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Abstract. The availability of the structure of bacteriorhodopsin from electron

- microscopy studies has opened up the possibility of exploring the proton pump
mechanism of this protein by means of molecular dynamics simulations. In this
.review we summarize earlier theoretical investigations of the photocycle of
bacteriorhodopsin including relevant quantum chemistry studies of retinal, structure
refinement, molecular dynamics simulations, and evaluation of pX_ values. We then
review a series of recent modeling efforts which refined the structure of
bacteriorhodopsin adding internal water, and which studied the nature of the J
intermediate and the likely geometry of the K, and L., intermediates (strongly
distorted 13-cis) as well as the sequence of retinal geometry and protein conforma-
tional transitions which are conventionally summarized as the M, , intermediate. We
also review simulations of the photocycle of light-adapted bacteriorhodopsin at
T=77 K and of the photocycle of dark-adapted bacteriorhodopsin, both cycles
differing from the conventional photocycle through a nonfunctional (pure 13-cis)
retinal geometry of the corresponding K, and L states. The simulations demon-
strate a potentially critical role of water and of minute reorientations of retinal's
Schiff base nitrogen in controlling proton pumping in bR, ; the simulations also
indicate the existence of heterogeneous photocycles. The results exemplify the
important role of molecular dynamics simulations in extending investigations on
bacteriorhodopsin to a level of detail which is presently beyond experimental
resolution, but which needs to be known to resolve the pump mechanism of

bacteriorhodopsin. Finally, we outline the major existing challenges in the field of

bacteriqrhbdopsin modeling.

INTRODUCTION
Bacteriorhodopsin (bR) is a transmembrane protein
which spans the cell membrane of Halobacterium
halobium and functions as a light-driven proton pump.
The protein contains seven o-helices which enclose the
prosthetic group, the chromophore all-trans-retinal,
bound via a protonated Schiff base linkage to Lys-216.
The structure of bR is presented in Fig. 1a. Figure 1b
shows the chemical structure of retinal and its conven-
tional numbering scheme, to which we will refer in this
review. Retinal absorbs light and undergoes a rapid
photoisomerization process; the thermal reversal of this
process is coupled to the vectorial transfer of a proton
from the cytoplasmic side (top in Fig. 1a) to the extra-
cellular side (bottom in Fig. la) of bR. The proton
transfer serves to generate a transmembrane potential
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which drives the metabolism of Halobacterium
halobium, in particular, under anaerobic conditions. Re-
cent reviews which discuss the structure and function of
bR are furnished in refs 1-7.

Even though bR is a relatively small protein, encom-
passing 248 amino acids, it combines for its function
a multitude of properties: it is a pigment, i.e., it absorbs
light and undergoes an efficient photoprocess; it
pumps protons, undergoing a cyclic reaction process;
the consecutive reaction steps in the proton pump
cycle extend from extremely fast (500 fs for the initial
photoisomerization) to slow (the complete cycle requires
a few milliseconds). Bacteriorhodopsin’s most intrigu-
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Lys 216

Fig. 1. (a) Ribbon diagram of bacteriorhodopsin, showing
residues which are implicated in the proton pump mechanism.
Water molecules placed within the protein interior are repre-
sented as solid spheres. Helices C and D are shown as thin
ribbons to reveal the retinal binding site. (b) Numbering
scheme of the retinal chromophore bound via a protonated
Schiff base linkage to a lysine side chain.

ing attribute might be that it has resisted a two-decade-
long intense research effort and not revealed the riddle
of its pump mechanism.

The extracellular and cytoplasmic channels which
are apparent in the structure of bR3? conduct protons and
form inlets and outlets for the protons pumped by bR.
Even though conduction in these channels is interesting
in its own right, it is passive and does not require light
energy; the two channels of bR constitute solely the
necessary “plumbing” of the pump, but do not explain
the mechanism of the proton pump in bR, contrary to the
claim in ref 10. In the present review we focus on the
issue of how, through the action of light, protons are
transferred irreversibly between the cytoplasmic and the
extracellular channels. We will argue that the irrevers-
ible transfer of protons involves a highly specific stere-
ochemical reaction of the Schiff base of retinal, for
which motions on an A scale and reorientations on a
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scale of ten degrees are crucial. Such detailed motions,
the exact nature of which presently defies experimental
observation, can be investigated by means of molecular
dynamics (MD) studies; we will report here the consid-
erable progress achieved.

Bacteriorhodopsin accomplishes its function through
a cyclic process initiated by absorption of a photon and
involving several intermediate states, labeled by letters
J, K, etc. and identified by the maxima of the respective
absorption spectra, e.g., 568 nm. An accepted kinetic
scheme for this cycle is an unbranched series of interme-
diates shown in Fig. 2a. Photoisomerization occurs in
the bRy — Jg,5 transition. During the Ly — My, tran-
sition a proton is transferred from the Schiff base link-
age of retinal to the side group Asp-85 and, subse-
quently, to the outside of the cell.!'-'$ During the
M., = Nsyo transition, retinal’s Schiff base again re-
ceives a proton, however from the side group Asp-96,
which in turn takes up a proton from the cytoplasmic
environment.!® The reaction cycle is completed as the
protein returns to bR, via the Oy, intermediate having
achieved, thus, the transmembrane proton transfer.

When bR remains in the dark, it converts within an
hour to a 2:1 mixture containing 13-cis-retinal and all-
trans-retinal.!” The protein containing the 13-cis-retinal
isomer of bR absorbs at 548 nm, and is referred to as the
dark-adapted (DA) pigment of bR (bRs). bRy con-
tains, actually, retinal in a 13-cis, 15-syn geometry, as
suggested first in ref 18 and observed in refs 19-21.
bR, undergoes also a reaction cycle initiated by ab-
sorption of a photon which, however, does not result in
vectorial proton translocation. For recent reviews, see
refs 1,2,4-6.

Numerous spectroscopic methods (absorption, fluo-
rescence, FTIR, resonance Raman, NMR, circular, and
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Fig. 2. Photocycles of bacteriorhodopsin. Shown are the bR,
(trans) and bR, (13-cis) photocycles, as well as a possible
connection between the two photocycles.



linear dichroism) have been employed to determine the
protonation states of bR’s amino acid side group in-
volved in the proton translocation, e.g., of Asp-85 and
Asp-96, as well as to identify the geometry of retinal
during the photocycle.??® Measurements of charge
shifts have determined the kinetics of the proton transfer
reactions as well as dielectric relaxation times during
the photocycle.”® Mutagenesis studies have played a
major role in the study of bR and have allowed research-
ers to pinpoint the side groups participating in the vari-
ous stages of the bR photocycles (see, e.g., refs 1, 30,
31).

A widely accepted model for the three-dimensional
structure of bRy has been provided by Henderson and
coworkers on the basis of low-temperature electron-
microscopy®®and bR’s amino acid sequence.*** The ob-
servations resulted in a structure for the membrane-
spanning helical portion of bRy at a resolution of 3 Ain
a direction parallel to the membrane and at a resolution
of 10 A perpendicular to the membrane. This structure
has provided an opportunity to explore at the atomic
level, by means of MD simulations, the mechanism of
bR’s light-driven proton pump. Such simulations can
serve to refine protein structures, sample conforma-
tional states, and simulate picosecond-to-nanosecond
reaction processes.>3# Related electrostatic calculations
allow one to study solvation effects as well as to calcu-
late pK, values of titratable groups.**2

One can formulate four principal goals for MD simu-
lations of bR. First, atomic structures of the existing
models of bR and its photointermediates need to be
refined to an extent which will allow quantitative pre-
diction of the experimentally observed spectral and ki-
netic characteristics of bRygg; this goal involves in par-
ticular the placement of waters inside bRsg: A second
goal is the quantum chemical calculation of the excited-
state potential surfaces and the simulation of bRs;'s
photodynamics on the resulting surfaces. A third goal is
the identification of the exact conformation of retinal, of
internal waters, and of the protein matrix in the Ky
intermediate which initiates the proton pump cycle. A
fourth, overall goal is the elucidation of the coupling of
the thermal back-reaction K5, — bRy to vectorial pro-
ton transfer. Naturally, one hopes that the structural and
functional concepts learned in achieving the stated goals
can be applied. towards the understanding of
halorhodopsin (hR), sensory rhodopsin (sR), the visual
pigments, and other bioenergetic proteins, ¢.g., towards
the elucidation of the proton pumping mechanism in
cytochrome ¢ oxidase.”

