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Abstract

Based on the heavy-atom coordinates determined by the electron microscopy for the seven main helical regions of
bacteriorhodopsin with the all-trans retinal isomer, energy optimizations were carried out for helix bundles contain-
ing the all-trans retinal and 13-cis retinal chromophores, respectively. A combination of simulated annealing and
energy minimization was utilized during the process of energy optimization. It was found that the 7-helix bundle
containing the all-trans isomer is about 10 kcal/mol lower in conformational energy than that containing the 13-cis
isomer. An energetic analysis indicates that such a difference in energy is consistent with the observation that ab-
sorption of a 570-nm proton is required for the conversion of a bacteriorhodopsin from its all-trans to 13-cis form.

It was also found that the above conversion process is accompanied by a significant conformational perturba-
tion around the chromophore, as reflected by the fact that the 8-ionone ring of retinal moves about 5.6 A along
the direction perpendicular to the membrane plane. This is consistent with the observation by Fodor et al. (Fodor,
S.P.A., Ames, J.B., Gebhard, R., van der Berg, E.M.M., Stoeckenius, W., Lugtenburg, J., & Mathies, R.A.,
1988, Biochemistry 27, 7097-7101). Furthermore, it is interesting to observe that although the retinal chromo-
phore undergoes a significant change in its spatial position, the orientation of its transition dipole changes only
slightly, in accord with experimental observations. In other words, even though orientation of the retinal transi-
tion dipole is very restricted, there is sufficient room, and degrees of freedom, for the retinal chromophore to re-
adjust its position considerably. This finding provides new insight into the subtle change of the retinal
microenvironment, which may be important for revealing the proton-pumping mechanism of bacteriorhodopsin.

The importance of electrostatic and nonbonded interactions in stabilizing the 7-helix bundle structure has also
been analyzed. Electrostatic interactions favor an antiparallel arrangement among adjacent helices. Nonbonded
interactions, however, drive most of the closely packed helices into an arrangement in which the packing angles
lie around —160°, a value very near the —154° value computed earlier as the most favorable packing arrangement
of two poly(Ala) a-helices (Chou, K.-C., Némethy, G., & Scheraga, H.A., 1983, J. Phys. Chem. 87, 2869-2881).

The structural features of the 7-helix bundle and their relationship to those found in typical 4-helix bundle pro-
teins are also discussed. The knowledge thus obtained suggests that many 7-helix membrane proteins might prob-
ably be built in a stepwise fashion from 4-helix bundle groups.

Keywords: all-trans and 13-cis bundles; energy minimization; packing of 7 helices; relation with 4-helix bundle;
retinal chromophore and its microenvironment; simulated annealing; transition dipole

Bacteriorhodopsin (bR), a membrane protein that func-
tions as a light-driven proton pump in Halobacterium
halobium (Oesterhelt & Stoeckenius, 1973), is a sin-
gle polypeptide with 248 amino acids; its sequence was first
determined by Ovchinnikov et al. (1979) and Khorana
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et al. (1979). The study of bR has become an area of con-
siderable interest in biochemistry (Lozier et al., 1975; En-
gelman & Zaccai, 1980; Engelman et al., 1980; Parodi
et al., 1980; Nagle et al., 1982; Ovchinnikov 1982; Har-
bison et al., 1985; Fodor et al., 1988; Khorana, 1988;
Kouyama et al., 1988; Lin & Mathies, 1989; Popot et al.,
1989; Boehm et al., 1990; Henderson et al., 1990; Geb-
hard et al., 1991; Mathies et al., 1991). It is well known
that bR is a photoreceptor that consists of a bundle of
seven transmembrane helices, a structural feature shared
by many integral membrane receptor proteins such as
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those of the adrenergic, cholinergic, serotonin, dopamine,
somatostatin, substance P, substance K, and angiotensin
receptors (Dixon et al., 1988; Strader et al., 1989). As
pointed out by Rao et al. (1983), the packing of seven he-
lices together in integral membrane proteins may repre-
sent a uniquely stable arrangement that has been achieved
through a process of convergent evolution, and thus it is
expected that more examples of such proteins will appear
in the future. Hence, the study of the packing of 7-helix
bundle transmembrane-protein domains based on ener-
getics will be of general applicability and should provide
many useful insights that will aid efforts to understand
the structures and functions of not only bR but also many
other 7-helix bundle proteins.

