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ABSTRACT: Retinal isomerization reactions, which are functionally important in the proton pump cycle of
bacteriorhodopsin, were studied by molecular dynamics simulations performed on the complete protein.
Retinal isomerizations were simulated in situ to account for the effects of the retinal-protein interactions.
The protein structure employed was that described in Nonella et al. [Nonella, M., Windemuth, A., &
Schulten, K. (1991) Photochem. Photobiol. 54, 937-948]. We investigated two mechanisms suggested
previously for the proton pump cycle, the 13-cis isomerization model (C-T model) and the 13,14-dicis
isomerization model. According to these models, retinal undergoes an all-trans — 13-cis or an all-trans
— 13,14-dicis photoisomerization as the primary step of the pump cycle. From the simulations emerged
a consistent picture of isomerization reactions and their control through the retinal-protein interactions
which favors the 13,14-dicis isomerization model. Electrostatic interactions between the protonated Schiff
base and its counterion are found to direct the stereochemistry of retinal in the photocycle: this and other
interactions steer retinal toward the 13,14-dicis geometry in the primary photoreaction, toward the 13-cis
geometry after its deprotonation, and to the all-trans isomeric form after its reprotonation. We also propose
a catalytic mechanism involving hydrogen bonding of the Schiff base to main chain oxygen atoms of Val-49
and Thr-89 for the 13-cis — all-trans thermal reisomerization of retinal. The all-trans — 13-cis primary
photoreaction required by the “C-T” model was found to be inhibited by the Schiff base—counterion interaction,
but the possibility of such a reaction can not be excluded. In order to investigate the “C~T” model, we
enforced an all-trans — 13-cis photoisomerization in a simulation and monitored the subsequent protein
conformational changes. The effects of internal water molecules on retinal isomerization reactions were
studied by placing 16 water molecules in the proton conduction channel. The results indicate that water
affects the nature of the Schiff base counterion and the nature of the primary photoreaction. Water chains,
formed between positively and negatively charged protein groups in the proton conduction channel, are

suggested to be involved in the reprotonation and deprotonation of retinal.

Bacteriorhodopsin (BR)! is a protein in the cellular
membrane of Halobacterium halobium (Oesterhelt, 1973,
1976; Henderson, 1977) which acts as a light-driven proton
pump transporting protons from the cytoplasmic side of the
membrane to the extracellular side against a concentration
gradient (Oesterhelt & Stoeckenius, 1971; Racker & Sto-
eckenius, 1974).

The light-absorbing chromophore of bacteriorhodopsin
(BRsgg) is all-trans-retinal (Harbison et al., 1985; Lin &
Mathies, 1989), which is linked to Lys-216 through a
protonated Schiff base. After light excitation of the chro-
mophore, a pump cycle is initiated which involves several
intermediates distinguishable through their absorption spectra
(Lozieretal., 1975; Kouyama et al., 1988). During this cycle,
retinal undergoes isomerization reactions and changes its
protonation state such that one proton per absorbed photon
is pumped. A widely adopted scheme of the photocycle is
shownin Figure 1 (Lozieretal., 1975). Alight-induced retinal
isomerization occurs in the primary step of this cycle, the
BRs¢s — Js25 — K10 transition, which proceeds within about
3 ps (Dobler et al., 1988; Mathies et al., 1988). The K¢10
intermediate then relaxes into the Lsso intermediate. In the
Lsso — My transition, the Schiff base proton is transferred
from retinal to Asp-85 (Mogi et al., 1988; Braiman et al.,
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! Abbreviations: BR, bacteriorhodopsin; MD, molecular dynamics;
Lyr, lysine with the covalently bound retinal.
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FIGURE 1: Widely adopted scheme of the photocycle of BR. A
photon is absorbed by BRses in the primary photoreaction, and a
proton is translocated from the cytoplasmic side to the extracellular
sideinthecycle. Twosequential M intermediates, M, and M, instead
of a single intermediate My),, are suggested by some experiments,
e.g., in Var6 and Lanyi (1991b).

1988; Gerwert et al., 1989; 1990) and is finally released to the
extracellular side. Subsequently, retinal takes up another
proton from the cytoplasmic side through Asp-96 during the
My;2 — Nisyp transition (Gerwert et al., 1989; Holz et al.,
1989; Otto et al., 1990). Finally, retinal reisomerizes to the

© 1993 American Chemical Society



2292 Biochemistry, Vol. 32, No. 9, 1993

all-trans geometry, and the Nsy intermediate relaxes back to
BRsgs through the Ogqo intermediate. The time needed for
the transitions between different intermediates ranges from
picoseconds to milliseconds. Recent reviews of the photocycle
of BR are Khorana (1988), Birge (1990), and Mathies et al.
(1991).

Several mechanisms for the proton pump cycle have been
proposed, which can be classified into 13-cis (Fodor et al.,
1988a) and 13,14-dicis (Schulten & Tavan, 1978; Schulten,
1978; Orlandi & Schulten, 1979; Schulten et al., 1984; Gerwert
& Siebert, 1986) isomerization models according to the retinal
geometry change postulated for the primary photoisomer-
ization. The 13,14-dicis isomerization model suggests that
retinal functions as a switch between a proton release pathway
and a proton uptake pathway forming a proton donating/
accepting complex within the protein. This model postulates
a 13,14-dicis retinal configuration for Lsso, with some
conformational distortion in retinal which contributes to
regulate the Schiff base pK,. After the proton is released to
Asp-85, a thermal isomerization of retinal to the 13-cis
geometry brings the Schiff base nitrogen from contact with
Asp-85 into contact with the reprotonation channel (Schulten,
1978). The 13,14-dicis model explains in a straightforward
way also the transport of Cl-ions in halorhodopsin (Oesterhelt
et al., 1986) and possibly in BR (Dér et al., 1991).

The 13-cis isomerization models postulate a 13-cis retinal
configuration for Lsso. In these models the retinal geometry
is essentially the same for the Lssg, M412, and Nsjg interme-
diates, and the proton pump is not controlled by changes in
the retinal geometry but instead by a rearrangement of the
protein. The “C-T” model s a 13-cis model which states that
the protein can exist in two basic forms, T and C, corresponding
to protein conformations accommodating the all-trans and
13-cis retinal geometries (Fodor et al., 1988a). The model
suggests that, in the Lsso — My transition, the Schiff base
shuttles a proton to the exterior side through the primary
protonacceptor Asp-85. Subsequently, the protein undergoes
a conformational change from the T-form to the C-form. The
protein conformational change thus serves as a switch
disconnecting retinal from the extracellular side and connecting
it to the cytoplasmic side. After this transition the Schiff
base reprotonates from Asp-96, most likely indirectly through
a hydrogen-bonded chain (Nagle & Nagle, 1983; Braiman et
al., 1988; Papadopoulos et al., 1990; Gerwert, 1992).

Unfortunately, the exact isomeric states of retinal in K¢)0
and Lssoare not known, and it is not possible yet todiscriminate
between the two models through direct observations. Ex-
perimental results and quantum-chemical investigations ap-
pear to be consistent with a 13-cis geometry (Smith et al.,
1986; Fodor et al., 1988b) as well as with a 13,14-dicis
geometry (Gerwert & Siebert, 1986; Fahmy et al., 1989;
Grossjean et al., 1989) for the Lsso intermediate. Quantum
chemical calculations have shown that properties of the
protonated Schiff base such as its electronic absorption
spectrum (Nakanishi et al., 1980; Baasov & Sheves, 1985),
torsional barriers (Orlandi & Schulten, 1979; Schulten et al.,
1984; Oesterhelt et al., 1986), and vibrational frequencies
(Baasov & Sheves, 1984a; Grossjean et al., 1990) can be
influenced strongly by charged groups in the vicinity of the
conjugated system as well as by the protonation state of retinal
Schiff base, which makes an unequivocal assignment of the
retinal geometry from vibrational frequencies very difficult.
However, a 13-cis geometry of retinal has been determined
unegivocally in the M), state of the photocycle in which retinal
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is deprotonated and less affected by electrostatic interactions
(Pettei et al, 1977; Aton et al., 1977).

