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Water Pathways in the Bacteriorhodopsin Proton Pump
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Abstract Internal water molecules play key roles in the
functioning of the light-driven bacteriorhodopsin proton
pump. Of particular importance is whether during the
proton-pumping cycle the critical water molecule w402 can
relocate from the extracellular to the cytoplasmic side of
the retinal Schiff base. Here, classical mechanical and
combined quantum mechanical/molecular mechanical
reaction path computations are performed to investigate
pathways and energetic factors influencing w402 reloca-
tion. Hydrogen bonding between w402 and the negatively
charged Asp85 and Asp212 largely opposes repositioning
of the water molecule. In contrast, favorable contributions
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from hydrogen bonding of w402 with the Schiff base and
Thr89 and from the untwisting of the retinal polyene chain
lower the energetic cost for water relocation. The delicate
balance between the competing contributions underlies the
need for highly accurate calculations and structural
information.

Keywords Water - Proton transfer - Bacteriorhodopsin -
QM/MM - Reaction path computation

Proton pump proteins couple an energy-yielding chemical
reaction—e.g., hydrolysis of adenosine triphosphate—to
the uphill transport of protons across cellular membranes.
The electrochemical gradient built up by a proton pump is
used by the cell in processes such as the acidification of
intracellular organelles (Mellman 1992) and control of the
intracellular calcium concentration (Camello et al. 2000).
The critical roles of proton pumps in biological cells make
them valuable drug targets (Mefford and Wade 2009;
Mullin et al. 2009), with inhibitors of proton pumps being
“the second most commonly prescribed drug class in the
United States” (Mullin et al. 2009).

The pumping of the proton across the thickness of the
membrane (~ 37 A; Wiener and White 1992) usually
occurs in several conformation-coupled proton-transfer
steps. Both amino acid side chains and internal water
molecules can participate in the proton transfers. Con-
trolled relocation of discrete water molecules at specific
steps in the proton-pumping cycle may be part of the
structural changes associated with proton pumping. The
availability of detailed experimental observations make the
light-driven bacteriorhodopsin proton pump an excellent
model system to investigate the structural and energetic
determinants of pathways for water relocation.
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Bacteriorhodopsin is a seven-helical membrane protein
that has a retinal chromophore covalently bound to Lys216
on helix G (Fig. 1a). Absorption of light by the retinal
chromophore triggers isomerization of the retinal from the
all-trans bR resting state configuration to 13-cis in the K
state, followed by five consecutive conformation-coupled
proton transfer steps that result in the net transfer of one
proton from the cytoplasmic to the extracellular side of the
membrane. The first proton transfer step occurs during
the L-to-M transition of the reaction cycle and involves the
transfer of the proton from the retinal Schiff base to the
nearby Asp85 (Fig. 1a).

The high-resolution crystal structures have identified
discrete water molecules present in the inter-helical cavities
(Fig. 1a, b). Key functional roles of the internal water
molecules have been indicated by experiments and

cytoplasm

w606 Glu204
w608

Retinal @

Fig. 1 Internal water molecules of bacteriorhodopsin. a Close view
of retinal, selected amino acids and internal water molecules indicated
by the crystal structure of the bR resting state (Luecke et al. 1999).
The oxygen atom of the critical water molecule w402 is within
hydrogen-bonding distance of the Schiff base nitrogen atom (2.9 A)
and the carboxyl oxygen atoms of Asp85 and Asp212 (2.6 and 2.8 A,
respectively). For simplicity, only helices C and G are shown. b Close
view of retinal, selected amino acids and internal water molecules
indicated by the L-state crystal structure from (Kouyama et al. 2004).
The Schiff base of the 13-cis retinal points towards the cytoplasmic
side, and no water molecule is present in the space occupied by w402
in the bR resting state (a). The distance between the Schiff base
nitrogen atom and the oxygen atom of w602 is 3.3 A. Note that the
gauche geometry of Thr89 (rather than the trans geometry indicated
by the crystal structure in (b)) is energetically favored, because it
allows optimization of hydrogen bonding of the retinal Schiff base,
w602, Thr89, and Asp85 (Bondar et al. 2008). (¢) The retinal
molecule and Lys216 in the crystal structure of (Luecke et al. 1999)
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computations (e.g., Bajaj et al. 2009; Bondar et al. 2008;
Garczarek and Gerwert 2006; Gat and Sheves 1993; Hayashi
and Ohmine 2000, Herzfeld and Lansing 2002; Hildebrandt
and Stockburger 1984; Kandori 2004; Kouyama et al. 2004;
Luecke et al. 1999; Maeda et al. 2003; Murata et al. 2000;
Phatak et al. 2009). For example, internal water molecules
influence the relative orientation of the proton donor and
acceptor groups (Bondar et al. 2008; Gat and Sheves 1993),
and can participate in storing (Garczarek and Gerwert 2006)
and transferring a proton (Bondar et al. 2008; Hayashi and
Ohmine 2000; Phatak et al. 2009). Of particular importance
is w402, which in the bR resting state hydrogen bonds with
the positively charged retinal Schiff base and the negatively
charged Asp85 and Asp212 (Fig. 1a) (Nina et al. 1995;
Luecke et al. 1999; Belrhali et al. 1999).

