
of TM a-helices of a HMP and their location in sequence
(Chen and Chen, 2003). TM helices will insert into the
membrane in vivo either spontaneously or, more probably,
via a translocon. In the latter case, our previous computer
simulations suggest that the formation of TM helices is
much faster than the packing of TM segments since only
local interactions are involved in helix formation (Chen
and Chen, 2003). As proposed in the two-stage model,
we assume that the initial structure of BR contains seven
rigid cylinders randomly residing in the membrane, which
are constrained by flexible inter-helix loops. Each cylinder
consists of 5 monomers and the size of each monomer var-
ies from 4.5 to 7.5 A depending on the number of residues
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in each monomer. Excluded volume constraint is imposed
on these cylinders, which means that no crossing of cylin-
ders is allowed. These TM helices can be identified on the
basis of hydrophobicity as described in our previous work
(Chen and Chen, 2003) and their sequences adopted here
are (WIWL) (ALGT) (ALMGL) (GTLY) (FLVK) (helix
A: 10-30), (PDAKK) (FYAIT) (TLVPA) (IAFTM) (YLS-
ML) (helix B: 37-61), (RYAD) (WLFT) (TPL) (LLLD)
(LALL) (helix C: 82-100), (QGTIL) (ALVG) (ADGI)
(MIGT) (GLVGA) (helix D: 105-126), (RFVW) (WAIS)
(TAA) (MLYI) (LYVL) (helix E: 134-152), (EVAST)
(FKVLR) (NVTV) (VLWSA) (YPVVW) (helix F: 166-
189), and (NIET) (LLFM) (VLD) (VSAK) (VGFG) (helix
G: 202-220). Here amino acids within the same group are
considered to belong to the same monomer in the CG
model. The loop constraint is modeled by limiting the
head-to-tail distance between two consecutive helices,
which is proportional to the number of residues in the
loops (each residue is 3.8 A). If the head-to-tail distance
between two consecutive helices is smaller than the length
of the corresponding loop, they can move without feeling
the loop constraint. However, it is not permitted for the
head-to-tail distance to be larger than the maximal length.
These helices are allowed to diffuse in the membrane, as
well as to tilt (@) and rotate (®) along the membrane nor-
mal direction, as shown in Fig. 1. The rotation of the heli-
ces around their main axis is irrelevant in this CG model
due to the simplification of TM helices. Among various
physical interactions, evidences show that the van der
Waals (vdW) interaction and side-chain packing among
TM helices mostly determine the tertiary structure of
MPs (Popot and Engelman, 1990, 2000). Although inter-
helical hydrogen bonding, ion pairs, and disulfide bonds
have been considered as alternative sources of stability,
there are only few cases demonstrating the importance of
these alternative interactions.

In our model, the packing interaction between helices is
expressed as

water

N membrane
| helix
\

NN

water
AN

Fig. 1. A schematic representation of a transmembrane helix showing its
tilting (@), orientation (®), and rotational () angles.
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where e; is the strength of the packing interaction and ry
determines the minimum of Ep,cking. In this representation,
each helix is considered to be a rigid polymer cylinder and a
monomer represents 3-5 residues. The distance between m-
th monomer in helix i and n-th monomer in helix j is de-
noted by r(m;n;). The packing interaction in Eq. (1) is a
sum of all vdW energy between monomers, which is
approximated without sequence dependence in our CG
model. A mean parameter ry is employed instead of consid-
ering sequence heterogeneity explicitly, which is some sort
of average value evaluated using AA model of the helices.
To estimate its value, we first construct those seven helices
of BR individually as standard helices with the ¢ and y tor-
sional angles of residues equal to —60 and —40 degree,
based on the secondary structure of BR. Each standard he-
lix is subject to an energy minimization using Amber7. The
lowest vdW energy of each pair of neighboring helices is
calculated as a function of their separation distance by
varying their tilting (@), orientation (&), and rotational
() angles at each distance, as shown in Fig. 2. The packing
parameter rqo (7.8 A) in Eq. (1) is obtained by averaging its
values predicted from these curves, which is consistent with
its experimental measurement (7.9 A) from the PDB struc-
ture of BR. We note that the value of ry is in general se-
quence dependent since different proteins would have
different packing size. For example, it is calculated to be
8.3 A for HR (experimental measurement is 8.24 A) and
8.4 A for SRII (experimental measurement is 8.5 A). This
packing interaction has determined the relative helix posi-
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Fig. 2. Energy curves of vdW interaction for each pair of neighboring
helices in BR as a function of their separation distance. The vdW energy
curves are of the lowest energy at each separation distance by varying
tilting, orientational, and rotational angles. Curve I is for the pair of
helices A and B, curve I is for the pair of helices B and C, curve III is for
the pair of helices C and D, curve IV is for the pair of helices D and E,
curve V is for the pair of helices E and F, and curve VI is for the pair of
helices F and G.
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tions of several HMPs, provided that a suitable r( is ob-
tained from an AA model calculation. We further note that
the determination of ry relies on AA calculations for pairs
of neighboring helices, which requires knowledge on the
topology of helix packing. Since a slight change in the value
of ry only changes the packing size but not the packing
topology, a rough estimation of rq can be used to obtain
the packing topology first. This packing topology will then
allow a more accurate estimation of ry,.