In Nonella et al. (1991), an equilibrated structure of BR
with loop regions has been constructed using molecular
dynamics simulations starting from the Henderson structure
(Henderson et al., 1990), i.e., from the best 3-D structure
available at this time. The study reported in Nonella et al.
(1991) also showed that a retinal 13,14-dicis photoisomer-
ization is significantly favored over a 13-cis photoisomerization
by the retinal—proteininteraction. Thetight packing of retinal
in the protein matrix was suspected to be the dominant factor
which makes the less space demanding 13,14-dicis isomer-
ization more favorable, although it was not explained why a
13-cis isomerization could not be accommodated through
rotation of the flexible lysine side chain.

In the present paper, we extend the study in Nonella et al.
(1991) by further investigating the primary photoisomerization
reaction. We show that the electrostatic interaction between
the protonated Schiff base and its counterion is also a crucial
factor for the preference of a 13,14-dicis photoisomerization
over a 13-cis photoisomerization. We also study the thermal
isomerization reactions in the photocycle, namely, the 13,-
14-dicis — 13-cis isomerization and the 13-cis — all-trans
isomerization which retinal undergoes during the Nsyo— Og40
transition (Smith et al., 1983).

Below we will also consider how the protein could possibly
accommodate a 13-cis photoisomerization which, according
to the “C-T” model, is the primary reaction step. For this
purpose we enforced a corresponding primary photoreaction.

Inorder toexplain the stability of the Schiff base—~counterion
complex and the high pK, value of the Schiff base in BR, it
was suggested that the Schiff base—counterion complex is in
a rather hydrophilic environment where protein dipoles
(Warshel & Barboy, 1982) or residual waters (Sandorfy &
Vocelle, 1986; Baasov & Sheves, 1986) could solvate the ion
pair. Later experiments (Hildebrandt & Stockburger, 1984;
Papadopoulos et al., 1990) further suggest there are about 10
water molecules in BR and a few of them might be directly
hydrogen-bonded to the Schiff base. Models have been
proposed that water molecules participate in forming a complex
counterion for the Schiff base (de Groot et al., 1990;
Needleman et al., 1991). Water molecules are also func-
tionally important in the proton pump cycle. Dehydrated BR
forms a slowly decaying M intermediate which returns to
BRses (Varé & Keszthelyi, 1983), and the conformational
change in the M; — M, transition does not occur (Braiman
etal., 1987). Waterstructure changes have also been observed
during the photocycle (Maeda et al., 1992b). Therefore, it
appears that internal water molecules are important in the
Schiff base—counterion interaction and are necessary for the
reprotonation of retinal from Asp-96. Unfortunately, the
resolution of the Henderson structure is not high enough to
precisely determine the position of the internal water.
Nevertheless, we placed water molecules into the proton
conduction channel at various sites in order to study the role
of internal water in the BR photocycle. The results suggest
that water can affect the nature of the Schiff base counterion
as well as the retinal isomerization reactions, leaving the 13,-
14-dicis photoisomerization and the 13,14-dicis — 13-cis
isomerization after retinal deprotonation energetically fa-
vorable. Inour simulations, water molecules were also found
to form hydrogen-bonded chains in the proton conduction
channel of the cytoplasmic side, which may serve as “proton
wires” for the proton transfer from and to the retinal Schiff
base (Nagle & Nagle, 1983).
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MATERIALS AND METHODS

The calculations in the first part of this paper are performed
in vacuum on a complete structure of BR (Nonella et al,,
1991) derived from the structure provided by Henderson
(Henderson et al., 1990) for the helical part of the protein.
The structures from Henderson et al. (1990) and Nonella et
al. (1991) match well, the root-mean-square deviation of the
backbone atoms of the helical portion being 2.85 A. This
deviation is small compared to the resolution of the Henderson
structure, namely, 3.5 A in a direction parallel to the membrane
plane and 10 A in the perpendicular direction. The relative
positions of the transmembrane helices are rearranged slightly
compared to the Henderson structure. Helix G is found to
move very little in a rms fitted comparison of the equilibrated
structure and the Henderson structure. Helix D moves about
2 A toward the cytoplasmicside. Other helices move by similar
magnitudes in random directions.

The protonation states of titratable groups in BRsgs were
assumed as described in Nonella et al. (1991), i.e., using the
standard protonation states as stated in the X-PLOR topology
and parameter file paraml9 (Briinger, 1988) with the
exception of Asp-96 and Asp-115, which were assumed to be
protonated, in accordance with experimental observations
(Gerwert et al., 1989; Engelhard et al., 1990). Animportant
deviation from the structure in Nonella et al. (1991) was a
change of the position of Arg-82 toward the cytoplasmic side
of BR; we adopted this new position since it had been suggested
that residues Asp-85, Arg-82, and Asp-212 form a proton-
accepting complex on the extracellular side of retinal (Mogi
et al., 1988; Braiman et al., 1988; Gerwert et al., 1990; Otto
etal., 1990; Déretal., 1991). Recentelectrostatic calculations
also support the repositioning of Arg-82 (Bashford & Gerwert,
1992). An additional MD simulation of 10 ps was performed
toequilibrate the corresponding BR structure. Intheresulting
structure, e.g., shown in Figure 4 (see below), Arg-82isin the
vicinity of Asp-85 and Asp-212 and is a counterion of both
acidic groups. The direct counterion of the protonated Schiff
base is Asp-212 in this equilibrated structure, whereas Asp-
85 is approximately 2 A farther away from the Schiff base
as compared to the Henderson structure. This arrangement
of the Schiff base counterion is not consistent with the
experimental evidence that Asp-85, instead of Asp-212, is the
primary proton acceptor from the Schiff base (Mogi et al.,
1988; Braiman et al., 1988; Gerwert et al.,, 1989, 1990).
However, such an arrangement of Asp-85 and Asp-212 is
observed in all our test simulations of BR in vacuum. The
simulated protein was stable during a total simulation time
of more than 300 ps. In the second part of this paper, we
placed explicit water molecules in the retinal binding pocket
(described below), and the nature of the Schiff base counterion
in the equilibrated structure was changed to a hydrogen-
bonding complex formed by water, Asp-85, Asp-212, and Arg-
82, water molecules being the direct counterion of the
protonated Schiff base.

All dynamics simulations presented below were carried out
using the program X-PLOR (Briinger, 1988), which imple-
ments the CHARMM (Brooks et al., 1983) force field. Partial
charges for the protonated and unprotonated Schiff base have
been used as determined using the program ZINDO (Ridley
& Zerner, 1973). Force constants for retinal were derived
from molecules with similar chemical structures for which
parameters are available in CHARMM and X-PLOR. The
united atom model was used for the BR structure, and no
explicit hydrogen bond energy wasincluded. A distance cutoff
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FIGURE 2: Schematic model for (a) all-trans protonated retinal and
(b) 13-cis unprotonated retinal. The photoisomerization around the
13~14 bond, and possibly the 14-15 bond, is functionally important
in the proton pump cycle of BR (Fodor et al., 1988a; Schuliten, 1978).
The figure shows that protonation induces an admixture of resonance
structures which weakens double bonds and strengthens single bonds.

Table I: List of Partial Charges Used in Our Simulations for the
Atoms of the Retinal Chromophore®

atom protonated unprotonated atom protonated unprotonated

N -0.35 035 C6  -0.029 -0.026
H 0.25 0.25 c7 0.037 ~0.008
Ca 0.1 0.1 c8  -0.022 -0.016
Cs 0.0 0.0 c9 0.059 0.009
C, 0.0 0.0 Cl0  -0.036 -0.029
Cs 0.0 0.0 Ccl1 0.087 0.006
C. 0.221 0.128 CI2  -0.021 -0.007
N(SB)  —0.509 0406 C13  0.104 0.023
H(SB) 0519 Cl4  -0.030 -0.007
c 0.55 0.55 C15 0331 0.194
o -0.55 -0.55 Cl6  0.042 0.023
C1 0.057 005 CI7  —0.004 ~0.008
c2 0.006 -0.005 CI8  -0.004 -0.008
C3 0.011 0.0 C19  0.059 0.032
c4 0.047 0026 C20  0.059 0.037
Cs 0.016 -0.017

4N(SB) and H(SB) denote the Schiff base nitrogen and proton,
respectively. Charges were calculated using the quantum chemistry
program ZINDO (Ridley & Zerner, 1973) separately for both protonated
and unprotonated retinal in the all-trans state.

of 8.0 A was used for nonbonded interactions, and the dielectric
constant used was 1.0.