In this review we present recent investigations of the
structure and the photocycles of bRsg and bRy which
rely mainly on MD simulations. We review the state of
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the art of such calculations as well as illustrate the
important role of the theoretical investigations. Most
importantly, we wish to show that atomic level descrip-
tions of bR’s function raise new and interesting intellec-
tual topics. We hope that these worthy issues will con-
vince other theoretical researchers that retinal proteins
pose important, challenging, and exciting problems.

EARLY THEORETICAL STUDIES OF

BACTERIORHODOPSIN
Before the establishment of the structure of bR,’ the two
most important discoveries-concerning bR identified
retinal as the chromophore in this protein* and light-
driven proton pumping as its function.** At the time of
these discoveries retinal had already attracted the atten-
tion of theoretical investigators due to its essential role
as the chromophore in the visual pigments (see, for
example, refs 46,47).

Electronic Structure of Retinal

The theoretical studies of retinal’s electronic proper-
ties and potential surfaces for nuclear motion were pio-
neered in the studies of Warshel and Karplus.*$484 In ref
46, Warshel and Karplus explained successfully the
broadness of retinal’s absorption spectrum as well as its
underlying vibrational structure. In ref 48, the possible
role of the protein charge environment in controlling the
isomerization process of in situ retinal was examined;
furthermore, the bicycle-pedal model, involving simul-
taneous isomerization around two neighboring double
bonds, was suggested as a first step in the series of the
photoinduced transformations of retinal. Although pos-
sible in principle, photoinduced isomerizations around
two double bonds are a rather rare event from today’s
perspective.’*** However, the bicycle-pedal motion is
now an accepted mechanism for the thermally-activated
dark-adaptation process in bR.!**** Following the pub-
lication of the structure of bR,” an attempt was made to
study the dynamics of the primary photoevent in bRy
by treating the excited-state potential surface of in situ
retinal with QCFF/PI quantum mechanical methods.>

Spectral Shifts and Bond Strength of Retinal .

Schulten and coworkers focused their initial work
also on retinal. They discovered low-lying singlet exci-
tations in polyenes which arise due to strong electron
correlation in the conjugated m-electrons.*’~%%7 The ex-
perimental and theoretical work on polyene electronic
excitations is reviewed in refs 58,59. Correlation effects
are governing also the strong bathochromic shifts which
the spectrum of retinal experiences upon change of its
environment, e.g., upon binding to bacterio-opsin, and
which, hence, need to be accounted for in any descrip-
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tion of the spectrum of retinal pigments and their ex-
cited-state dynamics.®¢! Unfortunately, this requires
quantum chemical calculations at a level which could
not be realized for a long time for chromophores the size
of retinal or its analogues. However, such calculations
are becoming feasible today; a first study of this type has
been completed.®?

The extreme bathochromic shifts of retinal are ac-
companied by equally impressive shifts in ground-state
properties. In fact, as the spectrum of retinal is red-
shifted, its pattern of single and double bonds changes
such that torsional barriers for double bonds decrease
strongly and barriers for single bonds increase. This
makes it possible for retinal to thermally isomerize
around its double bonds in bR, a property which has
been described.’®$® For example, on the basis of this
finding it had been suggested® that the dark-adaptation
of bR involves isomerization around both the C;;~C,,
and C;s—N double bonds of retinal. Most important is the
realization that for the thermal back-isomerization to
occur, the retinal Schiff base linkage in bR must first
become protonated.'!

The variation of the torsional barriers of retinal’s
single bonds through protonation and interaction with
charged groups in the retinal binding site makes the
single bonds, in particular the C,,~C,5bond, nontrivial
participants in the geometrical transformations of retinal
during bR’s pump cycle. A role of single bond torsions
had been originally suggested,!"'®% and is borne out in
recent MD simulations which suggest that a pure all-
trans — 13-cis photoisomerization as the initial reaction
step leads actually to a nonpumping reaction cycle.%

Vibrational Structure of Retinal

Vibrational spectroscopy has long been held as the
ideal method to identify the geometry of retinal during
the photocycles of bR. Numerous investigations have
successfully assigned retinal geometries to intermedi-
ates, e.g., t0 Niy0,5 t0 Ogy,5” and to bRy,..1%% The geom-
etries of the M,,, and earlier intermediates have been
demonstrated to involve a 13-cis configuration, but as-
signment of further details of these geometries, in par-
ticular, the participation of single-bond torsions, has
been debated.*7° The difficulty arises since such assign-
ment hinges on the identification of vibrational bands
and a unique relationsip between retinal’s geometry and
the frequency/intensity of those bands, as observed in
resonance Raman and infrared spectroscopy. The strong
effect of the charge environment in bR on the electronic
structure and, thereby, on the vibrational modes of reti-
nal and the geometrical flexibility of retinal in bR with
numerous energetically possible geometries makes in-
terpretations of vibrational spectra problematic. This
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issue has been investigated systematically,”! with
semiempirical quantum chemical methods employed to
determine the vibrational frequencies of Schiff base
retinal and their dependencies on the chromophore’s
geometry and the protein environment. The result of the
investigation in ref 71 has been mainly negative in
regard to the possibility of identifying torsions around
retinal’s C;,~C,s single bond through vibrational spec-
troscopy. This result lends weight to the application of
MBD simulations of bR’s photocycle for an identification
of retinal’s geometries.

First Refinement of bR

The structure of bR in ref 9 resolved the key amino
acid side groups involved in the proton conduction path-
way, but had shortcomings which precluded a straight-
forward use in atomic level modeling of the proton
pump mechanism. For example, the structure in ref 9 did
not include the interhelical loops which extend outside
the bacterial membrane. More importantly, the study in
ref 9 did not resolve internal water molecules, which are
essential for the conduction of protons in bR.

Internal water molecules and the retinal chro-
mophore in bR were probed in other experiments, such
as neutron diffraction, X-ray crystallography, and solid-
state H NMR studies. Neutron diffraction studies of
deuterated bR, agree with the structure reported in ref
9 in terms of the positions of many of the helical compo-
nents of bR.”>7 Neutron diffraction also verified the
presence of water in the protein interior.” Retinal, which
forms a Schiff base linkage with Lys-216, appears in the
structure in ref 9 roughly at the midpoint of the proton
transfer channel. Neutron diffraction revealed an orien-
tation of retinal at a 20° angle with respect to the plane
of the membrane.” X-ray crystallography studies pro-
duced equilibrium parameters for bond, angle, and tor-
sional motions of retinal.”” Solid-state ZH NMR studies
demonstrated that retinal’s polyene backbone is slightly
curved, its methyl groups tilting away from the mem-
brane normal.”’