The helix-water interaction Ej, can be modeled by
using a rescaled Kyte-Doolittle hydropathy (HP) index
(Ala, Arg, Asn, Asp, Cys, GIn, Glu, Gly, His, Ile, Leu,
Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, Val) = (0.4, —1,
—0.78, —0.78, 0.56, —0.78, —0.78, —0.09, —0.71, 1, 0.84,
—0.87, 0.42, 0.62, —0.36, —0.18, —0.16, —0.2, —0.29,
0.93) with strength e,, which is mainly determined by the
Gibbs free energy change for transferring amino acids from
the water phase into their compressed gas phase (Kyte and
Doolittle, 1982). Here, the HP index of residues is rescaled
to be values between —1 and 1. In our CG model, the
hydropathy index of each monomer corresponds to its
cumulative hydropathy (CHP) index of associated residues,
i.c. CHP, — { g:i'HPi’ if monomer j is in water

, if monomer j is in membrane
is the residue index in monomer j of a TM helix. Thus
one can express Ej, = e jCHP/, where j runs over all
monomers in TM helices. In addition, detailed studies of
model hydrophobic helices in phospholipid bilayers have
shown that lipids in the immediate neighborhood of a helix
are perturbed due to the helix-lipid interaction (Huschilt
et al., 1985; Subczynski et al., 1998). We thus model the
helix-lipid interaction by a tilting energy Ep = e3 X; (1-
cos®,) of the helices in the membrane, where ©; is the tilt-
ing angle of the i-th helix. The tilting energy increases if a
helix is tilted from the membrane normal, due to the
increase in the contact between lipids and helix. In princi-
ple, the competition of the helix-water and helix-lipid
interactions would determine the tilting angles of helices.
A proper estimation of the value of es/e, would allow us
to predict the tilting angles of helices correctly. To estimate
its best value, we have calculated the tilting angles of heli-
ces for 12 HMPs in the PDB (1E12, 1F88, 1H6S8, 1JGJ,
1BL8, 1FX8, 1J4N, 10ED, 1PW4, 2B2F, 2GFP, 2IC8)
by varying es/e, using MC simulations. The predicted tilt-
ing angles of helices are then compared with their values
acquired from the PDB. As shown in Fig. 3, the value of
es/e; is estimated to be about 0.7 by minimizing the RMSD

of the helix tilting angles,@rmsd:\/J—IZ:':I(@I-—@?)Z,

where @; and @? are the predicted and acquired tilting
angles of helices. In other words, if one uses es/e; = 0.7
to predict the helix tilting of the above HMPs, it is expected
to obtain the best results. Among these 12 HMPs, the first
four are GPCR-like MPs, 1BL8 and 1FX8 are ion chan-
nels, 1FX8 and 1J4N are aquaporin-like MPs, 1PW4,
2B2F, and 2GFP are transporter MPs, and 2ICS8 belongs
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Fig. 3. RMSD of the helix tilting angles (O = /130, (60; — 8°)*) asa

function of es/e,. Here, @; and @ are the predicted and acquired tilting
angles of helices, for the following 12 helix-bundle MPs in the PDB: 1E12,
1F88, 1H68, 1JGJ, 1BL8, 1FX8, 1J4N, 10ED, 1PW4, 2B2F, 2GFP, 2IC8.

to intramembrane proteases. The reason that we include
4 GPCR-like MPs in this estimation is because they are
the largest protein family known. We note that, to calculate
the value of @; with the lowest energy, MC simulations of
each helix have been carried out for various values of e;/e,
in our CG model.