The geometry of retinal in BRsgg was assumed to be all-
trans (Lin & Mathies, 1989). The models for the all-trans
protonated retinal and the 13-cis unprotonated retinal are
shownin Figure2. Thetorsional barriers for the 13—14 double
bond and 14-15 single bond were chosen according to the
quantum chemical calculations reported in Schulten (1978)
and Schulten et al. (1984). For the protonated retinal, the
torsional barriers were taken to be 20 kcal/mol for both the
double bonds (including the 13-14 bond) and the single bonds
(including the 14-15 bond). In deprotonated retinal, the
torsional barriers of the single and double bonds are changed
due to the redistribution of electrons along the conjugated
system; we chose barriers of 47 kcal/mol for the double bonds
and of 2 kcal/mol for the single bonds. Deprotonation of
retinal also causes changes in atomic partial charges. The
partial charges of protonated and deprotonated retinal chosen
are given in Table I.
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The potential which according to the X-PLOR force field
governs the motion of dihedral angles is

Edih(¢) = kdih[l + cos(n¢ + 6)], (1)

with n = 2 (periodicity), kain = 10 kcal/mol (half of the
torsional barrier), and § = 180° (phase factor) for the 13-14
bond in the case of the planar, all-trans retinal chain
conformation. The photoisomerization has been induced by
abruptly changing the torsional potential in eq 1 for the 13—
14 bond such that the all-trans conformation became unstable
and the respective cis-conformation stable. During the
photoisomerization, the potential adopted for 13-14 bond was
accordingly

Egin(#) = kyip(1 - cos ¢) @
This potential has a maximum at the all-trans position ¢ =
180° and a minimum at the cis potions ¢ = 0°. kL, is taken
as 23.5 kcal/mol such that the torsional potential at its
maximum measures 47 kcal/mol, which is close to the energy
of a 568-nm photon.

The primary reaction of the photocycle is very fast. The
time needed to reach the intermediate Jg,s5 is only 0.5 ps (Dobler
et al., 1988; Mathies et al., 1988). This implies that the
crossing between the potential energy surfaces of the Sy and
S states of retinal occurs close to the maximum of the ground
state potential surface (Schulten, 1978). It is suggested that
retinal relaxes to the excited state minimum near the ground
state isomerization barrier, with a ~90° torsion for the 13-
14 bond, in about 200 fs (Mathies et al., 1991) and then
crosses to the ground state potential surfaces where the
photoisomerization is completed. In our simulations this
process was described by the single potential surface (eq 2)
which, hence, represents in its higher energy range the excited
state and in its lower energy range the ground state potential.
Photoisomerization of the 13—14 bond is achieved by placing
theinitial all-trans state at the maximum of eq 2. Subsequent
simulations then monitor the relaxation of retinal down the
surface (eq 2). The simulations include the effect of the
resistance that the protein poses to the isomerization reaction
enforced by potential (eq 2).

We started the simulated photoisomerization from the all-
trans state. Since the behavior of the 14-15 bond is essential
for the resulting retinal geometry, and since little is known
regarding the torsional barrier for this bond, we carried out
simulations with different barriers for this bond. The potential
describing the torsional angle of the 14~15 bond is

Ejh(¢) = kji[1 - cos(2¢ + 180)] (3)

where the parameter k[, is chosen according to the torsional
energy barrier desired. Inonesimulation, we chose a torsional
barrier (of the 14—15 single bond) of 2 kcal/mol, to enable
essentially free rotation around this bond such that both the
all-trans — 13-cis and the all-trans — 13,14-dicis isomer-
izations are possible. In another simulation, we enforced the
all-trans — 13-cis isomerization by assuming a barrier of 10
kcal/mol preventing rotation around the 14-15 bond. All
simulations, except where otherwise stated, were performed
at 300 K.

Thermal isomerizations of retinal upon deprotonation and
reprotonation were alsostudied. Inorder todescribe the proton
transfer processes in the photocycle, we modified the proto-
nation states of retinal between simulations. Tomodel retinal’s
deprotonation, wedeprotonated the Schiff base and protonated
the primary proton acceptor Asp-85. To model retinal’s
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reprotonation, we protonated the Schiff base and deprotonated
the proton donor Asp-96.

During the photocycle, changes in side group protonation
states and in the geometry of retinal should cause protein
conformational changes between different intermediates,
which have been experimentally observed (Becher & Ebrey,
1978; Glaeser et al., 1986; Dencher et al., 1989; Maeda et al.,
1992a,b). Although it is impossible to describe these con-
formational changes accurately on the basis of picosecond
time scale simulations, we still consider it meaningful to study
the photocycle by simulating the possible retinal isomerization
reactions starting from the structures and protonation states
described above. First, properties of retinal should be mainly
sensitive to the protein groups in its vicinity but should be
rather insensitive to global protein conformation. Second,
experiments have shown that bacteriorhodopsin is rather rigid
during the photocycle (Glaeser et al., 1986), and the con-
formational changes should be mainly due to retinal and due
to a few residues in the vicinity of retinal’s binding site. MD
simulations are likely to rearrange these residues correctly in
a few picoseconds after one changes the protein protonation
state mimicking the actual proton transfer processes in the
photocycle, provided that the conformational changes in the
protein backborne are small.

Tosimulate retinal thermal reisomerization to the all-trans
state, the torsional barrier of the 13-14 double bond was
lowered to different values, some artificially small. The low
barriers made it possible that the isomerization reaction is
realized in simulations which can only cover a few hundred
picoseconds of real time. The simulations should provide
information on the influence of steric and electrostatic
interactions as on the isomerizations but do not provide
information on the time scale of the reaction. Detailed
explanations of the various parameters used are given under
Results.

Atthelast stage of the present work, we explored the possible
effects of the internal water molecules on the BR photocycle.
The TIP3P water model (Jorgenson et al., 1983) was used for
the water molecules. Inthe Hendersonstructure, the distance
between Asp-96 and the Schiff base is about 12 A, and it is
suggested that 3—4 water molecules are involved in the
reprotonation of retinal from that side group. Therefore, four
water molecules were placed at random inside the hydrophobic
channel on the cytoplasmic side. The channel on the
extracellular side is more hydrophilic, and neutron diffraction
observations suggest there are at least four tightly bound water
molecules near the Schiff base (Papadopoulos et al., 1990).
We placed six water molecules around the Schiff base—
counterion complex. Six further water molecules were also
placed near the extracellular surface of the protein. To obtain
a better model of the ionic groups around the Schiff base,
including Asp-85, Asp-212, Arg-82, and the water molecules,
we first protonated Asp-85 and Asp-212 and equilibrated the
structure for 20 ps at 300 K. Asp-85 and Asp-212 were then
reprotonated, and the structure was equilibrated for 80 ps at
300 K. Such a procedure was used because BRs¢s is formed
from the Qg4 intermediate in which Asp-85 and Asp-212 are
suggested to be protonated (Gerwert et al., 1990; Gerwert,
1992; Gerwert & Souvignier, 1992).

RESULTS
The 13,14-dicis Isomerization Model

The Primary Photoisomerization. We simulated the
photoisomerization by instantaneously changing the torsional
potential of the 13—14 bond as described under Materials and
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FIGURE 3: Dihedral angles (designated by their respective bonds)
of retinal during simulations A1 [top (a)], A2 [middle (b)] and A3
[bottom (c)]. A torsional barrier of 2 kcal/mol for the 14-15 bond
has been chosen in simulation A1 and a torsional barrier of 10 kcal/
molinsimulation A2. Retinal has been protonated in both simulation
Al and A2. In simulation A3 retinal has been unprotonated, and
a torsional barrier of 2 kcal /mol for the 14—15 bond has been assumed.