Although no single experiment provides a complete
atomic-level picture of bR, enough complementary ex-
perimental data exist to allow the use of MD to refine
the structure of bR. A first refinement of the structure of
bR, by Nonella et al.”® was carried out soon after the
publication of the structure by Henderson et al.’ This
refinement determined the experimentally unresolved
helix-connecting loop segments using a constrained
simulated annealing technique; the protein was heated
to 2000 K and cooled to 300 K while constraining the
helical portion of the structure. The CH; moieties were
treated as single “united” atoms in order to reduce the
computational complexity of the simulation, and no wa-



ter molecules were included. This atomic level model of
bR also provided the opportunity to study how steric
interactions between retinal and surrounding residues
affected different initial photoisomerization pathways.

Modeling of the Complete Pump Cycle

A first simulation of the complete photocycle was
accomplished in the study by Zhou et al.” departing
from the united-atom model of bRy in Nonella et al.”
The study in ref 79 followed a single trajectory through
the intermediate steps of the photocycle. The overall
simulation lasted only 100 ps, the reaction cycle being
enforced through proton transfer from the retinal Schiff
base to Asp-85, replacement of this proton through
transfer from Asp-96, and lowering of the isomerization
barrier of retinal’s C;,—C,,bond to speed up the thermal
13-cis — all-trans reisomerization of retinal. The calcu-
lations carried out proved the feasibility of MD studies
of bRyg’s photocycle; however, the short timescale ex-
plored and the lack of an ensemble average limited the
value of this study.

In lieu of an accurate excited-state potential surface,
a simple model potential for the torsional angles of the
C,5—Cys and C,,~C,sbonds was employed in ref 79 to
induce the all-trans — 13-cis photoisomerization. For
this purpose the ground-state potential Ef* for torsion
about a bond i (the dihedral angle energy) was modified
and described by the expression

Ede = % k [1 +cos (ng, + 3] 1

Here k; is the energy barrier for rotation, »; is the
periodicity, @; is the torsion angle, and §; is a phase
factor. The ground-state potential (1) for the relevant
degree of freedom, torsion around the the C;;,—C,,bond,
conventionally is chosen with minima at both the trans
(¢, =180°) and cis (9, = 0°) positions, i.e., with n,= 2 and
o, =m.

Photoexcitation of bR, was modeled through a sud-
den change to a potential

Eff = L kv [1 +cos (9)] )
which has a single minimum at the 13-cis position and a
maximum at the all-trans position; the value of k* was
chosen to place the energy maximum at a value approxi-
mately equal to the energy of a 568-nm photon. We refer
to this description of the photoisomerization as the 13-
cis model. To describe similarly a 13,14-dicis model,
the barrier for rotation about the C,,~C,;bond was low-
ered in the excited state from its ground-state values of
10 kcal/mol to an excited-state value of 2 kcal/mol. The
excited-state model potentials were switched on for a
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period of 0.5 ps, after which the ground state potentials
were restored.

The simulations by Zhou et al.” considered both bR
structures with and without water in the protein interior.
The stated model potentials induced two photoreactions
of retinal, an all-trans — 13-cis,14-trans reaction, as
suggested in refs 66,80, and an all-trans — 13,14-dicis
reaction, as suggested in refs 11,18,70,81,82. The simu-
lations indicated a preference for the 13,14-dicis reac-
tion in the structure of bR used, and highlighted the
importance of the electrostatic interactions between the
Schiff base and its counterion in steering this reaction.
Simulations with water molecules suggested the possi-
bility of water forming a chain in the cytoplasmic chan-
nel along which a proton can be transferred from Asp-96
to the retinal Schiff base.

Second Refinement of bRsss

Humphrey et al.*? furnished an improved refinement
of the structure of bR, which is shown in Fig. la.
These authors adopted an all-atom representation of
bR based on the results in ref 78, but with helix D
shifted by 3 A toward the cytoplasmic side of the mem-
brane. They placed 16 water molecules into bR, adopt-
ing a placement similar to that in ref 79. A significant
amount of experimental data now exists on the impor-
tance of water in stabilizing the structure of bR, and in
contributing to the photocycle dynamics, which are con-
sistent with the MD simulations. Neutron diffraction,”
vibrational,#% and "N NMR?® data indicate the pres-
ence of bound water within the retinal binding site. The
involvement of water in stabilizing the protonated
Schiff base was suggested by Dupuis et al.,*” and the
possibility has been suggested that water molecules par-
ticipate in proton transfer from Asp-96 to the Schiff
base.”® It has been suggested also that water plays an
important role in maintaining the high pK, of the Schiff
base and the low pK, of Asp-85 in the native pig-
ment.¥*° Fourier-transform infrared (FTIR) data dem-
onstrated changes in the water structure during the
photocycle®! and suggested, in particular, that a weak
hydrogen-bond forms between a water molecule and the
Schiff base in bR, and in the Lss, intermediate, but does
not arise in a D85N mutant.” On the basis of this infor-
mation, water molecules were placed in hydrophilic
regions of the bR interior which could accommodate the
water, and which were proximate to functionally impor-
tant residues: above the Schiff base toward the cytoplas-
mic side, in the Schiff base counterion region, and be-
low the Schiff base toward the extracellular side. Six-
teen water molecules, a number close to that observed
experimentally (11 £4),” fit well within these regions in
a stable configuration.
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As shown in Fig. 3, the water molecules placed
within the bR interior in ref 83 form a complex network
of hydrogen bonds within the retinal binding site, inter-
acting with the nearby hydrophilic charged and polar
residues (Arg-82, Asp-85, Asp-212, Tyr-57, Tyr-185,
and others) and participating in the Schiff base
counterion complex. Weak electrostatic interactions be-
tween the Schiff base and its counterion contribute also
to the spectral shift (so-called opsin shift) which retinal
experiences upon binding to bacterio-opsin. Water mol-
ecules within the binding site bridge the Schiff base
linkage and its negatively charged carboxylate neigh-

. bors and, according to the simulations in ref 83, main-

tain a relatively large distance between the Schiff base
and residues Asp-85 and Asp-212 of 6.0 A and 4.6 A,
respectively. The distances are considerably larger than
the respective distances of 4.1 A and 3.7 A in the struc-
ture of bR,’ and are in keeping with a weak electrostatic
interaction reflected in the relatively small opsin shift of
bRsgs.*!

Experiments by Ottolenghi and Sheves®® have mea-
sured the shift in the bR absorption maximum upon

Schiff base

Fig. 3. Structural features of the refined bacteriorhodopsin
binding site.
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replacement of retinal by modified chromophores. The
structure in ref 83 was modified accordingly, and the
resulting bR structures correlated satisfactorily with the
observed spectroscopic shifts between wild-type bR and
bR containing the retinal analogues. This result suggests
that the refined structure in ref 83 exhibits satisfactory
retinal-protein sterical and electrostatic interactions.

Evaluation of pK_ Values

Calculations of the pK, values for the 1omzab1e
groups in bR have been carried out by Bashford and
Gerwert,* and by Sampogna and Honig.® Both studies
used finite difference methods for the solution of the
Poisson-Boltzmann equation to determine the electro-
static potential energy of charged groups within the
protein interior, using a continuum dielectric model. In
Bashford and Gerwert,*® a model of bRy was consid-
ered with a dielectric constant of 4 for the protein inte-
rior and the surrounding membrane plane, and a dielec-
tric constant of 80 for the surrounding solvent and inte-
rior protein cavities. The calculated titration curves for
the Schiff base show complex behavior, suggested to be
due to the strong electrostatic coupling between the
charged groups in the retinal binding site. This study
also found that calculated pK, values compared more
favorably with observed values when Arg-82 was posi-
tioned close to Asp-85.

