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Abstract. The transfer of the retinal Schiff base proton to Asp85 is an essential step in the
bacteriorhodopsin photocycle. Here, we review recent Quantum Mechanical/Molecular Mechanical
reaction pathway calculations on the mechanism of retinal deprotonation, discussing the compatibility of
various retinal configurations with a proton-pumping photocycle. The role of specific protein groups
for the stability of the ion-pair state (i.e., the state with protonated Schiff base and negatively charged
Asp85) is also considered.
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1. INTRODUCTION
The active transport of protons across biological membranes is essential for
many cellular processes. Bacteriorhodopsin, a light-driven proton pump found in
the plasma membrane of Halobacterium Salinarium [1], is perhaps the best studied
cellular ionic pump. Bacteriorhodopsin consists of seven transmembrane helices
labeled A-G. The retinal chromophore is covalently attached to Lys216 on helix G
via a protonated Schiff base. In the initial, ground state bR retinal has an all-trans
configuration. Upon absorption of light retinal isomerizes to 13-cis and the K
intermediate forms on the picosecond timescale. Following the decay of K into L in
~ 1 μs, a first proton transfer step occurs between the L and M intermediates on the
~10 μs timescale. During this primary transfer step, the retinal Schiff base proton is
transferred to the nearby Asp85 amino-acid residue. Four additional proton-transfer
steps occur, resulting in the net transfer of one proton from the cytoplasmic to the
extracellular side of the membrane. Thus, bacteriorhodopsin converts the energy of
the absorbed light into an electrochemical gradient that is used by the cell to
synthesise ATP (for recent reviews see [2–4]).
Several scenarios have been proposed to explain how retinal deprotonation
takes place [see, e.g., 2, 3, 5, 6]. Depending on the geometry of the retinal and the
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protein groups in its immediate vicinity, the proton may be transferred directly to
Asp85 or via an intermediate carrier mechanism involving specific water molecules
and/or protein groups. The debate over the mechanism of the first proton transfer
step is due to controversies regarding the structural details of the L intermediate,
i.e., the intermediate that is ready for the first proton transfer step. Although the
global protein structures are similar, the retinal configurations indicated in three
L-state crystal structures are very different [7–9]. In two of these crystal structures
[7, 9] the Schiff base of the 13-cis, 15-anti retinal points towards the cytoplasmic
side, whereas in the third one [8] the Schiff base of the twisted 13-cis, 15-syn retinal
points in the opposite direction, towards the extracellular side of the membrane.
These different orientations of the retinal Schiff base (the proton donor group)
relative to Asp85 (the proton acceptor group), may lead to different proton transfer
pathways. Due to the difficulties in experimentally characterizing the transition states
associated with the proton transfer reaction, the atomic details of the mechanism by
which the first proton transfer step occurs are not completely understood.
2. COMPUTER SIMULATIONS ON THE RETINAL
DEPROTONATION STEP
The theoretical investigation of proton transfer pathways in a complex
biochemical system such as bacteriorhopsin is computationally demanding. The
reacting partners (i.e., the proton donor and acceptor groups) must be treated with
quantum mechanical methods that can accurately describe the breaking and forming
of chemical bonds. Due to the computational costs, one cannot treat the entire
protein using quantum mechanical methods. As a solution one can use the combined
Quantum Mechanical/Molecular Mechanical (QM/MM) approach, where only the
active site is treated with quantum mechanical methods and the remaining part of
the protein is treated with classical mechanics [10–12]. In our QM/MM investigations
of bacteriorhodopsin proton transfer [13–17] we employed the approximate selfconsistent-charge density functional tight-binding (SCC-DFTB) method [18] for all
path optimizations. The optimized low-energy reaction pathways were further
refined by performing energy calls using the B3LYP functional [19–20] with the 631G** basis set. The interactions between the classical atoms were computed using
the CHARMM force field [21]. The QM:MM interactions were computed as
described previously [12, 22]. The quantum mechanical region consisted of retinal,
the side-chain of Lys216, Asp85 and Asp212, as well as water molecule w402 that
is located between Asp85 and Asp212. Hydrogen link atoms [12] were attached to
the Cγ atom of Lys216 and to the C β atoms of Thr89, Asp85, and Asp212.
Since experiments indicate that the retinal deprotonation step is dominated by
enthalpy [23] and no significant protein conformational changes occur in the first
half of the photocycle [24], as a first approximation we computed potential energy
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barriers. The minimum energy pathways connecting the reactant (protonated Schiff
base and negatively charged Asp85) to the product state (neutral Schiff base and
Asp85) structures were computed using the conjugate peak refinement algorithm
(CPR, [25]) as implemented in the TRAVEL module of CHARMM [21]. Starting
from energy-optimized reactant and product state structures, and without the a
priori definition of a reaction coordinate, CPR finds a minimum-energy pathway
along which the energy maxima are first-order saddle points that give the transition
states of the reaction.