Methods. We carried out two simulations, simulation Al
with a torsional barrier of 2 kcal/mol for the 14-15 single
bond and simulation A2 with a barrier of 10 kcal/mol for this
bond. Both simulations were started from the all-trans
structure and lasted 7 ps. The resulting structures were both
equilibrated for 2 ps using the torsional potentials for
protonated retinal in the ground state.

Figure 3a presents the time dependence of the dihedral
angles of the 13-14, 14-15, and 15-N bonds in simulation
Al. The photoisomerization is found to be completed after
about 1.2 ps. In addition to the isomerization around the
13-14 bond enforced by potential (eq 2), a concomitant
rotation of approximately 140° around the 14—15 bond occurs.
After 2 ps of equilibration of the resulting structure, applying
the ground state torsional potentials for retinal, the isomer-
ization around the 14—-15 bond is complete, and retinal remains
in a 13,14-dicis geometry.

Figure 4 compares the conformation of all-trans retinal
and of 13,14-dicis retinal after the isomerization induced in
simulation Al. The retinal plane is twisted after the
isomerization reaction. The twist induced in retinal after the
primary photoreaction could explain the intense hydrogen out
of plane modes in the resonance Raman and FTIR spectra of
the K intermediate (Mathies et al., 1991). During the
isomerization, the C;o—Cjs atoms of retinal move toward the
cytoplasmic side of the protein. The magnitude of the
movement is about 1.7 A for the C;s atom and 2-3 A for the
C13,C14,and Cyoatoms. Because of the positive partial charges
on these carbon atoms, this movement corresponds roughly
to a 1-A movement of a unit positive charge toward the
cytoplasmic side.

Figure 3b presents the time dependence of the dihedral
angles of the 13—14 and 14-15 bonds within the first 2 ps of
simulation A2. Rotation around the 14-15 bond is hindered
by a torsional barrier of 10 kcal/mol in this simulation. In
this case, the trans — cis isomerization of the 13—14 bond is
impeded and is not completed within 7 ps. Retinalis brought
into a highly twisted 13-cis conformation after the simulation;
the dihedral angle of the 13-14 bond is approximately 60°.
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After a 2-ps equilibration with the ground state potential, the
structure relaxed back to the original all-trans conformation
(not shown). It is worth noting that in both simulations A1
and A2 the Schiff base proton moves very little and remains
hydrogen bonded to the counterion Asp-212. Nomajor protein
conformational changes were observed during both isomer-
izations Al and A2,

The importance of the Schiff base—counterion interaction
for retinal’s stereochemistry in the primary photoreaction is
proven in simulation A3, in which a photoisomerization for
the unprotonated all-trans retinal was induced. The isomer-
ization reaction was induced using the same dihedral potentials
as in simulation Al. The trajectory of the relevant dihedral
angles in simulation A3 is presented in Figure 3¢c. Retinal is
seen to undergo a 13-cis isomerization instead of the 13,14-
dicis isomerization of simulation Al.

It is not shown in simulations A1, A2, and A3 how the
retinal isomerization reaction would be affected if the direct
counterion of the Schiff base is Asp-85 instead of Asp-212
which is assumed here. It is very likely that an alternative
anionic counterion (Asp-85) would exert very similar effects
on the isomerization of retinal due to a similar Coulombic
interaction with the Schiff base. Further simulations described
later in this paper, where a more likely Schiff base counterion
is formed when explicit water molecules are placed in the
retinal binding pocket, will address this problem more directly.

We also investigated the role of the lysine (Lys-216) side
chain during the primary photoisomerization. Experimental
evidence exists that the lysine side chain undergoes a
conformational change during the BRs¢s — L transition (Gat
etal., 1992), but it is not clear whether such a conformational
change has any effect on the nature of the retinal isomerization
reaction. For rhodopsin, experiments have shown that this
protein remains functional when the retinal-bound lysine is
mutated to Ala or Gly and the chromophore is given in the
form of a Schiff base with an n-alkylamine (Zhukovsky et al.,
1991). These experiments suggest that the covalent attach-
ment of the chromophore to the protein backbone is not
important for the function in the case of rhodopsin. To
investigate the function of the lysine side chain for the retinal
isomerizationin BR, we cleaved the lysine chain in simulation
Al between the C, and Cg atoms of Lyr-216 by setting the
force constant of all the energy terms involving this bond to
zero, assuming otherwise the same conditions as in simulation
Al (seeabove). Thesimulation covered 2 ps. We found that
retinal undergoes a 13,14-dicis isomerization within 1.2 ps
(not shown) demonstrating that the covalent attachment of
retinal to the protein matrix does not affect the isomerization
reaction significantly. The lysine side chain undergoes only
small conformational changes in simulations Al and A3;
however, a larger conformation change is observed in sim-
ulation A2 where a 13-cis isomerization occurred.

The 13,14-dicis — 13-cis Isomerization. The 13,14-dicis
model implies that there exist, in the proton pump cycle of
BR, two M intermediates, M; and M of unprotonated retinal
in the 13,14-dicis and 13-cis state, respectively (Schulten et
al., 1984), though the M1 intermediate might be too short-
lived to be observed. Indeed, the existence of two consecutive
M states has also been concluded from an analysis of the
photocycle kinetics (Viré & Lanyi, 1990). The explanation
of the intermediates is that retinal transfers its Schiff base
proton to Asp-85 in the Lsso — M, transition and enables
retinal toundergoa 13,14-dicis — 13-cis isomerization, which
corresponds then to the M; — M transition. An important
aspect of the 13,14-dicis — 13-cis isomerization is the change
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FIGURE 4: Stereoviews of retinal before (top) and after (bottom) the isomerization reaction as described by simulation Al. Neighboring

residues Asp-85, Arg-82, Asp-212, and Tyr-185 are also shown.

cis

14-15
trans 15N

13-14
4 A

cis vl TN

0 025 05 075 1 125 15 175
time [ps]

i, i

FIGURE 5: Dihedral angles (designated by their respective bonds)
of retinal during the initial 2 ps of simulation Bl. Retinal is
deprotonated and Asp-85 protonated at the start of the simulation.

of the position of the Schiff base nitrogen from a site in contact
with the proton acceptor Asp-85 on the extracellular side to
a new site in contact with the proton donor on the cytoplasmic
side.

Inorder toinvestigate the question of whether the suggested
retinal isomerization occurs spontaneously upon deprotonation,
we started from the 13,14-dicis structure generated by
simulation A1 which had been equilibrated for 2 ps. Asp-85
was protonated, and partial charges and dihedral potentials
of retinal were changed to those of the unprotonated chro-
mophore as described under Materials and Methods. Sim-
ulation B1 was then carried out for 2 ps. Figure 5 presents
the time dependence of the dihedral angles of the 13-14, 14—
15, and 15-N bonds in the simulation. Retinal is seen to
undergoa 13,14-dicis— 13-cisisomerization. The time needed
to complete this reaction is only 700 fs. The occurrence of
the 700-fs isomerization is due to two factors. First, the
torsional barrier for the 14-15 bond is reduced in the
unprotonated retinal; second, deprotonation of retinal releases

the Coulomb interaction between the Schiff base and its
counterion, enabling essentially free rotation of the 14—15
bond. It should be noted that the fast isomerization around
the 14-15 bond implies that the intermediate M, i.e., the
primary unprotonated form of the chromophore of BR’s pump
cycle, should be very short lived, and, hence, might not be
observable.