Finally we discuss the effect of the retinal in stabilizing
the channel state over a hexagonal packing state. The hex-
agonal packing state, in which one helix of BR is sur-
rounded by the other six helices, is expected to have the
lowest packing energy since there are more contacts
between helices (Kokubo and Okamoto, 2004). However,
for such a hexagonal packing state, the retinal will be out-
side the helix bundle and has unfavorable contacts with lip-
ids. Conversely, the retinal will form hydrogen bonding
with water molecules and have favored contacts with heli-
ces, if it is in the channel state (Nina et al., 1995; Baudry
et al.,, 1999). In our CG model, the retinal is represented
by a rod of length 12 A and radius 1.6 A, which is cova-
lently bound to Lys-216 of the G-helix and allowed to
move in the membrane. We thus model the non-covalent
interaction between the retinal and its environment by a
contact energy between retinal and  helices,
Econtact = e4zl.7:1.9(Ar,»), where Ar; is the shortest distance
between the axes of retinal and i-th helix, and g(Ar;) is 1
if Ar; is between 6 and 9 A and 0 otherwise. We note that
E ontact 18 residue independent since it is used to model
mainly the energy difference between retinal-water interac-
tion and retinal-lipid interaction.

According to the thermodynamic hypothesis of protein
folding, the native state of proteins is the global minimum
of free energy (Anfinsen, 1973). To find the ground state
structure of BR, the relevant physical quantity to be mini-
mized in our model is the total energy E = Eacking T
Epnw + En + Econtace- In principle, several properties in our



C.-C. Chen et al. | Journal of Structural Biology 162 (2008) 237-247 241

model would be different for different MPs, including iden-
tification of each monomer in helices, the cumulative
hydropathy index CHP;, and the packing parameter r.
We note that our model is a minimum model for MP fold-
ing, which has only been tested for 7TM receptors. A more
comprehensive model and a more realistic representation
of proteins are still under our investigation, in which case
all residues of TM helices are explicitly considered.

3. Simulation methods

To study the structure and helix packing dynamics of
BR, the simulation box is divided into three regions: a
hydrophobic lipid layer (of thickness 26 A) sandwiched
by two water regions. The protein chain is represented by
seven rigid cylinders (TM helices) located in the membrane
phase and constrained by flexible inter-helix loops. Each
cylinder consists of 5 monomers and the retinal is repre-
sented by a rod, which is covalently bound to Lys-216 of
the G-helix and allowed to move in the membrane. The
presence of this retinal molecule in the structure formation
of BR will prevent the protein from forming a hexagonal
packing structure. The helix packing of BR is simulated
by the Metropolis MC algorithm in a continuum space at
a constant temperature 7" (Chen and Higgs, 1998). At each
instant, a cylinder is picked up at random and attempts to
diffuse in an arbitrary direction, to tilt away from the
z-axis, or to rotate along the z-axis. The rotation of the
helices around their main axis is irrelevant in our CG
model due to the simplification of TM helices. If any
attempted move of cylinders satisfies the constraints of
excluded volume and inter-helical loops, the move is
accepted with probability w = min[l, exp(—AE/kT)] (the
Metropolis criteria), where AE is the energy change of
the system. In these simulations, we choose e; =0.25,
e;=1, e3=0.7, e,=—-0.5, and kT =0.1. The choice of
these parameters is not unique. The RMSD of the ground
state structure is unchanged if we slightly change the value
of ey or e4. However, for e; > 0.4 (e4 = —0.5) or e, > —0.3
(e; = 0.25), the structure of the ground state has a RMSD
(in coordinates of helix backbone atoms) of 5.67 A from
the native structure of BR. The thermal energy has no
effect on the predicted structure as long as enough simula-
tion time is used.