3. MECHANISM OF RETINAL DEPROTONATION
Knowledge of the retinal configuration in the L intermediate is essential for
understanding the pathway followed by the Schiff base proton. An exhaustive
computation of the pathways for transitions between various retinal states [13, 14,
26] led to the unexpected conclusion that prior to deprotonation the retinal Schiff
base points to the cytoplasmic side of the membrane, i.e., in the direction opposite
to the net proton transfer. Starting from this initial state and within the error
associated with our calculations three proton transfer routes were found that are
almost isoenergetic and have barriers consistent with the experimental enthalpy of
activation [23]. One of these is a direct proton transfer from the retinal Schiff base
to Asp85, with a 12.4 kcal/mol rate-limiting barrier. This transfer path requires
significant twisting in the retinal chain and flexibility in helix C containing Asp85,
as suggested previously [6]. The second pathway, which has been suggested
previously [5, 6] involves the concerted transfer of the Schiff base proton to Thr89
and of the Thr89 hydroxyl proton to Asp85. The Thr89 pathway, with a 13.6 kcal/mol
associated rate-limiting barrier, does not require any significant structural
rearrangements. In the third pathway, following the reorientation of the retinal
Schiff base towards Asp212 the proton is first transferred to Asp212 (Fig. 1C) and
then to Asp85 through a proton wire that is formed with the help of water w402
(Fig. 1D). The transfer of the Schiff base proton to Asp212 gives the rate-limiting
barrier, which is 11.5 kcal/mol above the cytoplasmic-oriented initial state.
The existence of a 13,14-dicis retinal configuration prior to the first proton
transfer step has been the subject of debate [27–29]. Starting from the QM/MMoptimized 13,14-dicis retinal model we computed the pathway for proton transfer
via water w402 [13]. The rate-limiting step of the reaction is given by the
rearrangement of water w402 such that it can receive the Schiff base proton
(Fig. 1E). Further rearrangement of water w402 leads to a configuration from
which the Schiff base proton is transferred to water w402, followed by the transfer
of one proton from w402 to Asp85.
Relative to the low-energy, cytoplasmic-oriented initial state, there is a
14.1 kcal/mol rate-limiting barrier associated with the deprotonation of the 13,14-dicis
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Fig. 1 – Pathways for retinal deprotonation in bacteriorhodopsin. The saddlepoint configuration of the retinal and protein groups in the close vicinity is
shown for (A) the direct proton transfer; (B) proton transfer via Thr89; (C-D)
proton transfer via Asp212 and water w402; proton transfer via w402 starting
from the 13,14-dicis retinal (E) and the 13-cis, 15-syn retinal (F). Only retinal and
protein groups treated with QM are depicted. The transferred protons are shown
as small spheres.

retinal. This energy barrier is significantly higher than the < 3 kcal/mol required for
the 13,14-dicis retinal to relax to 13-cis, 14-trans with the Schiff base NH bond
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pointing towards the cytoplasmic side [13]. This indicates that the 13,14-dicis
retinal is more likely to proceed with rapid relaxation to 13-cis, 14-anti than with
proton transfer [13].
A recent crystallographic analysis of the L intermediate indicated a twisted
13-cis, 15-syn retinal configuration and a geometry of the retinal binding site that
would suggest proton transfer via water w402 [8]. The proton-transfer pathway
computed from the QM/MM-optimized 13-cis, 15-syn model occurs without any
significant structural rearrangements. Although the 7.3 kcal/mol rate-limiting
barrier associated with this proton-transfer scenario is smaller than for the three
low-energy paths discussed above, the following considerations make the 13-cis,
15-syn pathway less likely to be followed. The deprotonated 13-cis, 15-syn retinal
remains with the Schiff base pointing towards the extracellular side of the membrane,
whereas a proton-pumping photocycle requires that following deprotonation the
retinal Schiff base points towards the cytoplasmic side of the membrane, such that
it can be reprotonated from Asp96. The transition of the deprotonated retinal from
13-cis, 15-syn, extracellular-oriented, to 13-cis, 15-anti, cytoplasmic oriented is
energetically unfavourable [13, 26], such that if the first proton transfer step would
occur from 13-cis, 15-syn, the photocycle could not proceed with pumping. This
unproductive pathway is avoided due to the high-energy barrier associated with the
formation of 13-cis, 15-syn [13].
4. UNDERSTANDING THE PROTON-TRANSFER ENERGY PROFILE
The intrinsic proton affinities of the proton donor and acceptor groups would
make the ion-pair state extremely unfavorable [13, 26]. Indeed, in the case of the
system composed only of the retinal and Asp85 with their coordinates selected
from the QM/MM-optimized pathway, the energy profile (computed without
energy optimization) indicates a 17.4 kcal/mol energy decrease upon proton
transfer. In order to understand how the energy profile of the direct proton-transfer
path is influenced by the interaction between the reacting pair and specific protein
groups, we computed the energy profile by adding the following groups to the
minimal system formed by the retinal and Asp85: i) Thr89, ii) Thr89 and Asp212,
and iii) Thr89, Asp212 and water w402. Including Thr89 or Thr89 and Asp212 did
not lead to a proton-transfer barrier, however the ion-pair state was stabilized by
~ 4 and respectively ~ 11 kcal/mol. When water w402 was added a ~ 5 kcal/mol
energy barrier was obtained that is due to the breaking of the Asp85:w402
hydrogen bond during proton transfer. A detailed decomposition of QM/MMoptimized energy profile of the direct proton transfer pathway revealed the
essential role of the QM:MM non-bonded interactions in determining the ratelimiting energy barrier [13].
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5. CONCLUSION
In this review we discussed several aspects of the first proton transfer step in
bacteriorhodopsin. The 13-cis, 15-anti retinal is compatible with an active
photocycle regardless of the configuration about the C14-C15 retinal bond. Three
different pathways computed from the 13-cis, 14-trans, cytoplasmic-oriented retinal
state have barriers consistent with the experimental enthalpy of activation [23].
Significant flexibility in the retinal chain and the protein environment may assist
retinal deprotonation. The non-bonded interactions between the protein environment
and the reacting partners have an essential role in determining the proton transfer
energetics.
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