The 13-cis Isomerization Model

The BRsgs— J— K Transition. Although our simulations
indicate that an all-trans — 13-cis photoisomerization is
severely hindered in BR, we also investigated how the protein
and retinal could possibly accommodate such a reaction, For
this purpose we enforced an all-trans — 13-cis isomerization
in simulation C1 by choosing for k%, (eq 2) a value of 47
kcal/mol, thus assuming storage of 94 kcal/mol of energy in
the photoexcited trans state of the 13-14 bond. This energy
exceeds the energy of electronic excitation of retinal and, hence,
appears unphysical. However, such large value of kéish was
required to ensure the successful completion of the desired
isomerization. In simulation C1, kj} (eq 3) was assumed to
be 5.0 kcal/mol (the torsional barrier assumed is thus 10.0
kcal/mol) to prevent rotation around the 14—15 bond. The
simulation was carried out for 20 ps. Such long simulation
time was necessary since the 13-cis product state relaxes back
to the ali-trans form if simulation C1 is terminated too early
and the ground state torsional potential applied. Insimulation
A2, where a value of 47 kcal/mol was chosen for ki, the
13-cis product cannot be stabilized within 7 ps. The reader
should note that such a long time range for the altered potential
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FIGURE 6: Dihedral angles (designated by their respective bonds)
of retinal during the initial 2 ps of simulation C1. The torsional
barrier of the 14—15 bond is taken as 10 kcal/mol in this simulation,
and the potential energy of the trans state of the 13—14 bond isassumed
to be higher than that of the cis state by 94 kcal/mol to ensure a
complete 13-cis isomerization.

describing the excited states of retinal is in conflict with the
observation that the thermally stable J intermediate forms
within only 500 fs (Dobler et al., 1988; Mathies et al., 1988).

The dihedral angle trajectories during simulation C1 are
presented in Figure 6. Retinal is seen to undergo an almost
complete 13-cis isomerization within 200 fs in simulation C1.
This isomerization is accomplished by a motion which brings
the Schiff base proton closer to the main chain oxygen atom
of Asp-212 but leaves it within 4 A from the Asp-212 carbonyl
group. The 14-15 and 15-N bonds of retinal become twisted
(with torsion angles around 140°), but the remaining part of
retinal remains quite planar immediately after this motion.

Retinal, still being subject to the modified potential (eq 2),
subsequently diminished its twist around the Schiff base bond
through an overall rotation by approximately 45°, the motion
taking about 3 ps. The rotation is smaller for the §-ionone
ring which is tightly packed in the protein, and the originally
planar retinal becomes twisted. Such a twist also has been
observed for retinal after the 13,14-dicis isomerization.
Bending and subsequent rotation of retinal in the 13-cis
isomerization caused the SB-ionone ring to protrude toward
helix D, whereas the Co—C;3 atoms protruded toward helix G
[nomination of helices according to Henderson et al. (1990)].
Within the remaining 17 ps of simulation C1, the Schiff base
proton vacillates between the main chain oxygen and the
carbonyl group of Asp-212 as counterions. The distance
between the Schiff base proton and the carbonyl group is
about 1 A larger compared to the structure before isomer-
ization and corresponds to a small movement of positive charge
toward the cytoplasmic side.

Experimental studies of the primary photoreaction have
shown that BR first forms a J intermediate within 500 fs and
relaxes then to the K intermediate on a 3-ps time scale (Dabler
etal., 1988). Sincesimulation C1 givessimilar reaction times
for retinal isomerization and relaxation, one may conclude
that these processes might correspond to the BRses — J and
J — K transitions. The structures of the putative J and K
intermediate obtained in simulation C1 are shown in Figure
7.

The K — L Transition. To investigate how retinal could
further relax and produce a more planar 13-cis chromophore
in the K — L transition, simulation C2 was carried out for
20 ps at T = 400 K starting from the structure obtained in
simulation C1 but assuming the ground state potential (eq 1)
for the protonated Schiff base retinal.

A further rotation of retinal, mainly in the 8-ionone ring
region, occurred within about 13 ps. This motion left retinal
almost parallel to the membrane surface and decreased the
twist of the retinal plane. In order to allow such a rotation,
a conformational rearrangement occurred to helix D. Met-
118, which is originally in contact with the $-ionone ring,
moved out of the binding pocket, whereas Asp-115 moved
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into the binding pocket close to the S-ionone ring. Most of
the aromatic residues in the binding pocket were also affected
by retinal’s relaxation and shifted by 1-2 A to produce a
better packing around therelaxed retinal. After therelaxation,
the twist of retinal plane was reduced, and the Schiff base was
again hydrogen bonded to the carbonyl groups of Asp-212,
Stereoviews of the structure obtained are provided in Figure
7.

Experiments have shown that for the L intermediate the
chromophore isindeed more planar than for the K intermediate
and that the Schiff base moves closer to its new counterion
(Mathies et al., 1991). However, the dramatic rotation of
retinal in the BR protein matrix is quite unexpected, and it
is doubtful whether such a drastic motion really occurs in the
BR photocycle.

The 13-cis — all-trans Reisomerization

The thermal reisomerization of 13-cis-retinal back to the
all-trans geometry occurs in the Nsyo — Ogqo transition. In
the N intermediate, retinal is reprotonated from Asp-96, and
a protein conformational change has probably already occurred
(Fodoretal., 1988a). Inspite of the fact that MD simulations
do not realistically describe protein conformational changes
and retinal isomerizations, except if they occur on a very short
time scale, we consider it valuable to investigate whether the
reprotonated retinal spontaneously undergoes a 13-cis — all-
trans isomerization when the barriers are sufficiently lowered
such that the process occurs sufficiently fast.

The 13-cis — all-trans isomerization requires crossing over
atorsional energy barrier of about 20 kcal/mol and is observed
to occur within 5 ms (Lozier et al., 1975). In order for this
reaction to be described on a picosecond time scale by an MD
simulation, we need to lower the torsional energy barrier for
the 13-14 double bond. The structure obtained from sim-
ulation B1, in which retinal is deprotonated and in a 13-cis
geometry, was used as the initial structure. Retinal partial
charges and torsional potential functions were changed to
those of the protonated state. In accordance with FTIR data
for the N intermediate (Gerwert et al., 1990), Asp-96 was
deprotonated (the proton was transferred to the Schiff base),
Asp-85 remained protonated, and Asp-212 was deprotonated.

Ina first simulation, referred to as D1, the internal torsional
barrier for the 13-14 double bond was eliminated by a choice
of kgin = 0 in eq 1. Figure 8a presents the dihedral angle
trajectory of simulation D1. A torsion of approximately 100°
is seen to develop around the 13—14 bond. This torsion allows
the Schiff base to form hydrogen bonds with the main chain
oxygen atoms of Val-49 and Thr-89, which move closer to the
Schiff base and are nolonger hydrogen bonded to their original
hydrogen-bond donors (NH groups of Ala-53 and Leu-93).
The resulting retinal conformation is neither 13-cis nor 13-
trans and is clearly unstable in reality due to the 20 kcal /mol
torsional potential barrier of the 13—14 bond in the protonated
retinal Schiff base.

In a second simulation, referred to as D2, the effect of the
two main chain oxygen atoms Val-49 and Thr-89 was
decreased by constraining the distance between these two atoms
and their original hydrogen-bond donors. Figure 8b shows
the resulting time dependence of the dihedral angles of the
13-14, 14-15, and 15-N bonds. The torsion around the 13—
14 bond is found to be more complete in simulation D2
compared with that of simulation D1 and the dihedral angle
for the bond is stable at around 140°, corresponding to a
twisted all-trans structure.

An analysis of simulations D1 and D2 shows that the
transition state of the 13-cis — all-trans isomerization, with
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FIGURE 7: Stereoviews of retinal in the putative J, K, and L intermediates obtained from a reaction pathway following an enforced 13-cis
photoisomerization in simulation C1 and C2. Neighboring residues Asp-85, Arg-82, Asp-212, and Tyr-185 are also shown.

the dihedral angle of the 13—14 bond approximately at 90°,
is stabilized by the main chain oxygen atoms of Val-49 and
Thr-89. The potential which governs the reisomerization of
retinal from 13-cis to 13-trans in the protein is mainly the sum
of two contributions: (1) the internal torsional potential of
the 13-14 bond which has a maximum of about 20 kcal/mol
at 90° and (2) the interaction potential with the main chain
oxygen atoms of Val-49 and Thr-89 which has a minimum
atapproximately 90° of about 7.4 kcal/mol below the potential
value at 0°. The barrier ensuing from the combined contri-
butions is about (20 — 7.4) kcal/mol = 13.6 kcal/mol, which
is too high for an isomerization event to occur on the time
scale covered by molecular dynamics simulations. We have
turned this calamity into an interesting computational ex-
periment by choosing in simulation D3 a barrier for the
torsional potential (eq 1) which is about as large as the
stabilization through the main chain oxygen atoms of Val-49
and Thr-89, namely, only 7.4 kcal/mol. The ensuing total
potential (torsional potential of eq 1 plus protein interactions)
should have a very low barrier at 90° because of a cancellation
of the internal torsional barrier and external stabilization.
Therefore, one would expect that the isomerization 13-cis —
13-trans should proceed spontaneously in a respective sim-

ulation. This is, in fact, what we observed: in simulation D3
the isomerization occurred within 1.2 ps through the transition
state presented in Figure 9, which is similar to the structure
obtained in simulation D1. Figure 8c shows the time
dependence of the dihedral angles of the 13-14, 14-15, and
15-N bonds of simulation D3.