Recently, the heavy-atom coordinates of heavy atoms
of the seven main helical regions in bR were determined
by high-resolution electron cryomicroscopy (Kinemage 1;
Henderson et al., 1990). The structure has 10 A resolu-
tion perpendicular and 3.5 A resolution parallel to the
membrane plane. Because of the limited vertical resolu-
tion no atomic coordinates for the loop regions could be
determined. In addition, although the positions of the
side chains in the helical regions are clear, their precise
conformations have not been determined reliably, and
thus it is worthwhile to refine the 7-helix structure via en-
ergy optimization. Furthermore, as is well known, bR
contains one molecule of all-trans retinal bound to Lys
216 (on helix G) via a protonated Schiff-base linkage;
light absorption brings about, through a series of steps,
isomerization of all-trans retinal to its 13-cis isomer. This
results in proton transport across the bacterial mem-
brane, from the inside to the outside of the H. halobium
cell (Oesterhelt & Stoeckenius, 1973; Fodor et al., 1988;
Khorana, 1988). Thus, it is important to any detailed un-
derstanding of the proton-pumping mechanism that the
nature of the conformational change in bR brought
about by photoisomerization be determined. As the
atomic coordinates determined by the electron micros-
copy apply only to the all-trans retinal isomer, an effort
was made in the current study to predict the conforma-
tion of the 7-helix bundle with the 13-cis retinal isomer.

Nomenclature

For the sake of succinctness, the following terminologies
are used in this paper:

all-trans bR = bacteriorhodopsin with
all-trans retinal chromophore;
13-cis bR = bacteriorhodopsin with 13-cis
retinal chromophore;
all-trans bundle = the 7-helix bundle in the
all-trans bR;
13-cis bundle = the 7-helix bundle in the
13-cis bR.

¢ (D
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The retinal chromophore is attached to Lys 216 of bR
via a Schiff-base linkage. The Schiff base of all-trans
bR is always protonated, while the Schiff base of 13-cis
bR is sometimes protonated, such as in the K, L, and O
states, and sometimes unprotonated, such as in the M
and N states (Khorana, 1988). Or, according to Schulton
and Tavan (1978) and Fahmy et al. (1989) the conforma-
tions of retinal in most intermediate states are not yet
known for sure to be 13-cis or 13,14-dicis. Nevertheless,
it is known that the deprotonation state M is 13-cis, and
also among these intermediate states the M state is the
longest lived and the most important one for the kinetic.
study of bR. Therefore, in the current investigation, in
addition to the all-trans bR with protonated Schiff base,
only the 13-cis bR with unprotonated Schiff base is con-
sidered. In view of this, we can, in a broad sense, treat
the all-trans retinal-lysine and 13-cis retinal-lysine as two
additional amino acids, whose three-letter codes were given
by (Carlacci et al., 1991b):

Krt* = all-trans retinal-lysine with protonated
Schiff base;

Krc = 13-cis retinal-lysine with unprotonated
Schiff base.

0))

The geometric and energy parameters for Krt* and Krc
were provided in Carlacci et al. (1991b).

The standard conventions for the nomenclature of
polypeptide conformations have been followed (IUPAC-
IUB Commission on Biochemical Nomenclature, 1970).

Mathematical and physical formulation

In this section a brief description is presented of some of
the mathematical and physical quantities useful in char-
acterizing the 7-helix bundle structure.

Internal and external variables

To uniquely describe the atomic coordinates of a multi-
ple chain system, such as the 7-helix bundle in bR, two
types of parameters are needed, i.e., internal and exter-
nal variables. The former describes the conformation of
a polypeptide chain in terms of a set of dihedral angles,
or torsional angles, such as ¢, ¥, w, X, ..., whereas the
latter describes the relative position and orientation
among the helices in terms of a set of rigid-body vari-
ables. In dealing with a multiple helix system, it is con-
venient to adopt the (f, g, /) helical coordinate system
defined by Chou et al. (1984), in which the coordinate of
any atom in the mth polypeptide chain can be expressed
by the following equation:

rmznm'r;n"'[m’ (3)
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where t,, = (i,1,,1,)n is the translation vector of the
mth chain and @,, the corresponding unitary rotation
matrix is given by Equation 4 (below), where a,,, 8.,
and v,, are the Euler angles for the mth chain as defined
in Chou et al. (1984). In Equation 3, r,, denotes the co-
ordinates of any atom in the mth chain when it is in the
reference position, i.e., the position corresponding to
& = Bm = vm = 0 and t,, = 0, meaning that the axis of
the mth chain (defined by the least-square line through
its C* atoms) and its center coincide with the A-axis and
the origin of the ( f, g, #) coordinate system, respectively.
(See Chou et al. [1984] for a detailed description about
the reference position and the ( f, g, #) coordinate system.)
The vector r,, denotes the coordinates of the same atom
after the mth chain has been rotated and translated from
its reference position as described by Equations 3 and 4.