4. All-atom refinement

In addition to examining folded structure of BR using a
CG model, an AA calculation is desired to see if one can
obtain BR folded structure at atomic level. Amber was
used to carry out this task. In particular, we will examine
the ability of Amber in refining our predicted CG struc-
tures. To construct the AA representation of the predicted
CG structure of BR from our MC simulations, we first
build the seven helices of BR individually as standard heli-
ces with the ¢ and s torsional angles of residues equal to
—60 and —40 degree, based on the secondary structure of

BR. Each standard helix is subject to an energy minimiza-
tion using Amber7. The seven energy-minimized helices
constructed are used to replace the rigid cylinders of BR
in the CG model by fitting the center of mass and the axis
of helices. Moreover the rotation angle along the long axis
(£2) of each helix is chosen to align the most hydrophobic
surface of helices to face the membrane core (Trabanino
et al., 2004). Inter-helix loops are added arbitrarily by hand
to connect consecutive helices without changing the CG
structure of BR in the AA representation. We note that,
however, this policy for the rotational angles of helices
by considering hydrophobicity is not universal for all
MPs. Other interactions might also contribute to the rota-
tional angles of helices. The retinal is covalently bound to
Lys-216 of the G-helix and allowed to move in the mem-
brane. The atomic charges of the retinal and Lys-216 are
taken from the work of Tajkhorshid and coworkers (Tajk-
horshid et al., 1999). This structure is then refined by an
energy minimization, which is proceeded with 5000 steps
of steep descent method and 10,000 steps of conjugate gra-
dient method. Here both water and membrane are implicit
in our model. The hydrophobic core of membrane is trea-
ted as a dielectric medium of dielectric constant x = 2.5 [its
value is between 2 and 4 (Tsong, 1990)] and the dielectric
constant of water is 80. As a first order approximation,
we treat the environment of HMPs as a uniform dielectric,
which screens out charges by a factor 1/x. More sophisti-
cated model of the environment of HMPs can be adopted
to improve the predicted structures of HMPs. For example,
if a HMP contains a sub-structure in water, a better model
of lipid and water would be required to get a good predic-
tion. Other values of x (2.0 and 3.0) are also used, but no
substantial differences in the folded structure are observed.
Starting from the energy-minimized structure, we carry out
restrained MD simulations to further refine the folded
structure by allowing both helices and loop segments to
move. The restraints are applied to the backbone atoms
of all helices, including the torsional angles (¢ and )
and the distance between N and O atoms of hydrogen
bonds in the helices, as well as the residue position on
the lipid mid-plane (LMP). The time step is 2 fs. The bonds
associated with hydrogen atoms were fixed at their equilib-
rium bond lengths. The cutoff distance for non-bonded
interactions is 100 A to include all atom-atom non-bonded
interactions. The temperature coupling parameter for a
constant temperature simulation is set to be 5 ps. We note
that typical values of temperature coupling parameter are
between 0.5 and 5 ps for protein simulations, and too small
values of this parameter might cause unrealistic fluctua-
tions. For the purpose of structure refinement, any value
in this range should make no significant difference.

5. Results and discussion
As suggested by Anfinsen, the native state of proteins is

the global minimum of free energy (Anfinsen, 1973). Fig. 4
shows a typical run of helix packing of BR starting from a
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Fig. 4. Potential energy of BR as a function of time calculated from MC
simulations. The energy of the chain as a function of simulation time is
plotted for every 10 MC steps initially and for every 1000 steps otherwise.
Only the highest and lowest energies during this time window are shown.
The insets show the average helix positions of the initial structure (a) as
well as the overlap of the predicted and crystal structures (b). Here, 1 MC
step is defined to be the time period within which each helix attempts to
move 50 times. The lowest energy of the energy curve is also noted with its
RMSD (in coordinates of helix backbone atoms).