The crystal structures of the pre-proton-transfer state L
provided conflicting information on the exact location of
w402. The location corresponding to w402 in the bR resting
state is occupied by a water molecule in the crystal struc-
tures from (Lanyi and Schobert 2003, 2007), but not in the
crystal structures from (Edman et al. 1999, 2004; Royant
et al. 2000; Kouyama et al. 2004). The absence in L of a
water molecule in the location occupied by w402 in the bR
resting state was suggested as due to w402 having relocated
towards the extracellular side (Edman et al. 1999; Royant
et al. 2000), or to the cytoplasmic side of the retinal Schiff
base (Kouyama et al. 2004). Electron densities of a set of
cryo-trapped K, L, and M intermediate states were inter-
preted as suggesting that during the K-to-L transition w402
moves from the extracellular to the cytoplasmic side of the
retinal Schiff base (w602 in Fig. 1b), and that the retinal
Schiff base reorients towards the cytoplasmic side of the
membrane (Fig. 1b). This movement of the water molecule
towards the cytoplasmic side would continue in M, ren-
dering bacteriorhodopsin an inward water pump/outward
proton pump (Kouyama et al. 2004). It has been noted
(Kouyama et al. 2004) that the idea that bacteriorhodopsin
could be transporting a proton outside the cell and a water
molecule inside the cell is similar, albeit not identical, to the
hydroxyl ion model of (Luecke et al. 2000); this model,
proposed based largely on the analysis of crystal structures
of bacteriorhodopsin intermediate states and considerations
of the functioning of bacteriorhodopsin and the halorho-
dopsin chloride pump, postulates that bacteriorhodopsin
may function as a net hydroxide pump (Luecke 2000;
Luecke et al. 2000). Observations from nuclear magnetic
resonance (NMR) experiments that in L the twisted retinal
Schiff base interacts strongly with its counterion, which
could be a highly polarized water molecule (Bajaj et al.
2009; Herzfeld and Lansing 2002; Mak-Jurkauskas et al.
2008), led to the question of whether bacteriorhodopsin may
act as an inward hydroxyl pump, rather than an outward
proton pump (Herzfeld and Lansing 2002).
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Free energy computations on pre-proton transfer state
L-like conformers with a cytoplasmic-oriented retinal
Schiff base indicated that the pocket on the cytoplasmic side
of the retinal Schiff base (Fig. 1a, b) provides an energeti-
cally favorable environment in which a water molecule is
stable (Bondar et al. 2008). The free energy for inserting a
water molecule in the cavity on the cytoplasmic side of the
retinal Schiff base is approximately —17 kcal/mol at 150 K,
and —12 kcal/mol at 300 K, arising largely from electro-
static interactions.

Whether or not w402 could relocate to the cytoplasmic
side of the Schiff base will depend not only on the free
energy of w402 in different positions in the bR, K, and L
states, but also on the kinetic accessibility of hydration
sites on the lifetimes of the K and L states. Here, we per-
formed classical mechanical and combined quantum
mechanical/molecular mechanical (QM/MM) computa-
tions to assess the energetic cost for the translocation of
w402 from the extracellular to the cytoplasmic side of the
retinal Schiff base. The results indicate that hydrogen
bonding with Asp85 and Asp212 stabilizes w402 on the
extracellular side of the retinal, and opposes its transloca-
tion towards the cytoplasmic side. Hydrogen bonding
between w402 and the Schiff base and untwisting of the
retinal have the opposite effect, assisting the movement of
w402.