In Sampogna and Honig,® a similar electrostatic cal-
culation method was used with a model of bR in both the
all-trans and the 13-cis configurations. The calculations
also considered the case that Arg-82 is positioned as in
the Henderson structure, as well as the case that Arg-82
is oriented towards Asp-85, close enough to form a salt
bridge with this group. The results revealed, as in the
Bashford and Gerwert study, a complex titration behav-
ior for the Schiff base and for the Asp-85/Asp-212
residues, as well as favorable comparisons with obser-
vation when Arg-82 was repositioned near Asp-85. The
calculated Schiff base pK, value dropped by several
units and the Asp-85 pK, increased similarly when reti-
nal was changed from the all-trans to the 13-cis confor-
mation. ;

Scharnagl et al.** carried out MD and electrostatics
calculations to study conformational changes of the pro-
tein and retinal as well as the energetics of the proton
transfer process up to the M,;, intermediate of the
photocycle. The calculated pairwise electrostatic inter-
actions in the bR ground state (the Henderson structure)
gave insight into the individual contributions to pK,
shifts. The Lss, and M,,, intermediates were generated
by enforcing a 13-cis isomerization of the ground-state
structure and subsequent proton transfer from the Schiff
base to Asp-85. The authors employed a subnanosecond



equilibration at 300 K to cover the millisecond range of
the photocycle from bRy to M,;,, employing a proce-
dure similar to that in ref 79. The complex pH-depen-
dence of the proton release and uptake pattern found for
the M,,, intermediate was studied. The calculations in
ref 94 demonstrated also that protein conformational
changes in the photocycle of bR shift the acid-base
equilibria of retinal and of key residues in the binding
site. The authors suggested that the Lss, = M,,, transi-
tion is achieved through a transfer of the Schiff base
proton to a nearby bound water molecule and then to
Asp-85. The calculation also showed that Arg-82 in-
duces a reduction of the pK, value of Glu-204, which
has been suggested to be the group which releases the
pumped proton to the extracellular side.

RECENT MD STUDIES OF bR’S PHOTOCYCLES
The photocycles of bacteriorhodopsin, as shown in
Fig. 2, have been studied for over two decades, but still
little is known about the functional transformations in-
volved in these cycles. In fact, the proton switch mecha-
nism, invoked to irreversibly transfer the pumped pro-
ton between the cytoplasmic channel and the extracellu-
lar channel, is attributed, in turn, to motions of the
retinal Schiff base!!18708182 tg gyerall protein conforma-
tional changes®#® and, most recently, to a shuttling of
Arg-82 between an extracellular and a cytoplasmic ori-
entation,% :

Photocycle intermediates have been well character-
ized through kinetic methods, optical, resonance
Raman, and infrared spectroscopic methods, mutant
studies, and otherwise. These methods have identified
essential side groups, protonation states, rough isomeric
transformations, and timescales. Unfortunately, the in-
formation about the detailed geometry of the protein is
extremely limited. As pointed out above, the authors of
this review start from the supposition that the proton
switch underlying proton pumping in bacteriorhodopsin
involves precise sterochemical transformations of the
retinal Schiff base which cannot be resolved directly
through observation at present, and possibly not for
some time.

Theoretical investigations based on quantum chemi-
cal calculations of retinal’s ground- and excited-state
potential surfaces, together with molecular dynamics
studies, might point a way out of the dilemma described.
Such an approach can incorporate all available informa-
tion, e.g., regarding the structure of bR, the isomeric
states of retinal, and the protonation states of side
groups. However, there are several difficulties con-
nected with this approach. Foremost, theoretical meth-
ods are inherently imprecise, in particular, for systems
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as complex as bR. Furthermore, the low-resolution
structure of bRy derived from electron microscopy
may contain significant errors and does not include any
water, which apparently is functionally important. Nev-
ertheless, theoretical investigations can suggest alterna-
tives for the pump mechanism as well as new experi-
ments. Most importantly, such investigations can dis-
cern some of the key issues on which the field needs to
focus in order to answer the question one day of how the
proton pump in bR actually works. An example of such
an issue is the role of water in bR. Below we will show
what further issues the theoretical investigations have
brought forth.

Simulation of the complete photocycles of bR poses
considerable difficulties due to the very long (millisec-
ond) timescale involved. The short-lived early interme-
diates of the bR photocycle involved in the transitions
bRsgs = Jeos —= Kso € Lsso (see Fig. 2a) are amenable to
direct calculation. The early stages of the photocycle play
a very important role in the photocycle, in that the absorp-
tion of a photon and subsequent isomerization of retinal
followed by relaxation (bRsgs — Jeps = Koo < Lisso)
provide the means by which retinal and the counterion
residues are prepared for Schiff base deprotonation and
Asp-85 protonation. Our description organizes itself
along the indicated timescales of the photocycles. First
we describe simulations of the very early step in the
photocycle, involving the J,s intermediate and leading
to the K, intermediate. We then discuss the K, inter-
mediate and its evolution to the Lss, intermediate. The
proton switch step in the photocycle, involving the so-
called M,,, intermediate, is then discussed at length.
Finally, we review a study of the photocycle of bR,
(see Fig. 2b).

Lack of an Accurate Excited-State Potential
Upon absorption of a photon, ground-state retinal
(bRsss) undergoes the reaction

bR, — bR* (200 fs) 285§ 3y K_

bR* denotes the optically allowed singlet excited state
and J,s and K denote the first spectroscopically iden-
tifiable intermediates, 200 fs is the apparent lifetime of
the excited state bR*, and 500 fs and 3 ps are the rise
times of the Jg,s and Ko, intermediates, respectively.
Retinal exists as an all-zrans isomer in the bRy, ground
state. The Ky, state is readily trapped at low tempera-
tures and contains retinal as a 13-cis isomer, i.e., the
photoreaction of bRy involves an all-trans — 13-cis
isomerization.

Obviously, the key determinant for bR’s photoreac-
tion, initiating the photocycle, is the excited-state poten-
tial energy surface of retinal and its crossings with the
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ground-state surface. Despite the ubiquitous occurrence
of photoisomerization processes in polyene-type com-
pounds, strikingly little is known about the potential
surfaces involved, neither the number of relevant elec-
tronic states contributing to the photodynamics nor the
shape of the potential surfaces. This situation is com-
pounded by the fact that polyene electron systems pose a
formidable challenge to quantum chemistry due to the
highly correlated nature of the involved electronic
states, which requires extended multi-electron basis sets
for suitable descriptions.*®

Until recently, no quantum chemical method could
reliably determine excited-state potential surfaces for
electron systems of the size found in retinal. Using the
program MOLPRO,**” we have recently achieved the
evaluation of the excited-state potential surfaces gov-
erning photoisomerization processes for retinal ana-
logues in vacuo; we are presently extending these calcu-
lations to include the local electric fields at the retinal
binding site in bRs. A potential surface governing the
torsion of retinal around the C;,—C,, bond is presented in
Fig. 4. The potential surface provided is actually for the
corresponding bond of the retinal analogue [CH,-(CH),-
(C,H;)-(CH),-NH-CH,}*. The figure shows the torsional
angle dependence of the energies of the ground state
(Sy), of the first excited state (S,), and of the second
excited state (S,). A simple interpretation of the corre-
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Fig. 4. Ground-state and excited-state potentials of
[H,C=(CH)-(CH)=(CH)-(CH;-C*)=(C*H)-(CH)=NH*-
CH,], an analogue of the protonated Schiff base of retinal. The
dependence of the energies of the ground (S,) and of the first
as well as the second excited state (S,, S,) on the torsional
angle of the bond C*=C* is shown. The indicated bond corre-
sponds to the C;;—C,, bond of retinal in bR. Dashed lines
sketch potentials thought to represent the electron configura-
tions of the two m-electrons involved in the C*=C* bond. The
square box identifies the corresponding electron configura-
tions of the trans and cis geometries; torsion by 180° alters a
bonding m-orbital into an anti-bonding m-orbital and vice
versa.
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sponding electronic states is supplied in Fig. 4: S,con-
tains two 7t-electrons in the bonding orbital, S, contains
one n-electron in the bonding and one in the anti-bond-
ing orbital, and S, contains two T-electrons in the anti-
bonding orbital. State S, is strongly optically allowed
from the ground state, i.e., absorption of a photon popu-
lates mainly this state. State S,is strongly two-photon
allowed (for an overview on the behavior of polyene
excited states, see ref 58) and is responsible for the two-
photon absorption reported in ref 98; state S, has already
been described for an octatetraene-type retinal Schiff
base analogue in ref 11. Upon torsion around the C,3~C,,
bond, the state S, lowers its energy to become the
ground state for the 13-cis geometry, while the ground
state S;becomes the second excited state; this behavior
is indicated through dashed lines in Fig. 4. State S,
remains the first excited state upon torsion, exhibiting
an energy barrier at the 90° geometry; this feature is
indicated again through a dashed line. The numerically
evaluated surface follows surprisingly closely the stated
approximate (see dashed lines) behavior.