random initial configuration as shown in the inset (a), in
which the energy of BR drops rapidly from —1.5 to —6.3
during the first 2500 MC steps and the lowest energy
(—8.6) is observed at about 63 million MC steps. The
ground state structure has a RMSD (in coordinates of helix
backbone atoms: N, C, C,) of 3.99 A from the PDB struc-
ture of BR (Pebay-Peyroula et al., 1997). Here, 1 MC step
is defined to be the time period within which each helix
attempts to move 50 times. The lowest energy state is noted
with its RMSD. The energy of the chain as a function of
simulation time is plotted for every 10 MC steps initially
and for every 1000 steps otherwise. Only the highest and
the lowest energies within this time window are shown.
Approximately, starting from the random initial configura-
tion of MPs, it takes only a few days to find the ground
state of our CG model by using a single core AMD Opter-
on CPU with a clock speed of 1.8 GHz. This ground state
is consistent with the lowest energy state obtained using the
parallel tempering (PT) algorithm, in which 10 replicas of
temperature 0.08, 0.10, 0.13, 0.17, 0.21, 0.28, 0.36, 0.46,
0.59, and 0.77 are adopted for parallel simulations (Hans-
mann, 1997). The PT simulations consist of 10’ MC steps
and an exchange of conformations between pairs of repli-
cas at neighboring temperatures is attempted simulta-
neously after 10> MC steps for each replica. In our MC
simulations, 10 arbitrary initial states have been adopted
in searching for the ground state structure of BR. Only 5
of them can find the ground state identified by PT within
108 MC steps. In the inset (b) of Fig. 4, the average helix
positions of this ground state structure are compared to
those of the crystal structure of BR on the LMP, which

shows a remarkable consistency. For this ground state,
the RMSD of helix positions at LMP (RMSD-LMP) is
1.23 A and the RMSD of tilting angles (O sq) 1s 8.28
degrees. Fig. 5 shows the relationship between energy and
RMSD (in coordinates of helix backbone atoms) for 100
structures observed in our simulation, including 30 lowest
energy structures and 70 randomly chosen high energy
structures. It is clear that these low energy structures
resemble the native structure and their RMSD (in coordi-
nates of helix backbone atoms) is smaller than 5 A Tt is
also clear that, from Fig. 4, the folded state corresponds
to a basin of attraction on the energy surface since states
of energy less than —8 (or RMSD in coordinates of helix
backbone atoms less than 5 A) appear repeatedly through-
out our simulations. It is safe for us to note that the corre-
spondence between our ground state structure and the
native structure is consistent with the thermodynamic
hypothesis, instead of a coincidence. In Fig. 6, curve 1
shows the values of O, as a function of time, which
starts at the value of 19 degrees and fluctuates between 5
and 40°. Curve 2 shows the value of RMSD-LMP as a
function of time, which starts at the value of 18 A and fluc-
tuates between 1 and 25 A.

The 3D structures of BR predicted from our simulations
are compared to its X-ray structure as shown in Fig. 7, in
which the seven-helix structures of BR are depicted for the
X-ray structure (black lines), MC prediction (light grey rib-
bons), and MD refinement (dark grey ribbons). The simi-
larity among these three structures is visible. It can be
seen, from Fig. 7, that the refinement of most helices in
BR is apparent in the AA model. The overall RMSD in
coordinates of helix backbone atoms of the lowest energy
structure from the X-ray structure is 3.99 A from the CG
model prediction. This CG structure is then energy mini-
mized in the AA representation using Amber7, which leads

N——
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Fig. 5. A scattered diagram in the energy-RMSD (in coordinates of helix
backbone atoms) plane for 100 observed structures, including 30 lowest
energy structures and 70 randomly chosen high energy structures. The low
energy conformations have a RMSD less than 5 A, while the high energy
states have a large RMSD about 15 A.
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Fig. 7. Comparison of BR structures from MC prediction (light grey
ribbons) and MD refinement (dark grey ribbons) with its X-ray structure
(black lines). Significant improvement in the MD refinement is observed
for helices A, B, E, and F.