Retinal Isomerization Reactions in Structures with
Internal Water Structure

The structure resulting when water molecules are placed
in the proton conduction channel of BR and the protein is
equilibrated is shown in Figure 10a. The distances from the
closest atom of Asp-85 and Asp-212 to the Schiff base proton
are 3.5 and 3.8 A, respectively, which agrees well with the
Henderson model. Two water molecules aredirectly hydrogen
bonded to the Schiff base. Asp-85, Asp-212, Arg-82, and
Thr-89 also participate in hydrogen bonding with these two
water molecules. It is interesting that the water molecules
are found to be in direct contact with the Schiff base, an
arrangement which is consistent with previous suggestions.
Such an arrangement of the Schiff base counterion has also
been suggested recently by Dér et al. (1991) to explain the
chloride pumping activity of BR under low-pH conditions.
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FIGURE 8: Dihedral angles (designated by their respective bonds)
of retinal during simulation D1, D2, and D3. The torsional barrier
of the 13-14 bond is taken as 0 kcal/mol in simulations D1 and D2
and as 7.4 kcal/mol in simulation D3. The distances between the
main chain oxygen atoms of Val-49 and Thr-89 and their original
hydrogen-bond donors are constrained in simulation D2.

Another interesting structural and functional motif is a water
chain formed on the cytoplasmic side between the hydroxyl
group of protonated Asp-96 and the main chain oxygen atom
of Lyr-216. Three water molecules participate in forming
the chain by hydrogen bonding to each other and the protein
polar groups. The chain was found not to be very stable during
a total equilibration period of 80 ps.

Photoisomerization. We induced the photoisomerization
of retinal in simulation E1 and E2 using the same torsional
potential (eq 2) and potential (eq 3) as in simulation Al and
A2, but with internal water in place. The simulations were
carried out for 20 ps. Retinal’s all-trans — 13,14-dicis
isomerizations were found to occur within 500 fs in both
simulations, as shown by the time dependence of the dihedral
angles presented in Figure 11a,b.

One might suspect that since the Schiff base is directly
hydrogen bonded to water molecules, the electrostatic forces
acting on the retinal Schiff base might be weakened and an
all-trans — 13-cis photo-isomerization might be favored. This
is not the case. The tighter packing of retinal by internal
water molecules, in fact, favors an all-trans — 13,14-dicis
isomerization reaction, as indicated by the occurrence of the
isomerization even in case of a 10 kcal/mol energy barrier of
the 14-15bond. A view of the resulting photoproduct is given
in Figure 10b. The isomerization is accompanied by a shift
of the retinal C,0~C;s atoms toward the cytoplasmic side.

The 13,14-dicis — 13-cis Reaction Pathway. Tostudy the
behavior of retinal upon deprotonation, the structure resulting
from simulation E1 was used as a starting point. The protein
was modified by deprotonating retinal and protonating Asp-
85, and the subsequent dynamics was determined for 40 ps
in simulation F1.

Twointeresting phenomena were noticed in this simulation.
First, retinal undergoes a 13,14-dicis — 13-cis isomerization
after 3 ps of simulation, as shown in Figure 1lc. The
isomerization reaction is slower compared to the reaction when
no internal water was included (cf. Figure 5). Second, after
5 ps of simulation, the water molecules in the cytoplasmic side
of the proton conduction channel change their orientation
such that the Schiff base nitrogen becomes the proton acceptor
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ononeend of thechain. Asp-96, which is protonated, provides
the proton donor on the other end of the chain, and a hydrogen-
bonded chainis formed. The hydrogen bonding between water
molecules and Asp-96 can either be direct or be mediated by
the hydroxyl group of Thr-46. A snapshot of the functionally
important groups after 20 ps of simulation is given in Figure
12a.

Following simulation F1 we deprotonated Asp-96 and
reprotonated the Schiff base, according to the proton transfer
observed in the My;; — Nsyo transition. The subsequent
dynamics was determined for 20 ps (simulation F2). The
direction of the water chain in the upper channel is reversed
through rotation of all water molecules, and the chain is
partially deformed, as shown in Figure 12b.

Subsequent to simulation F2, Asp-96 was reprotonated and
Asp-85 deprotonated again in an attempt to simulate the N
— BRsgs transition in the presence of the internal water
molecules. We decreased the torsional barrier of retinal’s
13-14 bond to 0 kcal/mol and carried out a corresponding
simulation F3 for 40 ps. Retinal remained in the 13-cis
geometry during the simulation due to the strong attraction
between the protonated Schiff base and the water molecules
inthe upper part of the proton conducting channel. Therefore,
the 13-cis — all-trans reisomerization was not realized in the
simulations when water is present in the upper proton
conducting channel.

The Enforced 13-cis Reaction Pathway. An enforced 13-
cis photoisomerization reaction was induced for the structure
of BR with internal water in simulation G1. For kL, (cf. eq
2) a value of 47 kcal/mol (eq 2) was assumed (corresponding
toaninitial energy storage of 94 kcal/mol in the excited state),
and for ki (cf. eq 3) a value of 10 kcal/mol was assumed
(corresponding to a torsional barrier of 20.0 kcal/mol for the
14-15bond). The latter value is twice as large as that chosen
insimulation C1 since in the presence of water a lower barrier
of 10 kcal/mol does not prevent a rotation of the 14-15 bond
in the photoisomerization step (cf. Figure 11b). The corre-
sponding simulation G1 was carried out for 6 ps.

A 13-cis isomerization reaction was found to occur within
200 fs (not shown). The Schiff base proton and the water
molecules hydrogen bonded to it moved very little during this
reaction. The 14-15bond and the retinal plane became highly
twisted. After 600 fs, the Schiff base proton was no longer
hydrogen bonded to Asp-85 or Asp-212, but instead hydrogen
bonded to Thr-89 through a water molecule as shown in Figure
13a. This photoproduct is unstable and would relax back to
the all-trans geometry if the ground state torsional potential
of retinal would be reinstated at this time as test simulations
revealed.

During the further course of simulation G1, retinal and the
surrounding protein, still under the constraints of the pho-
toisomerization potential (eq 2), equilibrated: the Schiff base
proton moved toward the cytoplasmic side and the twist in the
retinal plane decreased, retinal remained hydrogen bonded to
Thr-89 through a water molecule, another water molecule in
the cytoplasmic side of the proton channel also became
hydrogen bonded to the Schiff base, and the water chain of
the initial Brses form (cf. Figure 10a) was deformed. The
conformations of important residues at this stage of simulation
G1 are shown in Figure 13b. After completion of simulation
Gl, i.e., after 6 ps, the 13-cis intermediate is stable. In fact,
asubsequent 70-ps simulation G2, reinstating the ground state
torsional potential of retinal, did not give rise to any major
alteration of retinal’s geometry.



2300 Biochemistry, Vol. 32, No. 9, 1993

\E Asp-96

Thr-89
Val49 Lt H
0)70
Asp-212
Asp-85

Zhou et al.

< L Asp-96
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base forms hydrogen bonds with the main chain oxygen atoms of Val-49 and Thr-89, and, accordingly, the transition state is stabilized.
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FIGURE 10: (a) Stereoview of the BR structure with internal water molecules. Retinal, protein residues directly involved in the proton pumping,
and water molecules close to retinal are shown. (b) BR structure after the induced retinal photoisomerization. The Schiff base is hydrogen

bonded to Asp-85 and Asp-212 via water molecules.