Description of packing angles

In the study of helix/helix packing, the relative orienta-
tion of two packed structures is usually expressed in terms
of an orientation angle (Chothia et al., 1977, 1981; Chou
et al., 1984, 1990), denoted by £}y, which measures the
tilting of the helix axes, with Q, = 0° for parallel and
Q, = +180° for antiparallel orientations, respectively.
The orientation angle is positive if, starting from an ini-
tial parallel orientation of the helices (2, = 0°), the he-
lix furthest from the viewer is rotated clockwise relative
to the one nearest to the viewer; it is negative if the fur-
thest helix is rotated in the counterclockwise sense. Ex-
pressed in terms of unit vectors e; and e;, which coincide
with the helix axes (Chou et al., 1984) and point from the
N- toward the C-terminus of each helix,

Q cos'(e;-e;)  for clockwise rotation
0 =

for counterclockwise rotation.

&)

—cos™!(e;-¢;)

The sign and magnitude of Q, are independent of which
helix is chosen as the nearest or furthest.

Energy calculations

Energy calculations were carried out with ECEPP/2
(Némethy et al., 1983), which is an updated version of the
original ECEPP (empirical conformational energy pro-
gram for peptides) developed by Momany et al. (1975).
However, the energies involving retinal chromophore
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were calculated with the augmented ECEPP system
(Carlacci et al., 1991b), which is expanded from ECEPP
to cover some key elements in retinal-containing proteins
and treat them as additional amino acids, such as those
symbolized by Krt* and Krc (see Equation 2). The total
energy of a set of packed polypeptide chains is the sum
of the intrachain and all interchain energies (Chou et al.,
1985, 1986) and is given by

E“ = EN+ 21 21 Elers (©6)

m n<m

where EJ7,, is the intrachain energy of the mth chain
and E7, is the interchain energy between chains m and
n. The energy is computed as the sum of electrostatic,
nonbonded (van der Waals), hydrogen-bonded, and tor-
sional energies (Momany et al., 1975; Némethy et al.,
1983).

Definition of helix-helix contacts

Although the interaction between a-helices is described
quantitatively by their interaction energy, an approximate
geometrical measure of interaction between two a-helices
can be given by specifying the number of pairs of atoms
or of residues that are in contact. In particular, informa-
tion derived from these data will provide an intuitive and
detailed picture of the internal microenvironment of the
7-helix bundle, which is useful for studying the proton-
pumping mechanism of bR (Mogi et al., 1988). These
numbers are computed based on atomic van der Waals
radii, according to a method defined earlier (Chou et al.,
1983). Their significance and limitations have been dis-
cussed (Chou et al., 1984).

Two atoms i and j, located in different «-helices, are
defined to be in contact if the distance d between them
is less than a cutoff distance d*, i.e., if

d<d'=Q@-27")0f +17), ™

where r? and r} are the respective van der Waals radii,
and the coefficient (2 — 27!/9) is the result of consider-
ing the fluctuation of the atom pair around their van der
Waals contact distance. (See Chou et al. [1983] for the de-
tail of the derivation of Equation 7 and for the numeri-
cal values of r°.)

Two residues, from different helices, are defined to be
in contact if they have at least one pair of atoms in con-
tact, as defined by Equation 7.

COS )y, COS 7y, — SiN ¢, COS B3, SIN 7,y
Q,, = | sin o, cOs v, + cos a,, cos B,,,5in v,

sin 3, sin vy,,

—COS &, SiN 7,,, — Sin a, €OS B, COS v,

—sin «,, sin v,,, + €OS &, COS 3, COS ¥,

sin o, sin G,
—COS &, SIN B,y @

sin (3,,, COS Yom cos B,
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Computational methods

The computational procedure consists of the following
two parts, described below: (1) generation of the initial
structures for the all-trans bundle and 13-cis bundle, in
which the N- and C-terminal groups for each of the con-
stituent helices are H,N— and —COOH, respectively,
and (2) energy optimization of each of the two structures.
The computations were carried out on an IBM 3090/400J]
computer at Upjohn Laboratories.