Methods
Protein Structure

Experiments indicate that the protein conformational
changes in the first half of the reaction cycle are small
(Bullough and Henderson 1999; Hendrikson et al. 1998;
Subramaniam et al. 1999). Indeed, the crystal structures
proposed for the K, L, and early M intermediates do not
indicate any significant protein conformational changes
relative to the bR resting state (Edman et al. 1999; Kouy-
ama et al. 2004; Lanyi and Schobert 2003; Luecke et al.
1999; Matsui et al. 2002; Royant et al. 2000; Schobert et al.
2002). These crystal structures differ mainly in the geo-
metrical details of the retinal Schiff base, water and protein
groups close to the Schiff base.

The retinal Schiff base points towards the cytoplasmic
side in (Edman et al. 1999, 2004; Kouyama et al. 2004;
Royant et al. 2000), and towards the extracellular side in
(Lanyi and Schobert 2003, 2007). Recent Dynamic Nuclear
Polarization-Enhanced (DNP) solid-state NMR experi-
ments revealed that at low temperatures (<170 K) there are
four discrete L substates, and a single, functional L, persists
upon increasing the temperature; the functional L inter-
mediate is characterized by a strong interaction between

the protonated retinal Schiff base and its counterion (Bajaj
et al. 2009).

We have performed systematic computations of proton
transfer and retinal configurational changes in the first half
of the reaction cycle using different crystal structures
(Edman et al. 1999; Lanyi and Schobert 2002, 2003, 2007;
Luecke et al. 1999; Royant et al. 2000; Sass et al. 2000;
Schobert et al. 2002); these computations indicate that,
prior to the first proton-transfer step, a cytoplasmic-ori-
ented conformer is likely to accumulate (Bondar et al.
2004a, 2006). For the computations reported here we used
as starting coordinates the crystal structure from (Edman
et al. 1999) and included water molecule w402.

The protein was capped with the neutral groups—CO-—
CH; and-NH—-CH3; added to the N (Thr5) and C (Gly231)
termini, respectively. Standard protonation states were
assigned to all titratable residues (i.e., acidic groups are
negatively charged, and basic groups are positively
charged), except for Aspl15, Asp96, and Glu204, which
were modeled as follows. Asp96 and Aspll5 were pro-
tonated, according to the observations from experiments
(Metz et al. 1992). The exact identity of the extracellular
group that releases a proton to the extracellular side during
the decay of the M intermediate (the proton release group)
has been controversial. Earlier experiments indicated
Glu204 (Fig. 1a) as the proton release group (Brown et al.
1995), or as the group that delivers the proton to Glu194
(Dioumaev et al. 1998; Kalaidzidis et al. 1998). The
Glu194/Glu204 dyad, probably associated with water
molecules, had also been proposed as the extracellular
proton release group (Essen et al. 1998; Zscherp et al.
1999). More recent experiments suggested that the proton
released to the extracellular side originated from a cluster
of water molecules that interacts with protein amino acid
side chains (Garczarek et al. 2005; Garczarek and Gerwert
2006). QM/MM computations of IR spectral fingerprints
(Phatak et al. 2008) bring support to the proposal from
experiments (Essen et al. 1998; Zscherp et al. 1999) that
Glu194/Glu204, probably in association with water mole-
cules, share the proton released to the extracellular side. In
the computations presented here we modeled the proton-
ated state of the proton release group by considering
Glu204 as protonated. Test computations on the bR resting
state indicate that the crystal-structure distance between
Glul94 and Glu204 is well preserved when Glu204 is
protonated (Bondar and Smith 2009).

In all calculations, part of the protein was flexible while
the remaining protein groups were fixed to their coordi-
nates from the crystal structure. The mobile region (827
atoms) consisted of the retinal, one layer of surrounding
residues, and water molecules and protein groups whose
coordinates were considered as likely to change as a result
of the structural rearrangements in the active site.
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Potential Energy Function

Computations were performed using the MM or the QM/
MM description. The interactions between the classical
(MM) atoms are given by the CHARMM (Chemistry at
HARvard Macromolecular Mechanics) potential energy
function (Brooks et al. 1983) and grouped here as

E = Eponded + Enon—bondeds (1)

where E is the total energy of the system, the bonded
energy is the sum of the bond stretching, angle bending,
dihedral angle torsions, out-of-plane deformations, and
Urey-Bradley 1:3 interactions, and the nonbonded inter-
actions are the sum of the Coulomb and van der Waals
interactions (Brooks et al. 1983).