to an energy-minimized structure of RMSD (in coordinates
of helix backbone atoms) of 2.9 A from the X-ray struc-
ture. With the above mentioned restraint sets, as shown
in Fig. 8, the 5 ns MD simulation gives a RMSD (in coor-
dinates of helix backbone atoms) curve (curve 1) ranged
between 2.4 and 3.0 A and the potential energy (curve 2)
of BR decreases systematically with time from 1930 kcal/
mol to below 1800 kcal/mol. The lowest energy structure
observed in our MD simulation has a RMSD (in coordi-
nates of helix backbone atoms) of 2.64 A. For this refined
structure of BR, histograms of the deviation of heavy
atoms in BR from their native positions show a peak at
around 2.5 A, as demonstrated in Fig. 9. Here, Fig. 9(A)
shows the distribution in the position deviation of atoms
N, C, and C, in the backbone while Fig. 9(B) shows the dis-
tribution in the position deviation of Cg atoms in the side
chains. It is clearly seen from Fig. 9 (A) that most heavy
atoms in the backbone have a deviation between 1 and
4 A from their native position. On the other hand, Cg

Time (ns)

Fig. 8. RMSD (in coordinates of helix backbone atoms) and potential
energy of BR calculated for MD simulations. Curve 1 is the RMSD of
backbone atoms of the seven helices in the MD trajectory, curve 2 is the
potential energy curve of BR obtained from the restrained MD simulation
starting from MC predicted structure, and curve 3 is the potential energy
curve of a restrained MD simulation starting from the X-ray structure.
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Fig. 9. Histograms of the deviation of heavy atoms in BR from their
native positions: histogram (A) shows the distribution in the deviation of
atoms N, C, and C, in the backbone while histogram (B) shows the
distribution in the deviation of Cg atoms in the side chains.

atoms in the side chains have a broader distribution in their
deviation from the native positions, as shown in Fig. 9 (B).
Roughly speaking, half of heavy atoms in the seven helices
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have a deviation from their native position less than 2.6 A.
Our results are also consistent with Table 1 that most
heavy atoms in helices D and F have smaller deviation
from their native positions. We have also applied our
dual-scale approach to predict structures of other HMPs.
In the low resolution prediction, the RMSD value of helix
backbone atoms from the crystal structure is 2.59 A for
HR and 3.12 A for SRIL This RMSD (in coordinates of
helix backbone atoms) value is improved to be 1.89 A for
HR and 1.92 A for SRII in the high resolution prediction.

Table 1
A comparison of the predicted values of ® and @ of the seven helices of
BR with their values calculated from the X-ray structure (1AP9)

BR (2] ]

Helix PDB MC MD PDB MC MD

A 27.76 17.53  20.86  176.78 35549  169.52
B 21.04 14.49  14.61 129.42 256.88  141.61
C 14.81 30.78  10.63  79.75 200.38  111.74
D 22.40 16.13  18.05  133.29 260.10  122.28
E 0.00 438 1040  Arbitrary  256.79  158.16
F 11.58 1587 12.54  198.38 256.44  204.36
G 19.77 19.84 17.13  174.86 152.20  145.56

The @ value of helix E is arbitrary since its @ value is set to be 0.

HR

SRII

Fig. 10. Comparison of the PDB structure with our predicted structure
for HR and SRII. Black ribbons represent helices in the PDB structure,
and grey ribbons represent helices in our predicted structure obtained
from the dual-scale approach.

Fig. 10 shows the overlap of the crystal structure and our
predicted structure for HR and SRII. Since a detail analy-
sis of other MPs is not the main focus here, it will be dis-
cussed elsewhere.

To examine if the structural deviation mainly arises
from force field employed, we carry out simulation with
the same protocol except that the starting structure is the
crystal structure of BR. The MD simulation for 2 ns gives
a low RMSD (in coordinates of helix backbone atoms)
curve at about 1 A. The potential energy curve versus time
is shown as the curve 3 in Fig. 8, which is fluctuating
around 1700 kcal/mol. This energy is lower than that of
curve 2 by about 100 kcal/mol, due to lower vdW and elec-
trostatic energies. The three curves in Fig. 8 show that the
present computational protocol is able to obtain reason-
able good structure, which is close to the tertiary structure
of BR in PDB. Starting from the predicted CG structure,
the lowest energy structure in our MD simulations of BR
has a RMSD of 2.64 A for helix backbone atoms and a
RMSD of 3.19 A for Cp atoms in the side chains. However,
in a 5 ns simulation, sampling was not sufficient enough to
refine folded structure to a RMSD (in coordinates of helix
backbone atoms) value of 1 A. Nevertheless, structure
refinement was observed in helices A, B, E, and, F, as illus-
trated in Fig. 7. Future studies in enhancing sampling with
larger computer power should allow us to study this slow
motion dynamics.