Generation of initial 7-helix bundles

The initial all-trans bundle

Appropriate internal and external variables (see section
on Internal and external variables, earlier) were generated
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based on the heavy-atom coordinates determined by Hen-
derson et al. (1990) for the seven main helical regions of
bR (see Fig. 1). The heavy-atom root mean square (rms)
value between the structure thus generated and that deter-
mined by high-resolution electron cryomicroscopy (Hen-
derson et al., 1990) was about 0.2 A. Dihedral angles re-
lated to positions of hydrogen atoms were assigned
according to data on energy-minimized amino acid res-
idues (Vasquez et al., 1983), and are called assigned di-
hedral angles. The arbitrariness of their conformations
was removed by subsequent energy minimization (see Ad-
justment of the assigned dihedral angles, below). The ret-
inal-Lys 216 moiety at helix G was generated by replacing
Lys 216 with Krt* 216 (see Equation 2) with the appro-
priate parameters provided in the augmented ECEPP
system (Carlacci et al., 1991b). Because the Krt* is pro-
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léyns O pne” LeuﬁE;E Gin) P ppe Lysphe 70| |A0 gy
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: ong 19| M y Aa g 1 T":‘: Ll vl e e
e 1] yr eu
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Fig. 1. A secondary structure model of bacteriorhodopsin with the all-trans retinal chromophore (abbreviated as the all-trans
bR). This model is based on the results determined by Henderson et al. (1990) in terms of high-resolution electron cryomicroscopy.
The helical segments assigned by them are outlined by a cylinderlike box. Residues within a circle are those whose heavy-atom
coordinates have not been determined yet. The cytoplasm is at the top. The all-trans retinal chromophore is attached to Lys
216 of helix G via a protonated Schiff-base linkage. Such a retinal-lysine isomer is represented by Krt* (Carlacci et al., 1991b).
Residues within a solid-line box are those that, after energy optimization, moved into a helical region from a nonhelical region,
whereas residues within a dotted-line box are those with just the opposite conversion. The left side and right side of the protein
secondary structure are the schematic representation for the cytoplasmic membrane into which the bR is embedded. The capi-
tal letters A, B, ..., G at the top of the figure label the helices.
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tonated, Asp~ 85 (Mogi et al., 1988) was taken as the
corresponding deprotonated “conjugate” residue, in which
the carboxyl group has the form of COO~ to maintain
the electroneutrality of the entire system for calculation.

The initial 13-cis bundle

The initial 13-cis bundle was generated from the all-trans
bundle by substituting Krc for Krt* at the appropriate
position in helix G and Asp for Asp™ at the appropriate
position in helix C. If the substitution, however, is made
by simply replacing Krt* by Krc without any adjustment
in the side-chain dihedral angles, this will result in a flip-
flop in direction for the polyene chain of the retinal moi-
ety (Carlacci et al., 1991b), with a shift of ~18 A for the
B-ionone ring therein. On the other hand, experimental
observations (Parodi et al., 1980; Lin & Mathies, 1989;
Ding et al., 1990) indicate that the polyene chains of the
retinal moieties in all-trans and 13-cis bR are pointing to
almost the same direction, i.e., toward the cytoplasmic
surface. Therefore, it would be wise to make some ad-
justments to the side-chain dihedral angles during the
substitution so as to generate an appropriate geometry
for the chromophore in the initial 13-cis bundle. This was
accomplished through MOSAIC, the Upjohn molecular
modeling system (Howe et al., 1992), which allowed us
to manipulate Krc 216 on screen to ensure that its poly-
ene chain has the same general direction as that of Krt*
216 has in the all-trans bundle. It was found that the side-
chain dihedral angles x!, x2, x>, x*, and x° of the Krc
moiety (Carlacci et al., 1991b) should be adjusted from
—31°, 162°, 112°,97°, and —113° to —12°, 152°, 102°,
128°, and —113°, respectively, when Krt* in the all-
trans bundle is replaced with Krc for generating the ini-
tial 13-cis bundle. Through the above adjustment for the
direction of the polyene chain in the 13-cis bundle, the
shift in the B-ionone ring of retinal between the all-trans
and 13-cis bundles is accordingly reduced from ~18 A to
4.6 A. Although such an adjustment could also be ful-
filled using simulated annealing (Chou & Carlacci, 1991),
the approach described here is far easier and provides an
appropriate starting structure for further studies.