The potential surfaces in Fig. 4 suggest the following
excited-state dynamics: upon light absorption, retinal is
promoted from state Syto state S,; retinal then begins to
rotate around its C;;—C,,bond on a relatively flat S,
potential surface until state S, crosses state S,; at this
point the surface curves down in energy towards a mini-
mum at 90°. At this point retinal has a chance to remain
on the dashed potential (see Fig. 4), continuing the
energetically downhill motion to reach the 13-cis geom-
etry.

A sensible approach for simulation of the
photoisomerization described is to employ model poten-
tial surfaces in molecular dynamics simulations. In fact,
the photoisomerization reaction was described in
Humphrey et al.® in three steps governed by three po-
tential surfaces: during the initial excited-state dynam-
ics a potential along the C,,~C,, and C,,~C,s dihedral
angles was used, which modeled the S, state with
maxima at the all-trans and 13-cis geometries and with a
minimum at the 90° geometry. The subsequent excited-
state — ground-state surface crossing event was de-
scribed through a potential surface with a single maxi-
mum at the all-zrans geometry, modeling a continuous
surface in the ground- and excited-state crossing region
identical to (2) and following the corresponding dashed
line in Fig. 4. The concluding ground-state relaxation
was governed by the ground-state (S,) potential surface.

The simulations of the photoisomerization of bRy in
ref 65 followed those in ref 79 in that two types of
photoisomerization potentials were employed: one, re-
ferred to as the 13-cis model potential, assumes a barrier
of 10 kcal/mol for rotation around the C,,—C;single bond



in the S, state; the other, referred to as the 13,14-dicis
model potential, assumed a barrier of only 1 kcal/mol for
this rotation.

The Jos Intermediate

Due to its short lifetime, the J, state is more elusive
than the Ky state. J,5, with an observed quantum yield
of 0.64 £ 0.04,%-1% starts to appear at about 200 fs when
the excited state bR* begins to decay. J4,5 has a lifetime
of 500 fs as observed through its absorption spectrum
before the appearance of the Ky, absorption. Raman
spectroscopy suggests that the J4,, state is a vibrationally
excited form of Ko, which thermally decays in 3 ps to
its vibrational ground state, i.e., to Ks.!% This interpre-
tation of Jgs concurs with femtosecond pump-probe
experiments.!1% As a result of these studies, a one-
dimensional model had been proposed!®*'®* which at-
tempted to describe the photodynamics of retinal: upon
absorption of a photon, the electronically excited retinal
moves coherently along the excited state (bR*) potential-
energy surface, crossing nonadiabatically in 200 fs to
the ground state, where it remains vibrationally “hot”
for 500 fs and then decays either back to the initial state
bRy or, within 3 ps, to the product state K. This
model does not explicitly include the protein in the
reaction coordinate; MD simulations indicate that the
protein actually plays a key role.

The nature of the Jg,s intermediate, naturally, is one
of the first issues to address in studying the photocycle
of bR by means of MD simulations. A revelation about
the nature of this state is provided by the observation
that a J-like state arises even in the case that bR is
reconstituted with a retinal analogue which is incapable
of an all-trans — 13-cis isomerization.'® This implies
that a description of the spectral shift experienced by
retinal after photoexcitation of bRy requires neither
knowledge of the excited-state potential surface nor an
exact description of the photoisomerization reaction.
One may also surmise that the decay of the J,; state is
not due to an underlying geometrical relaxation process.
In fact, the molecular dynamics study in ref 107 re-
vealed an alternative explanation of the Jg,s state: the
spectral shift 568 nm — 625 nm reflects the polarization
of the protein matrix induced by the strong change of
dipole moment of retinal when the latter is electroni-
cally excited. The molecular dynamics simulation in ref
107 assumed that retinal is promoted to the excited state
and then returns to the ground state after 200 fs. The
simulation, which accounted for the excited state
through its altered charge distribution, yielded a strong
polarization of the protein matrix with a maximum at
about 500 fs. This polarization results in a red shift of
the spectrum of retinal. The simulation also revealed
that the electronic excitation energy which, in this de-
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scription, was liberated into the retinal nuclear degrees
of freedom via torsion of its C,;~C,, bond, relaxes into
the protein matrix on a timescale of 3 ps, suggesting that
the decay of the Jg,s intermediate in the photocycle
reflects the vibrational cooling of retinal.

The Ksw and Lsso Intermediates

While the simulations of the photocycle of bRy in
ref 79 followed the motion of a single trajectory of bR
during the entire photocycle, a more detailed study of
just the early intermediates by Humphrey et al.®* mod-
eled the initial steps of the photocycle for a sample of
fifty trajectories. In this study, both the 13-cis and
13,14-dicis photoisomerization models were simulated,
using for the initial equilibrium configuration of bRy
the refined, all-atom structure in ref 83. For each model,
instead of a single trajectory, fifty separate 5-ps simula-
tions were performed for the bRsgg — Jg,5 = Ksop photo-
isomerization process, each trial distinguished by differ-
ent initial atomic velocities. The multiple trials ac-
counted for a possible heterogenity in the photodynamics
and subsequent isomerization products (Kso). The
photoisomerization reaction was described in ref 65 in
three steps governed by three potential surfaces as de-
scribed above (see Fig. 4): the surface of the excited
state S,, an intersystem crossing potential (dashed lines
in Fig. 4), and the surface of the ground state S,,.

From the separate 5-ps trials emerged fifty Ks,, pho-
toproducts, which could be classified according to their
geometry into four classes, distinguished by the orienta-
tion of the N-H* Schiff base bond: a class with the N-H*
pointing “up”, i.e., toward the cytoplasmic side of bR
(case 1), corresponding closely to a pure 13-cis-retinal
geometry; a class with the N-H* pointing roughly per-
pendicular to the membrane normal (case 2), corre-
sponding to a 13-cis-retinal with strong single bond
torsions; a class with the the N-H* pointing “down”, i.e.,
toward the extracellular side of bR with retinal in a pure
a 13,14-dicis conformation (case 3); and, finally, a class
retinal remaining in its initial all-trans geometry, having
failed to complete the isomerization process (case 4). As
a measure of the N-H* orientation, 05z was defined as
the angle between a line formed by N-H* and a line
connecting the Schiff base nitrogen and the Asp-96
carboxyl. For small 655, N-H* points toward Asp-96,
while for B¢ close to 180° the orientation of N-H* is
toward the extracellular side of the protein. Table 1
summarizes the definitions of these cases, and lists the
percentage of each case present in the simulations.