The structure resulting from simulation G2 is presented in
Figure 13c. Retinal became further geometrically relaxed as
judged by the decrease of the twist of the chromophore
backbone. A chain of three water molecules is formed between
the Schiff base proton and Asp-85 after about 50 ps of
simulation. The direction of retinal’s plane slightly rotated
away from the membrane normal and the Schiff base as well
as the C10—C;s atoms moved toward the cytoplasmic side as
compared to the structure before photoisomerization.

Simulation G3 continued simulation G2, albeit for a
deprotonated Schiff base and a protonated Asp-85. The
simulation lasted 40 ps. After deprotonation, retinal became
very flexible and the stress in the chromophore was released.
The water chain between the Schiff base and Asp-85 deformed.

The water chain which was established in simulation F1
connecting Asp-96 to the unprotonated retinal was not formed
in simulation G3 during 40 ps (not shown), although it could
be formed in principle since the protonation state of the protein
is identical to that in simulation F1,

DISCUSSION

Role of the Schiff Base—Counterion Interaction in the
Photocycle. It has been suggested that the reaction processes
of the bacteriorhodopsin photocycle are driven mainly by steric
interactions at short times ( ~ 1 ns), by electrostatic interactions
at medium times (~1 us), and by entropic interactions at
long times (~1 ms) (Schulten et al., 1984). We have shown
in the present work that electrostatic and steric interactions
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FIGURE 11: Dihedral angle trajectories of retinal isomerization
reactions. (a) The 13,14-dicis photoisomerization in simulation E1
in which a torsional barrier for the 14-15 bond of 10 kcal/mol has
beenassumed. (b) The 13,14-dicis photoisomerization in simulation
E2 in which a torsional barrier for the 14-15 bond of 2 kcal/mol has
been assumed. (c) The 13,14-dicis — 13-cis isomerization induced
by retinal deprotonation in simulation F1.

control both the early part of the photocycle and most likely
also the later part. The electrostatic interaction between the
Schiff base and its counterion has been found to be extremely
important in determining retinal’s geometry in the primary
photoisomerization for both the 13,14-dicis and the 13-cis
isomerization models investigated.

In our simulations, the position of the Schiff base proton
remains largely unchanged during the photoisomerization
because of the Schiff base—counterion interaction. Since the
B-ionone ring of retinal is tightly packed in the protein matrix
and has a relatively large mass, it too is not subject to large
motion, Therefore, only the molecular moiety between the
Schiff base and the 8-ionone ring can move during the primary
photoreaction. A likely motion is the simultaneous rotation
of the 13-14 and 14-15 bonds, a motion which can occur
without intolerable twist of retinal’s backbone, whereas rotation
of the 13—14 bond alone is sterically unfavorable.

While it is clear from the present investigation that the
flexible lysine side chain can easily adapt to the large
conformational change occurring during a 13-cis isomerization,
such adaptation is not sufficient to enable retinal to undergo
such an isomerization during the primary photoreaction.
Whether a 13-cis or a 13,14-dicis isomerization should occur
depends on the torsional barrier of the 14—15 bond in the
photoreaction and on the detailed nature of the Schiff base
counterion. Internal water molecules, which participate in
forming the proton accepting complex, can also affect the
nature of the primary photoisomerization. Unfortunately, a
high-resolution structure of BR is required to identify water
molecules in retinal’s binding site. Quantum chemical
calculations of retinal in the excited state [for a review, see
(Birge, 1990)] would be desirable to describe the behavior of
the 14-15 bond during the primary isomerization reaction.
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Our simulations have shown that a 13-cis photoproduct can
be enforced through an extreme potential (depositing 94 kcal /
mol in the initial excited state), but the resulting retinal isomer
can not be stabilized within about 3 ps since the binding site
does not accommodate the 13-cis geometry properly. This
result supports the suggestion that a 13-cis photoproduct would
revert back to BR since the low 13-14 torsional barrier of
protonated Schiff base retinal is not high eneough to store
energy (~ 15 kcal/mol) in the primary intermediate (Schulten
etal., 1984). A 13,14-dicis photoproduct, on the other hand,
is stable, because of the high barrier of a thermal 13,14-dicis
— all-trans isomerization and because 13,14-dicis retinal can
be accommodated well by the binding site.

Upon deprotonation retinal spontaneously undergoesa 13,-
14-dicis — 13-cis isomerization in MD simulations. It was
previously suggested thata 13,14-dicis — 13-cis isomerization
can occur in the Lsso — My;2 transition because the barrier
of rotation around the 14—15 bond is lowered to only a few
kcal/mol by deprotonation of the Schiff base (Schulten et al.,
1984; Tavanet al., 1985). The present investigation suggests
that such an isomerization, in addition, is facilitated by the
change in electrostatic interaction between the Schiff base
and its counterion caused by retinal’s deprotonation. Depro-
tonation removes the attraction between the Schiff base and
its counterion, enables retinal to quickly rotate around the
14-15 bond, and thereby releases the high intramolecular
energy stored in the 13,14-dicis geometry (Orlandi & Schulten,
1979).

This 13,14-dicis — 13-cis isomerization rotates the Schiff
base nitrogen away from the proton acceptor (assumed to be
Asp-85) to face the cytoplasmic side, such that retinal is ready
to be reprotonated from Asp-96. The isomerization is
completed within 700 fs when no internal water is included
and is completed within 2.5 ps when internal water molecules
are placed in the retinal binding pocket. The reaction times
indicate that the isomerization occurs very fast. Thus, a
deprotonated 13,14-dicis retinal should not be observable
experimentally, although a higher torsional barrier for the
1415 single bond than that used in our simulation (2 kcal/
mol) could increase the time needed for this isomerization.
We suggest that the 13,14-dicis — 13-cis isomerization might
be coupled to retinal deprotonation in the Lsso — Maia
transition, causing the free energy change of this transition
to be close to zero, in agreement with experimental results
(V4r6 & Lanyi, 1991a,b). Thus, the geometry of retinal would
be 13-cis in the M state, leaving the experimentally distin-
guished M; and M, intermediates to be explained by
subsequent conformational changes of the protein or by a
transition in the geometry of internally bound water.

While retinal undergoes a 13-cis — all-trans isomerization
upon reprotonation in simulations which donot include internal
water, such a reaction does not proceed spontaneously within
the simulation periods when water molecules are added. The
reaction could be catalyzed by neutralizing or removing a
negative counterion from the Schiff base proton (Tavanetal.,
1985; Baasov & Sheves, 1984b) as well as by properly placed
anionic groups which can lower the torsional barrier of the
13-14 bond, as suggested by some theoretical studies (Tavan
etal., 1985;Seltzer, 1987). Thecatalytic mechanism involving
the Val-49 and Thr-89 main chain oxygens, discussed under
Results, invites the following critique. First, the protein
conformation in N could be different from the structure we
generated by MD simulation. Second, the protonation state
of the N intermediate and the structure of internal water
molecules might differ from what has been assumed in our
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simulations. In reality, this isomerization reaction is inter-
cepted by the Og49 intermediate, the nature of which is not
well understood. Protonation state changes of Asp-212 and,
possibly, of Arg-82 are suggested to be involved in the Nsao
— Og4agand Ogsag — BR sz transitions, and thisis notaccounted
for in our simulations.

Since the electrostatic interactions between the retinal Schiff
base and the protein environment are shown in this study to
be a crucial factor for the retinal isomerization reactions, a
realistic description of these interactions in the molecular
modeling is very important. Accurate partial charges assigned
to the retinal atoms and proper treatment of the hydrogen-
bonding interactions and the protein polarization effect would
be required to describe the electrostatic interactions quan-
titatively. For example, using a dielectric constant of 2.0
instead of 1.0 would decrease all the interaction energies. In
the present study, the partial charges assigned to the retinal
Schiff base are somewhat larger than the charges found in a
few other modeling studies (Tavan et al., 1985; Birge et al.,
1987), and the dielectric constant used is 1.0. This might
lead to an overestimate of the electrostatic interactions in the
protein, although it is difficult to determine at the present
stage how large this effect would be. It is probably not an
easy task to describe the electrostatic interactions in BR
accurately without extensive calculations and calibrations with
experimental facts, which awaits more theoretical and ex-
perimental studies in the future.