Energy minimization procedure

The initial structures of the two 7-helix bundles generated
as described above were then subjected to energy minimi-
zation.

The energy minimizations were carried out with the
PACK/2 program, which was developed by Carlacci and
Chou (1991), and was based on the original program
PACK established for energetic approach to the helix/
helix (Chou et al., 1984), helix/sheet (Chou et al., 1985),
and sheet/sheet packing (Chou et al., 1986) studies in
proteins. In PACK/2 the finite difference estimation of
the gradient of the potential energy is replaced by an an-
alytical gradient, which significantly enhances the effi-
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ciency of energy minimization for a multiple chain
system. In addition, in contrast to the PACK program in
which one chain was held fixed during the minimization,
in PACK/2 all chains are allowed to rotate and translate.
This provides an additional advantage of increasing the
flexibility of a packed structure by allowing concerted
movement of all the polypeptide chains. Furthermore, at
the early stage of energy minimization, simulated anneal-
ing (see Simulated annealing) and energy minimization
were alternately applied in order to avoid the possibility
that the energy-minimized structure may become trapped
in a local minimum.

The energy optimization was carried out in the follow-
ing three successive steps:

Adjustment of the assigned dihedral angles

The energies of the all-trans bundle and 13-cis bundle
were minimized only with respect to all the assigned di-
hedral angles, i.c., those torsional angles corresponding
to hydrogen atoms (see The initial all-trans bundle). The
reason to handle these angles first is that their initial val-
ues were assigned somewhat arbitrarily because no exper-
imental data are available in locating them. Energy
minimization of this step involved 224 and 225 indepen-
dent variables, respectively, for the all-trans and 13-cis
bundles, whose optimization would eliminate atomic
overlaps caused by the initial assignment.

Simulated annealing

The 7-helix bundles obtained from the above step were
subjected to simulated annealing treatment, which con-
sists of the following two steps: (1) simulated annealing
with respect to the 6 X 7 = 42 rigid-body variables, i.e.,
a, B, v, L, ty, I, for each of the seven helices (see Equa-
tions 3 and 4), and (2) simulated annealing with respect
to all the side-chain angles. This procedure was adopted
in order to avoiding being trapped in local minima and
thus to increase the likelihood of finding the global en-
ergy minimum. It is particularly important for the 13-cis
bundle where experimental data are as yet unavailable.
The initial conformation of the 13-cis bundle was derived
from that of the all-trans bundle as described earlier (see
Generation of initial 7-helix bundles). However, such a
procedure may not be entirely satisfactory due to the pos-
sibility that a large conformational change, thought of as
a “proteinquake” by Fodor et al. (1988), might occur in
bR when its retinal chromophore is converted from its all-
trans to its 13-cis isomer. Therefore, the initial conforma-
tion (vide supra) of the chromophore of the 13-cis bundle
is very likely in or near a local minimum. Even for the all-
trans bundle, this is likely to be the case because the ex-
perimental data from which the initial conformation was
generated have a limited vertical resolution, as reflected
by the fact that the N- and C-terminal residue numbers
are uncertain by at least one residue (Henderson et al.,
1990). Simulated annealing with respect to the rigid-body
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variables would be particularly helpful in overcoming the
local minimum problem incurred by such an uncertainty
along the vertical direction (Chou & Carlacci, 1991).

Recently, a program, SAPK (simulated annealing for
packing), was developed to help overcome the local min-
imum problem in packed protein structures (Chou &
Carlacci, 1991). The relevant parameters used by SAPK
to treat rigid-body minimizations were: the starting tem-
perature 7° = 5.0 x 10* K, the cooling factor N\ = 1.5,
the cooling steps u = 30, and the central processing unit
(CPU) time (for IBM 3090 computer) assigned to each
of the 30 temperatures for the random conformation-
sampling process was 0.2 h, i.e., the total CPU time for
the whole annealing process in each such treatment was
0.2 x 30 = 6 h. The corresponding parameters for the
simulated annealing treatment of the side-chain dihedral
angles were: the starting temperature 7° = 2.5 X 10* K;
the cooling factor A = 1.5, the cooling steps p = 20, and
the CPU time (for IBM 3090 computer) assigned to each
of the 30 temperatures for the random conformation-
sampling process was 0.5 h, i.e., the total CPU time for
the whole annealing process in each such treatment was
0.5x20=10h.