The structures summarized in Table 1 constitute the
simulated Ksq, intermediate. For the 13-cis model, all
trials isomerized completely within the first 500 fs,
which is the experimentally measured time for the for-
mation of Jg,s. The question arises, which case corre-
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Table 1. Definitions of four classes (cases) of retinal geometries used to categorize isomeriza-
tion trials, and percentage of cases present in each set of simulations

300K 77K
Case Definition 13-cis 13,14-dicis 13-cis 13,14-dicis
1 13-cis, B35 < 60° 58 12 72 0
2 13-cis, 05 > 60° 36 2 0 0
3 13,14-dicis, 845 > 90° 6 28 28 76
4 all-trans, 6g > 90° 0 50 0 22

sponds to the initial state of bR’s pump cycle? The
case 1 structures, while the most frequently occurring
products for the 13-cis model potential, assume an ori-
entation of the Schiff base N-H* which is unsuitable for
transfer of the Schiff base proton to Asp-85; instead, the
orientation would be suitable for pumping the proton in
the direction opposite to that observed under physiologi-
cal conditions. The case 2 and case 3 structures, how-
ever, both provide a direct pathway for proton transfer:
the N-H* bond is oriented such that the Schiff base
proton is readily transfered to Asp-85. Case 2 in particu-
lar provides a compelling candidate for the actual pump
cycle: in this case, the Schiff base forms a hydrogen
bond with a water molecule directly hydrogen-bonded
to Asp-85 (water W in Fig. 5), which can act as an
intermediate in the transfer process; the hydrogen bond
between the Schiff base and water stabilizes retinal in a
geometry with the N~H* group oriented perpendicular
to the membrane normal; transfer of the Schiff base
proton to Asp-85 would abolish the attraction between
the Schiff base and W and would allow retinal to
complete its all-zrans — 13-cis isomerization such that
the Schiff base nitrogen would eventually point into an
orientation in which it can accept a proton from Asp-96.

Tt is interesting to speculate about the relevance of
the photoproducts of cases 14 for the actual bRy
photocycle. The emergence of the case 4 geometry, in
which retinal remains in an all-trans geometry, corre-
sponds to a quantum yield of less than one for the
photoisomerization (the actual quantum yield measures
0.64 £0.04, as observed in refs 99—101). The emergence
of case 3 photoproducts with a 13,14-dicis geometry
depends on the character of the excited-state potential
surface of retinal in bRs: if this surface entails a signifi-
cant barrier which hinders the co-rotation around the
Cs~C,s bond of retinal during the all-trans — 13-cis
isomerization then this product will not arise. Lack of
knowledge of the excited-state potential deprives one of
a conclusion in this regard, except to state that case 3
products may actually be prevented by the nature of the
excited state surface. However, whatever this surface,
the production of both case 1 (pure 13-cis) and case 2
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geometries (13-cis with strong torsions around retinal’s
single bonds) appears to correspond to a genuine out-
come of bRy s photoreaction. This implies that bR
would engage in at least two photocycles, one starting
from the case 2 product, probably the functional cycle,
and one starting from the case 1 (Ns,-type, however, in
an unrelaxed protein matrix) product, probably an idle
cycle. Heterogeneous photocycles have been suggested
by the observations in refs 26,108,109; ref 109 suggests,
in particular, that a cycle that bypasses the M,;, interme-
diate arises, a behavior to which a cycle starting from a
case 1 retinal geometry would conform.

The results in Table 1 suggest that the ratio of case 1
to case 2 photoproducts is altered upon cooling; in fact,
at 77 K only case 1 photoproducts arise for a 13-cis
model potential. This behavior might explain why the
pump cycle of bRy, at 77 K, is trapped at the Ky
intermediate: the path to case 2 photoproducts might be
blocked at low temperature such that only case 1 photo-
products develop. However, the case 1 photoproducts
cannot continue the pump cycle since they do not bear a
proton pathway from retinal to Asp-85. Indeed, upon
warming of bR after formation of the K, intermediate
at 77 K, an M,,, intermediate is not observed.!*

To simulate formation of the Lss, intermediate, the
study in ref 65 employed the method of simulated an-
nealing to span the Ky ¢ Lss, transition which requires
about 2 ps. Since annealing calculations are time con-
suming, only a single case 2 structure could be investi-
gated for the 13-cis model, and a single case 3 structure
for the 13,14-dicis model. The resulting Lss, structure
showed for both models relatively little deviation from
the original K, structure. An important result is that the
Lss, structure for the 13-cis model maintained the hydro-
gen bond between the Schiff base and water W, sup-
porting the suggested proton transfer mechanism. This
Lss, structure involved a twisted and strained retinal, the
geometry of which is in agreement with observations by
means of polarized FTIR spectroscopy.!!!

The three important outcomes of the MD studies in
ref 65 were (1) the participation of water in the early
stages of the proton pump cycle; (2) the emergence of



several photoproducts for bRssg, namely, besides an
unisomerized retinal (case 4), three 13-cis-retinals
(cases 1-3 above) with possibly separate photocycles;
and (3) the identification of the case 2 structure of retinal
as the most likely structure of the Ko, and Lss, interme-
diates. Figure 5 summarizes the most likely structural
transformations of bRsg's photocycle accompanying
the Ky and Lss, intermediates.®® The simulations em-
phasize the requirement for an accurate experimental
determination of the position of water molecules in the
retinal binding site, and the need for a better (i.e., accu-
rate quantum chemical) description of the excited state
potential energy surface of retinal.

The My Intermediate

The M,,, intermediate is formed in bRsg's photo-
cycle after transferring the proton from retinal’s Schiff
base in the Lss, intermediate to Asp-85, which in turn is
connected to the extracellular side of bR. The My,
intermediate is terminated through transfer of a proton
from Asp-96, which in turn receives a proton from the
cytoplasmic side of bR. The M,,, intermediate, accord-
ingly, embodies the proton switch between the proton
release pathway and the proton uptake pathway of
bR, 475112113 the switch disconnecting retinal from the
extracellular side and connecting it to the cytoplasmic
side.!®114116 The M,,, intermediate has been described!"’
by means of MD simulations.

Az >

%

Fig. 5. Suggested structures of early intermediates in the
bacteriorhodopsin photocycle, bRsgs —> Jeas — Ksop — Lisso-
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Formation and decay of the M,,, intermediate occurs
on microsecond and millisecond timescales, respec-
tively; at present, computational resources allow one to
cover time periods of at most a few nanoseconds in MD
simulations. The descriptions of the M,,, intermediate in
ref 117 resorted, therefore, to simulated annealing,!'®
which also had been employed® to reach the Lss, inter-
mediate. The simulations in ref 117 considered both the
13-cis and 13,14-dicis model, using as starting points
corresponding Lss, structures as simulated in ref 65.
Summarized here are the results of simulations of the
M,,, state starting from the case 2 structure of the bRy
photoproduct as shown in Fig. 5, e.g., for the 13-cis
model.

The resulting simulations yielded a heterogeneous
M,,, intermediate which actually constitutes a reaction
process of several successive protein conformations and
retinal geometries. Experiments indeed revealed that
there are at least two components to the My, intermedi-
ate,11%120 3 third component being suggested recently as
well.”! The configuration of waters, amino acid side
groups, and hydrogen bonds during the early stage of
the simulated M,,, intermediate are presented in Fig. 6a.
In the counterion region, three water molecules (F, G,
and I) arrange themselves to connect to the hydroxyl
group of Tyr-57 and to the oxygen of the Thr-89 hy-
droxyl moiety. These waters are nearly coplanar and
form a hydrogen bond complex with their hydroxyl
groups oriented approximately along a straight line. The
hydroxyl group of Asp-85 lies almost perpendicular to
the water plane. The distance between the hydrogen of
the hydroxyl group in Asp-85 and its closest possible
hydrogen-bonding acceptor, the oxygen of water G, is
2.44 A. Both oxygens of the Asp-85 carboxylate do not
have a close donor to form strong hydrogen bonding
and, as a result, Asp-85 does not interact with the water
chain F, G, and H. This result is consistent with FTIR
measurements which indicate that Asp-85 is in a hydro-
phobic environment at the M stage.'”” The lack of hydro-
gen bonding between water and Asp-85 can explain the
prevention of a back-transfer of the proton from Asp-85
to retinal.