Our simulations do not yield an obvious explanation for the
nature of the Og4p intermediate. Likely explanations are a
proton transfer from Arg-82 to Asp-212 and the observed
protonation of Asp-85, which both should contribute to the
strong spectral red-shift of this intermediate. Another
contribution distinguishing this intermediate from Brses could
be propertly oriented water molecules. Since our simulations
enforced the completion of the whole pump cycle on a 100-ps

time scale, we could not expect that the difference between
Brses and Ogao, which, save for a possible torsion of retinal,
must be due to the protein matrix, could reveal itself. More
extended simulations describing longer time scales and also
describing charge shifts in the protein will be required to
account for the Brsss—Osqo difference.

Comparison of the 13,14-dicis and 13-cis Isomerization
Models. The results of the present study show that the
behavior of retinal is consistent with the 13,14-dicis isomer-
ization model of BR function. Figure 14 presentsthe complete
sequence of isomerizations and proton transfers consistent
with that model. After the photoisomerization, shown as the
first step in Figure 14, retinal is in a 13,14-dicis geometry.
Deprotonation of retinal releases the Schiff base nitrogen from
its counterion, and the barrier of rotation around the 14-15
bond is lowered to a few kcal/mol (Schulten et al., 1984;
Tavan et al., 1985). Retinal, accordingly, isomerizes to the
13-cis state presented as the second step in Figure 14. In fact,
the high intramolecular energy stored in 13,14-dicis retinal
decreases the pK value of the Schiff base and facilitates the
transfer of the Schiff base proton to Asp-85 (Schulten, 1978;
Tavanet al., 1985). However, the barrier for rotation around
the 13-14 bond is over 40 kcal /mol in the unprotonated retinal
(Tavanetal., 1984), and the system staysin the 13-cis geometry
in the M intermediate. Protonation of retinal in the N
intermediate enables the thermal reisomerization reaction to
occur and brings the system back to BRses, shown as the third
step in Figure 14. Changes in retinal’s torsional potentials as
well as changes in the retinal-protein electrostatic interactions
control the proton pump cycle.

Although our simulations indicate that a 13-cis photoi-
somerization is unfavorable in BR as compared to a 13,14-
dicis photoisomerization, the possibility of a 13-cis photoi-
somerization as a first step in the pump cycle may not be
excluded. Simulations show that internal water molecules
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have significant effects on the 13-cis photoisomerization. When
water molecules are absent, retinal rotates violently to maintain
the Schiff base—counterion interaction. When water molecules
are present, they serve as primary counterions and retinal can
be stabilized without such a rotation. After the 13-cis
isomerization, retinal first forms a hydrogen bond to Thr-89
via water molecules and then forms a hydrogen bond to Asp-
85 through a water chain, which should enable the proton
transfer from retinal to Asp-85 in the Lsso— M1, transition.
In a recent paper, it was reported that Thr-89 is involved in
a transient hydrogen-bond network, and mutations of this
residue affect the formation of the K intermediate (Rothschild
et al,, 1992). Deformation of the hydrogen-bonded chain
originally formed by Asp-96, Thr-46, and three water
molecules after the 13-cis isomerization may also explain the
changes in the FTIR spectra of Asp-96 in the L intermediate.
Although not shown in our simulations, this hydrogen-bonded
chain, in principle, could be re-formed and be stabilized when
retinal is deprotonated, connecting Asp-96, which is protonated

at this stage, to the Schiff base nitrogen which has a negative
partial charge.

Although the two models of the pump cycle of BR described
above are very different, they are quite similar in terms of the
roles of electrostatic and steric interactions in controlling the
cycle, as shown in the reaction scheme presented in Figure 15.
Retinal isomerizes after absorbing light and is still hydrogen
bonded to the primary counterion Asp-85 through a water
molecule or through a water chain. The structure is elec-
trostatically favored because of the positive charge on the
Schiff base and the negative charge on Asp-85. To maintain
such a configuration, steric energy is stored in retinal and the
pK. valueof the Schiff baseis lowered. After the deprotonation
of retinal, the steric energy in retinal is released either by a
13,14-dicis— 13-cis isomerization or by a relaxation of 13-cis
retinal. A water chain similar to one also found in gramicidin
A (Caoet al,, 1991) is formed between the proton of Asp-96
and the Schiff base nitrogen. Thechain isalsoelectrostatically
favored because of the partial charges of the protein atoms
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proton donor Asp-96, and reprotonated from there. After reprotonation, retinal reisomerizes back to the all-trans state and completes the

photocycle.

on the two ends. Retinal then reprotonates from Asp-96
through this chain. Reprotonation of Asp-96 is required in
the Nsag — Og4p transition (Vard & Lanyi, 1990; Cao et al.,
1991), probably because reprotonation of Asp-96 brings in a
defect ot this hydrogen-bonded chain and destabilizes the 13-
cis protonated retinal, thereby decreasing the activation energy
of retinal’s reisomerization reaction. It thus appears that
hydrogen-bonded chains formed by water molecules between
positively and negatively charged protein atoms are very
important in the BR proton pump cycle.

Photoelectric observations suggest that a charge separation
in a direction opposite to that of the net proton transfer occurs
within 20 ps after photon absorption in both hydrated and
dehydrated BR (Keszthelyi & Ormos, 1980; Trissl, 1990). In
our simulations, the charge separation is mainly due to the
movement of the retinal C,o—C;s atoms, which have positive
partial charges, toward the cytoplasmic side of the protein.
Since both a 13-cis and a 13,14-dicis photoisomerization
involve similar movements of these atoms, the charge sepa-
ration should occur in both cases. Therefore, the observed
charge transfer does not allow one to discriminate between
the two primary photoisomerizations.

Importance of Molecular Dynamics in Understanding the
Mechanism of Bacteriorhodopsin. The studies of the isomer-
ization reactions in the BR proton pump cycle presented above
demonstrate how molecular dynamics investigations can be

exploited for a better understanding of the functional details
of basic biochemical reactions. One of the interesting aspects
of the MD simulations of retinal’s isomerizations in bacte-
riorhodopsin is that the isomers tend to look quite different
from the ideal geometries implied by terms like “all-trans”,
“13-cis”, etc. The simulations revealed that many degrees of
freedom (bond and torsion angles) participate in the photo-
isomerization reaction of retinal. Although each individual
bond and torsion angle differs only little from the ideal
configuration, the shape of retinal can look much different
from what one expects assuming ideal geometries.

Figure 14 illustrates this aspect using the configurations
from our model for the photocycle as an example. Inthe case
of the 13,14-dicis isomerization, it turns out that the Schiff
base proton moves very little, which was not expected when
the 13,14-dicis isomerization model was first proposed in
(Schulten, 1978). This lack of movement allows the proton
to stay close to the counterion to which it is attracted
electrostatically. Only a slight tilt in the whole chromophore
is necessary to balance the resulting nonideal configuration.
Only MD simulations of the complete system including protein
and chromophore can hope to describe such effects correctly.

The present simulations are based on the Henderson
structure, which is not of high resolution. There is experi-
mental support for both Asp-85 and Asp-212 as the primary
counterion of the Schiff base (Lin & Mathies, 1989; Otto et
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al., 1990; Subramaniam et al., 1990). The exact role of water
molecules in the proton-accepting complex is also not clear.
Simulations in the present study, however, have shown that
the primary photoreaction and also later reactions in the
photocycle are affected by the retinal—protein electrostatic
interaction, which is sensitive to the arrangement of charged
protein groups and water molecules around the Schiff base.
In order to determine the detailed mechanism of proton
pumping in BR, higher resolution structures with better
identification of water molecules and specific hydrogen bonds
would be needed. Placement of water molecules and accurate
calculations of the electrostatic field inside the protein will
also be required to describe the pX values of groups involved
in the proton conduction pathway and controlling the pro-
tonation state of the retinal chromophore. Since high-
resolution structures for BR intermediates will not be availabe
for a long time, MD simulations will have to fill in the
remaining information. The present study serves as a first
attempt to describe the complete photocycle using simulation
techniques.
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