Energy minimization

For each of the helix bundles obtained through the
above procedure, the program PACK/2 was used to carry
out energy minimization in the following three successive
steps. In the first step, all backbone dihedral angles and
rigid-body variables were kept fixed, and the energy was
minimized with respect to the side-chain dihedral angles
only, i.e., 476 variables for the case of the all-trans bun-
dle and 477 variables for the case of the 13-cis bundle, in
order to eliminate bad atomic overlaps. In the second
step, only the rigid-body variables were fixed, but all
dihedral angles were allowed to vary; the numbers of
independent variables were increased to 979 and 980, re-
spectively. Finally, in the third step, no constraint was
imposed, and the energy was minimized with respect to
all dihedral angles and all rigid-body variables, i.e., 1,021
and 1,022 independent variables for the all-trans and 13-
cis bundles, respectively. Preliminary tests indicated that
the present procedure significantly improves the compu-
tational efficiency of the structure determination process.

Quantum chemical calculations

The transition dipole of a structure can be used to indi-
cate its orientation. In this paper, the transition dipoles
of retinal chromophores were calculated with the pro-
gram developed by Ridley and Zerner (1973) based on the
INDO (intermediate neglect of differential overlap) the-
ory established by Pople et al. (1967).

The flow chart given in Figure 2 provides an overview
of the entire model building process employed here.
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Fig. 2. A flow diagram showing an overview of the entire model build-
ing process used here. The program names are in parentheses.

Results and discussion

The geometric and energy parameters characterizing each
of these energy-optimized 7-helix bundles are listed in Ta-
bles 1-6. Stereo drawings illustrating various features of
these two structures are given in Figures 3-6. A detailed
analysis of the results is presented below.

General structural features

The position and orientation of each constituent chain,
as described by «, 8, v, #/, #,, ty, and its intrachain en-
ergy are listed in Table 1. Table 2 contains data describ-
ing the relations and interactions between any two chains
in each of the two 7-helix bundles, especially the distance
of closest approach D (Chou et al., 1983), packing angle
Q,, interchain energy (in electrostatic term and non-
bonded term), number of atom pairs in contact, and
number of residue pairs in contact. It is interesting to
note from Table 2 that for most of the closely packed
helix pairs (i.e., D < 11 A), such as the A-B, B-C, B-G,
D-E, E-F, and F-G pairs in the all-trans bundle and the
A-B, B-C, C-D, D-E, E-F, and F-G pairs in the 13-cis
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Table 1. Parameters characterizing each of the constituent chains in the energy-optmized all-trans
and 13-cis bundles, respectively

Euler angles (degrees) Translation (A)

Type of Intrachain energy
bundle Helix a 8 ¥ t ly ty Eipra (kcal/mol)
All-trans A 58 19 —-60 12.7 6.4 -0.5 —60.61

B 113 165 41 10.4 -2.0 32 —31.19

C -89 13 9 2.0 —-4.6 -3.1 —112.57

D 150 169 —-23 —6.0 —10.3 —4.2 —42.55

E 176 19 107 —13.5 -3.5 2.4 —42.10

F —-32 168 144 ~7.6 5.9 2.8 —78.60

G 61 9 87 2.1 8.0 —0.6 —81.29
13-cis A 56 24 -59 11.9 9.2 -1.3 —-63.86

B 143 171 75 10.0 0.9 2.7 —25.23

C -97 9 30 2.3 —4.0 -2.8 —150.45

D 89 168 —-93 -2.6 -12.6 —-4.5 —43.18

E —-165 8 95 -12.6 -7.2 2.6 —-60.47

F -6 166 162 -9.2 4.9 3.7 —88.52

G 74 9 91 0.2 8.8 —0.4 -97.56

bundle, the corresponding orientational angles are close and to the values determined by numerous workers (see,
to Qg = —160° + 10°. This is near the value computed e.g., Chothia & Finkelstein, 1991) for helix pairs in real
earlier for the most favorable packing arrangement of proteins.