During the early stage of the M,;, intermediate, as
simulated in ref 117, significant protein conformational
changes developed, in particular, a 60° bend of helix F
(see Fig. 1a) in a direction away from the center of bR.
This bend was localized around Arg-175, Asn-176, and

- Val-177, as shown in Fig. 7. The simulated protein

conformational state appears to be in agreement with the
observations reported in refs 123, 124. Concomitant
with the bend of helix F, the ring of Tyr-185, on the
extracellular side of helix F, moved by about 3.8 A away
from the Schiff base towards the extracellular side and
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Fig. 6. Solid model images of (a) early M,,, and (b) late M,,,,
in the vicinity of the Schiff base, from two different perspec-
tives. Dashed lines between atoms represent hydrogen bonds.
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towards the ring region of retinal, as shown in Fig. 7.
This significant motion is due to a weakening of the
interaction of Tyr-185 with the hydrogen bond network
of waters F, G, I, and H through proton transfer from
retinal to Asp-85.

The bend of helix F, as described in ref 117, opens
the cytoplasmic channel of bR and allows access of
further waters. Accordingly,'’” two water molecules, D
and E, were placed as shown in Fig. 6b, in the cytoplas-
mic channel. Water D moved towards the retinal Schiff
base nitrogen which then rotated towards the cytoplas-
mic direction to hydrogen-bond to this water. The rota-
tion led to a breaking of the hydrogen bond between the
retinal Schiff base, and water F. The hydroxyl group of
water F hydrogen-bonded with water D, connecting,
thus, the cytoplasmic channel and the counterion region
at this point. This rearrangement induced, during the
late stage of the M,;, intermediate, a hydrogen bond
network between Asp-96, Thr-46, Phe-219, Lys-216,
the retinal Schiff base and waters E, F, G, I, and H; this
network, presented in Fig. 6b, is optimal for proton
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transfer from Asp-96 to retinal. An analysis of the simu-
lations revealed that the water molecules during the late
stage of M,;, are less mobile than during the early stages
of M,;,, corresponding to a significantly reduced energy
and entropy, in agreement with the observations in refs
115,125. A comparision of the retinal geometries and
hydrogen bond networks of the L, intermediate in Fig,
5 and of the early and late stages of M,;, in Fig. 6 shows
how bR may act as a proton switch, disconnecting a
hydrogen bond network between retinal and Asp-85 and
establishing a network between retinal and Asp-96. The
simulations in refs 65 and 117, thus, identified and made
evident the protein switch function of the M,,, interme-
diate.

bRs4s and its Photocycle

Bacteriorhodopsin converts in the dark within about
30 min to a dark-adapted state assuming a 1:2 equilib-
rium between the bR and the bRy, forms,!” the latter
containing retinal in a 13-cis,15-syn geometry.'>?' This
conversion contrasts with the behavior of retinal in solu-
tion where an all-frans configuration is more stable.'?
Obviously, the retinal binding site of bR stabilizes the
13-cis,15-syn geometry of bR, The structure of dark-
adapted bR, i.e., of bRy, and its photocycle have been
studied.* The stabilization of a 13-cis,15-syn retinal
geometry appears to be consistent with the structure of
bR, obtained in ref 54 and presented in Fig. 8. This
structure suggests that for bRy, the distances between
the Schiff base proton and the most proximate oxygens
of Asp-85 and Asp-212 measure 4.6 A and 4.2 A, re-
spectively, whereas in the simulations of bR these
distances measured 6.0 A and 4.6 A, respectively (Fig.
3). The more proximate position of the negatively-

Fig. 7. F helix conformation and its environment in bR, and
early M,;,. Dashed lines between atoms represent hydrogen
bonds.



charged aspartic acids to the positively-charged retinal
Schiff base stabilizes bRy,s as compared to bRs4 and can
explain also the blue-shifted spectrum of bR, relative
to that of bRg. Spectral (NMR, vibrational, electronic)
differences between bR and bR were ascribed pre-
viously to a twist of the C,,~C;; bond.®*'2-12 However,
such torsion is not seen in the structure in Fig. 8. The
simulations in ref 54 attribute the observed differences
between bR, and bR also to steric interactions between
C,+-H and C,-H, of Lys-216, an explanation which agrees
with experiments in which bacterio-opsin is reconsti-
tuted with various analogues of 13-cis-retinal.®

When bR,,; absorbs a photon, it enters the photocycle
shown in Fig. 2b. Spectroscopic measurements detected
two early intermediates, J and Ky, which form and
decay on different timescales;'* at present, experiments
have not yet characterized these intermediates conclu-
sively. Logunov et al.> simulated the photoisomerization
of the bR, photocycle, initiating the event by instanta-
neously changing the torsional potential of the C;;-C,
bond in the same manner as in ref 79. The simulated bR
structure reached after 0.6 ps an unstable J-type interme-
diate with a large torsion around the C,;—C,,bond and
not engaging in hydrogen bonding to side groups or wa-

b

“ bR

L
610 548
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Fig. 8. Intermediates of the photocycle of bRss. Shown are
retinal bound to Lys-216, three aspartic acids which play
important roles in the photocycle, and water molecules in the
binding site.
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ters. The intermediate was found to relax, through a 30°
rotation around the C,;—C,,bond, to a metastable structure,
shown in Fig. 8, assigned to the Ky, intermediate.

Application of an annealing scheme, as applied also
to the bRs photocycle, led to a third structure, pre-
sented also in Fig. 8, which had been assigned to the L,
intermediate. A key result of the simulation in ref 54 is
that the Schiff base proton of this putative Lg,, interme-
diate points towards the cytoplasmic side and, thereby,
loses its ability to protonate Asp-85. This orientation
arises even when one employs a photoisomerization
potential of the all-trans — 13,14-dicis type, as in ref
79. Observations show indeed that retinal does not be-
come deprotonated in the bRy, photocycle, i.e., an M,
intermediate is not formed. Instead of passing through
an unprotonated intermediate, the bR, photocycle de-
cays from a Ky and subsequent Lss, intermediate di-
rectly back to bR, with a half-life of 40 ms."*"'3 This
behavior suggests that the bRy, photocycle does not
pump protons. However, an My, intermediate is ob-
served in the photocycle of bRy, at pH values higher
than 9'* and for an artificial pigment derived from 13-
demethyl,14-F-retinal'* but proton pump activity had
not been studied for these cases. The simulations in ref
54 suggest that the key difference between the bR and
bR,,s photocycles is the orientation of retinal’s Schiff
base proton in the L, intermediate; an Lss, intermediate
with a pure 13-cis geometry does not yield an M,),
intermediate and, hence, does not lead to proton pump-
ing under normal conditions. One may speculate that
such an intermediate, when it becomes deprotonated,
actually releases the Schiff base proton to the cytoplas-
mic side. Indeed, recent simulations of a D85N mutant
of bacteriorhodopsin have shown that the replacement
of Asp-85 by asparagine also has the effect of leading to
a pure 13-cis type Lss, intermediate. In this case it is of
interest that the mutant, in the presence of yellow light,
yields a proton pump in whict} the pump direction is
reversed.'®