The predicted tilting (©) and orientation (®) angles of
helices in BR are compared to their values calculated from
the crystal structure of BR in Table 1. As expected, the pre-
dicted tilting angles are consistent with their values
acquired from the X-ray structure. For the predicted CG
structure from MC simulations, the calculated value of
O msa 18 8.28 degrees. On the other hand, the predicted ori-
entation angles deviate from their experimental values sub-
stantially, due to the lack of information of the side-chain
packing in our CG model. The calculated value of

Ppnsd = \/% 23:1 C @?)2 is about 100 degrees. This devi-

ation in the predicted values of orientation angles can be
greatly improved by including side-chain information into
the CG model, or by refining the predicted structure in
AA models. Here, a refinement from a 5ns restrained
MD simulation leads to a structure of @, ~ 5.87 and
Dmsa ~ 20°.

After predicting a reasonably good folded structure of
BR without using 3D structure information of BR in the
PDB, we believe that those interactions in our model
should dominate the helix packing process of HMPs and
that our model is suitable for studying their thermody-
namic properties. Here, we use the multiple histogram
method, as described in the Appendix A, to calculate var-
ious thermodynamic quantities of BR folding (Ferrenberg
and Swendsen, 1989; Newman and Barkema, 1999). The
relative entropy as a function of conformational energy is
demonstrated in Fig. 11. The maximum of entropy
observed in Fig. 11 can be understood straightforwardly.
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Fig. 11. Relative entropy as a function of conformational energy
computed from MC simulations at three selected temperatures:
kT = 0.15 (triangles), kT = 0.5 (squares) and k7 = 1000 (circles).

At the limit of high energies, the protein has an extended
alignment of helices and the associated entropy is small
due to limited number of possible configurations. On the
other hand, the protein has a unique alignment of helices
toward the ground state energy, in which case the entropy
of the protein is also small. It is rather natural to expect a
maximum of entropy between these two extremes. As
shown in Fig. 12, the total energy of BR as a function of
temperature is calculated from the multiple histogram
method using our MC simulations at five different temper-
atures (kT =0.1, 0.25, 0.5, 0.75 and 1.0) and the specific
heat of BR is shown in the inset. A pronounced single peak
at kT = 0.42 is observed in the specific heat curve. Similar
specific heat curve with a pronounced single peak has also
been observed in experimental measurement of BR folding/
unfolding using differential scanning calorimetry (Kahn
et al., 1992). A direct comparison of our results with the
experimental data would require a careful calibration of
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Fig. 12. Total energy of BR as a function of temperature calculated by the
multiple histogram method. The inset displays the specific heat C,, which
has a pronounced peak at k7 = 0.42.

our parameters using AA models, which is still under our
investigation. It is interesting to note that our results are
consistent with the experimental finding of Kahn et al.
(Kahn et al., 1992), who have investigated three possible
factors stabilizing helix—helix association in BR, including
the extra-membranous loops connecting the helices, the
binding interactions between retinal and helices, and the
vdW packing of helices. They concluded that BR does
not dissociate into separate fragments upon cutting inter-
helical connections or removing retinal by bleaching, and
the vdW packing effect will bring the helices together in a
non-specific way. It is clear from our model that the
inter-helical connections only serve as a constraining fac-
tor, instead of playing an important role in the stability
of BR. Moreover the observed stable helix packing after
bleaching implies the existence of the hexagonal packing
state found in our simulation of BR without a retinal.