two poly(Ala) a-helices (Chou et al., 1983), Q, = —154°, As shown in Figure 3 and Kinemage 1, there is a bend

Fig. 3. The stereo stick-ball drawing of the energy-optimized 7-helix bundle: (a) the all-trans bundle, and (b) the 13-cis bun-
dle. Only backbone atoms of the seven helices and the heavy atoms of retinal-lysine in helix G, i.e., Krt* in a and Krc in b,
are shown. The proton attached to the Schiff base of Krt* is also included in a although it is not very remarkable. The bend
in helices B, C, and F is caused by the existence of a proline in each of these three helices: Pro 50 in helix B, Pro 91 in helix
C, and Pro 186 in helix F (cf. Fig. 1). Viewed from the cytoplasmic surface, the 8-ionone ring of the retinal in b is about 5.6
A closer to the viewer than that in a. However, the retinal polyene chains in both cases are pointing to almost the same direc-
tion, i.e., toward the extracellular surface.



Packing of the 7-helix of bacteriorhodopsin 817
Table 2. Parameters characterizing packing interactions in the energy-optimized all-trans and 13-cis bundles
Helix pair Distance Interchain energy
of closest Orientation (kcal/mol) Number of Number of
Type of In Not in approach angle - atom pairs residue pairs
bundle contact contact D (A) Qg (degrees) EES, ENE, Einter in contact in contact
All-trans A-B 8.1 —150 -5.02 —62.70 —67.72 412 24
A-C 14.0 30 1.21 -5.06 -3.85 20 2
A-D 21.5 —159 -0.97 -0.08 —1.05 0 0
A-E 28.0 32 0.61 —0.04 0.57 0 0
A-F 19.0 —158 —1.52 —0.34 —1.86 0 0
A-G 8.2 10 5.44 —36.89 —31.45 233 15
B-C 9.3 —-170 —6.04 —47.40 —53.44 274 23
B-D 18.2 -9 1.45 —-0.39 1.06 0 0
B-E 20.4 -151 -1.02 -0.13 —-1.15 0 0
B-F 17.5 26 1.91 —-0.75 1.16 0 0
B-G 10.4 —158 -3.03 —9.44 —12.47 33 5
C-D 9.9 168 -3.83 -39.14 —42.97 228 21
C-E 12.1 23 1.49 —6.26 —-4.77 37 3
C-F 13.1 —158 -0.90 —16.35 -17.25 55 9
C-G 12.4 21 —29.80 —36.37 —66.17 210 15
D-E 8.5 —151 —2.92 —28.64 —31.56 154 17
D-F 11.8 23 2.46 —6.44 —3.98 30 3
D-G 17.7 —166 —1.59 —8.30 —-9.89 39 2
E-F 9.9 -169 —-2.54 —44.92 —47.46 256 21
E-G 18.4 24 2.37 -5.47 —-3.10 36 3
F-G 10.2 —165 —7.33 —64.68 —72.01 364 24
13-cis A-B 7.8 —154 —4.90 —60.00 —64.90 397 26
A-C 16.1 33 1.93 -1.71 0.22 0 0
A-D 25.9 —145 —0.79 —0.05 —0.84 0 0
A-E 28.9 30 0.63 —-0.03 0.60 0 0
A-F 20.2 —147 -1.57 -0.23 -1.80 0
A-G 9.0 16 5.10 —-25.40 —20.30 112 11
B-C 9.7 —169 —4.52 —42.21 —46.73 284 21
B-D 19.3 10 1.50 -0.35 1.15 0 0
B-E 22.0 —165 —1.04 —-0.12 —-1.16 0 0
B-F 19.4 22 2.04 —0.61 1.43 0 0
B-G 10.8 —-165 —4.06 —15.50 —19.56 70 6
C-D 9.4 -170 -3.40 —40.78 —44.18 244 20
C-E 12.4 10 2.52 —-4.92 —-2.40 18 2
C-F 13.5 —163 —-3.52 —-17.11 —20.63 104 10
C-G 12.1 18 3.25 —32.54 —29.29 168 13
D-E 9.5 —167 -2.17 -19.23 —21.40 89 12
D-F 15.9 20 1.29 —1.36 -0.07 0 0
D-G 21.6 —159 —0.98 -3.12 —4.10 17 1
E-F 10.1 —170 -2.57 —-29.17 —-31.