It has been observed that following light absorption,
about 10% of the isomerized bR,,; experiences an
isomerization around two bonds, producing an all-trans,
15-syn isomer.>® A number of pathways have been pro-
posed for the light adaptation, with various steps of the
13-cis photocycle as possible bgnching points. 51131136139
It is conventionally assumed that the leakage occurs
during the post-K stages of the bR, cycle through a 15-

- syn — 15-anti isomerization leading directly to bRsg.
' Some experimental data indicate that the bRsy

photocycle converts to the bRy photocycle early in the
excited state.’®->® The simulations of the primary
photoisomerization process in ref 54 have shed light
also on the question how the photocycle of bRy, “leaks”
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into the photocycle of bRy;. In fact, the simulations
suggest that the leakage pathway involves the occurence
of a 13-cis,15-syn — all-trans,15-anti photoisomer-
ization: 70% of the simulated photoreactions produce J
and K states as shown in Fig. 8; 30% of the simulated
photoreactions engaged in a 13-cis,15-syn — all-
trans,15-anti isomerization. We note that simulations of
the bRy, photocycle did not produce any co-isomeriza-
tion of the C=N bond. The possibility of a
photoisomerization around two double bonds induced
by a single photon absorption has been demonstrated
experimentally in visual pigment isomerization.'*

FUTURE MD STUDIES AND CHALLENGES

The most essential outcome of the MD studies of bR
reported>*$#3107117 hag been the demonstration of a po-
tentially critical role of water and of minute reorienta-
tions of retinal’s Schiff base nitrogen in controlling
proton pumping in bRses. The results exemplify the im-
portant role of MD simulations in extending investiga-
tions on bR to a level of detail which often is beyond
experimental resolution, but which is crucial for an un-
derstanding of enzyme mechanisms, MD simulations
are intrinsically inaccurate and their results must be
verified eventually through observations, but such
simulations provide compelling suggestions for further
experimental and theoretical investigations from which
research on bR may benefit immensely. We conclude
this review, therefore, with suggestions of MD studies
with a high potential to advance our knowledge of bR.

Refinement of bR and Water Placement

One of the major tasks in the field of bR modeling is
the generation of reliable, highly-refined structural
models of the protein. A number of existing structures
of bR and its photointermediates need to be compared
on a quantitative basis in order to make the best choice
among them. A crucial issue is the accurate placement
of water molecules inside bR, which is believed to play
an important structural and functional role, and is incor-
porated in almost all current bR models.?**>14! Unfortu-
nately, there still exists a high degree of arbitrariness in
the placement of water molecules. Some attempts have
already been made to place water molecules in the bR
binding site based on calculations of the change in free
energy in the process of water transfer from bulk to the
protein interior."** These types of calculations need to be
extended to establish a convergence of the predictions
made by the researchers.

Need of Ensemble Averages
An essential task is the description of the photocycles
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of bR, not in terms of one particular MD trajectory, but
rather in terms of an ensemble of such trajectories de-
scribing variations in bRsg’s photoexcitation response.
A first step in this direction has already been taken¢5!17
by modeling multiple initial photoisomerization events
for an ensemble of structures taken from a single MD
trajectory. However, more extended ensembles, which
incorporate structures that are not linked by a single
picosecond MD trajectory, are needed.

Use of Long-time Integration Methods

As was pointed out earlier, conventional molecular
dynamics techniques cannot cover the complete bR
photocycle. To model processes which occur on a long
timescale (i.e., longer than 1 ns), one has to employ
long-time integration methods. One such technique,
simulated annealing, has been applied to describe the
Lsso and M,;, intermediates.’*5>1"” However, in simu-
lated annealing the timescale is forfeited. Alternative
approaches to the problem of long-time dynamics have
been suggested.!*” A promising avenue is the slow
mode integration technique, in which slow modes of a
protein are identified and thereafter employed for pre-
dicting the long-time conformational changes.*#% An-
other possible alternative for treating the long-time inte-
gration problem for the study of bR’s pump cycle is to
use implicit integrators for the Newtonian equations of
motion, which would efficiently damp the short-time
fluctuations of a protein (see, e.g., refs 50, 151). One
may also employ the method of dihedral angle dynam-
ics, in which all protein degrees of freedom are kept
constant except the dihedral angles which are described
in the limit of strong friction;'*> however, the increase of
the integration time step to 1 ps, suggested in ref 152, is
grossly overestimated for densely packed proteins with
stiff short-range van der Waals interactions.

Combination of Quantum Chemical and MD Descriptions
Another major challenge is the quantitative predic-
tion of the experimentally observed spectral properties
and photoreactivity of bR. This requires a combination
of quantum chemical and MD calculations. Many ef-
forts are being put into merging the MD and quantum
chemistry techniques.'*'% A combination of quantum
chemistry and MD techniques has been applied to the
study of the spectral properties and isomerization poten-
tial of in situ retinal 52! The calculations have been able
to describe satisfactorily the spectral properties of bR, ¢!
as well as the thermally activated isomerization of in
situ retinal responsible for the dark adaptation of bR.%
This accomplishment paves a road towards further
simulation of the whole bR photocycle by means of
combined quantum/classical techniques. However, im-



provements in both the level of quantum chemical ab
initio calculations and the accuracy of bR models are
needed in order to describe quantitatively the wide
range of experimentally observed bR properties.

Quantum/Classical Simulations of Retinal’s Photoreaction

The most fascinating process associated with the bR
proton pump activity is the primary photoisomerization
reaction. It occurs on a timescale of a few hundred
femtoseconds and constitutes the fastest chemical pro-
cess known in biology. The primary photochemical
event is not only typical for bR, but is shared by all
proteins incorporating the retinal prosthetic group. In
situ photoisomerization of retinal is quite different from
that in solution in the sense that the arrangement of the
protein side groups determines both the stereochemistry
and the timescale of the primary photochemical event. It
is the primary photochemical event in bR which calls for
both a high level of ab initio theory and an accurate
representation of the bR active site. A first result of
calculations of this type is presented in Fig. 4. The
potential surfaces in Fig. 4, describing three electronic
states of retinal, can be employed in a quantum/classical
mechanical calculation to describe the crossing between
the excited-state and ground-state surfaces during
photoisomerization.!5>162

Proton Transfer Reaction

The overall proton pump activity of bR results from a
series of elementary proton transfer processes per-
formed mainly in the same vectorial direction from
inside to outside of the cell. It is important to understand
on a quantitative level the major driving forces, i.e., pK,
values, which determine the rates of the individual pro-
ton transfer steps. The problem of adequate modeling of
in situ proton transfer reactions extends far beyond the
bR proton pump cycle itself, since it is one of the most
common elementary chemical processes to be found in a
living cell (see, e.g., refs 10,163). The proper descrip-
tion of proton transfer reactions will require, in particu-
lar, faithful descriptions of electrostatic forces in bR.

Modeling of Other Retinal Proteins

Finally, expertise accumulated in modeling of bR
should be utilized in the study of the closely related
retinal proteins halorhodopsin (hR), sensory rhodopsin
(sR), and the visual pigments. These proteins bear not
only structural similarity (transmembrane seven-helix
proteins with a retinal prosthetic group), but also share
similar functional characteristics, in particular, an initial
photoisomerization event. The major difficulty in mod-
eling the retinal proteins is that their structure has not
been resolved experimentally with sufficient accuracy
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(except for the structure of hR which has been resolved

‘recently by Henderson and coworkers with an accuracy

close to that of bR).'* However, there exists a number of
well-developed structural prediction methods which can
generate secondary and tertiary structures of proteins
with reasonable accuracy.'> A combination of these
methods with the large bulk of experimental data avail-
able for retinal proteins could provide a prediction for
their structures on which molecular dynamics simula-
tions might be based.
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