6. Conclusions

In summary, we have shown that the proposed simple
model for the helix packing of HMPs is able to predict
the structure of BR consisting of more than 250 amino
acids and to calculate various equilibrium thermodynamic
quantities. The structure of BR is efficiently predicted with
a RMSD (in coordinates of helix backbone atoms) less
than 4 A using our CG model. The packing position and
tilting angle of each helix of BR can be calculated and well
understood in the CG model. It is found that the vdW
interaction among helices and the retinal-environment
interaction determine their relative position in membrane,
while the competition between the helix—water and helix—
lipid interactions determines the tilting angle of each helix.
In the absence of the retinal, the lowest energy state is
found to have a non-channel hexagonal structure, which
is also found previously from an AA calculation (Kokubo
and Okamoto, 2004). Further refinement of this predicted
structure by AA models can substantially reduce the value
of RMSD (in coordinates of helix backbone atoms) to
2.64 A. Side-chain packing is found to be responsible for
the orientation of helices. We note that, while the second-
ary structure information of BR can be derived by com-
puter simulations based on the hydropathy index
approach, it is considered to be known in this study. In
addition, 3D structure information of BR in PDB is not
required in this approach to predict helix packing of BR.
Further computer simulations show a pronounced peak
of the specific heat curve, which is consistent with the
experimental observation. It should be noted that,
although this approach obtains a reasonably good struc-
ture for several HMPs, our model is not designed to cover
all MPs, particularly for beta barrel MPs. A more compre-
hensive model and a more realistic representation of pro-
teins are still under our investigation. It is also important
for an accurate prediction of the secondary structures of
MPs in order to obtain a good prediction on the 3D struc-
ture of MPs. The construction of a general model for MP
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structure prediction is so far unrealistic and remains to be
one of the greatest challenges (Bowie, 2005).
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Appendix A. Multiple histogram method

For a MC simulation with normal Boltzmann impor-
tance sampling, the probability p(E) of generating a state
with energy E on any one time-step is
p(E) =N(E)/n = p(E)e £ /Z, where the histogram N(E)
is the number of times out of # that the system is measured
to have energy E, p(E) is the density of states, f=1/(kT) is
the inverse temperature, and Z = Y, p(E)e £ is the parti-
tion function. After performing a number of different sim-
ulations at a number of inverse temperatures f3;, we obtain
a number of different estimates of the density of states, i.e.,
p:(E) = N,(E)Z:eP£n . Since p(E) depends only on the sys-
tem we are studying, and not on the temperature, each of
these estimates is an estimate of the same function. The
best estimate of p(E) can be obtained by performing the
weighted average over the estimates p/(F), which gives
more weight to individual estimates in regions where the
corresponding histograms have more samples. As shown
in the Appendix B, we express the estimate of p(E) as
p(E) = Y Ni(E)/> ;n;Z;'e P (Newman and Barkema,
1999). The relative entropy as a function of conformational
energy is obtained using S(E)=Inp(E). One can also
obtain the conformational energy and the specific heat as
a function of temperature from the partition function using
E=-0InZ/0p and C, = OE/OT .

Appendix B. Estimate of the density of state

From the MC computer simulations of HMP helix
packing, it is found that the errors AN{E) on the number
of samples in each bin of a histogram are Poissonian since
the measurements of the energy of the system can be con-
sidered to be independent. It is known that the error
AN{E) of a Poissonian is equivalent to the square root of

the average histogram N,(E), ie., AN;(E) = \/N;(E).
Assuming that one makes a very large number of simula-
tions all at the inverse temperature f5; and forms a histo-
gram of each run, it is reasonable to approximate
Poissonian errors as Gaussian. For a number of estimated
density of states p{E), the best estimate of p(E) in the mul-

tiple histogram method can be expressed as
p(E) =Y .p:(E)a;? /3,072, where o} = a;(E) is the vari-
ance of our estimates p  E) of the density of states. In other
words, the best estimate gives more weight to individual
estimates in regions where the corresponding histograms
have more samples. Since the Poissonian variation in
N{E) is the only source of error in p; (E), the error g; on
p{E) can be expressed as o;=AN,(E)Zelfn ! =

\/N:(E)Z;ef¥n". Furthermore, if we were to do an infinite
number of simulations at f3;, in principle the true density of
states p(E) can also be expressed as p(E) = N,(E)ZePEn .
Therefore, we have 62 = N;(E)(Zie#En1)* = ZE. The best

Ni(E)
estimate of p(E) can then be calculated by performing the

weighted average as p(E) = > ,p,(E)p*(E)N/(E)/>,

BB = SNAE) e NAB/SN,E). Tt is
easy to verify that p(E)= Y Ni(E)/> nZ 'e’* by

substituting the expression for N;(E).
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