In the QM/MM approach, the active site of the protein is
described with QM, whereas the rest of the protein envi-
ronment is treated with MM (Field et al. 1990; Singh and
Kollman 1986; Warshel 1991). For the QM/MM compu-
tations, the protein was partitioned into QM and MM
regions using the link-atom approach to satisfy the empty
valence at the QM host (Field et al. 1990). In all QM/MM
refinements, the QM region included the retinal, the side
chains of Lys216, Asp85, Thr89, and Asp212, and w402
(86 atoms); w401 and w406 were also included in the QM/
MM-refined paths reported here. Link atoms were attached
to Cg of Lys216 and to C,, of Asp85, Thr89, and Asp212.

Interactions between MM atoms were computed using
the hybrid description of the protein amino acid side chains
in which the all-atom (MacKerell et al. 1998) and extended
atom representations (Neria et al. 1996) are used for the
aromatic side chains and for the aliphatic groups, respec-
tively. In the MM computations, the retinal was described
using the parameter set from (Nina et al. 1995) that
accounts for the interaction between the Schiff base and
water. MM water molecules were described with TIP3P
(Jorgensen et al. 1983). The relative dielectric constant was
set to one. The interactions between the QM and MM parts
of the system were computed using the self-consistent
charge density functional tight-binding approach (SCC-
DFTB) (Cui et al. 2001; Elstner et al. 1998) to describe the
QM atoms. SCC-DFTB provides a good description of the
retinal structural properties (Zhou et al. 2002) and proton
transfer energetics (Bondar et al. 2004a, b, 2007). Detailed
discussions of the QM/MM description of bacteriorho-
dopsin and of the accuracy of SCC-DFTB for describing
retinal geometry and proton transfer are given in (Bondar
et al. 2007, 2010).

Reaction Pathway Calculations

Reaction paths were computed using the conjugate peak
refinement (CPR) algorithm (Fischer and Karplus 1992)
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which allows the complex degrees of freedom involved in
retinal protein function to be simultaneously varied.
Starting from energy-optimized reactant and product state
structures, the CPR algorithm finds a minimum-energy
pathway along which the energy maxima are first-order
saddle points that give the transition states of the reaction.
Intermediate conformers prepared with adiabatic mapping
were used in the initial paths; these intermediate states
were refined along with the other intermediate path points.
The CPR pathways were refined by optimizing the path
points with the synchronous chain minimization algorithm
(SCM) (Choi and Elber 1991) as implemented in the
TRAvel (Trajectory Refinement Algorigthms) 0.42 module
of CHARMM (Fischer and Karplus 1992). SCM brings the
path segments between the stationary states of the path
closer to the valleys of the potential energy surface. The
minimum-energy pathway resulted from the CPR/SCM
refinement yields the intrinsic reaction coordinate, which
measures the curvilinear distance along the path.

For the computations described here, we define as the
reactant (R) state the conformers in which w402 occupies
its location between Asp85 and Asp212, and as the product
(P) state the conformer characterized by w402 being
located on the cytoplasmic side of the retinal Schiff base.
The R and P conformers of all paths were energy-opti-
mized to a RMS energy gradient of 10 kcal/mol A. The
lowest-energy local minimum and the highest-energy sad-
dle point along the path are denoted as the LM and S
conformers, respectively.

Results

We computed pathways for the movement of w402 from
the extracellular to the cytoplasmic side of the retinal
Schiff base on the both Thr89 and Asp212 sides of the
retinal Schiff base. The path on the Thr89 side of the retinal
was computed at the both MM and QM/MM levels
(Table 1). The MM description of the system has the
advantage of simplicity in dissecting how various structural
elements contribute to the energy profile of the path.
Comparing the results obtained with MM and QM/MM

Table 1 Pathways for translocation of w402 across the retinal Schiff
base region

Path  Retinal side  Potential energy function ~ AE* (kcal/mol)

1 Thr89 MM 10.8
1 Thr89 QM/MM 15.2
2 Asp212 QM/MM 134

AE* was calculated as the energy difference between the highest-
energy saddle point S and the reactant state R
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descriptions of the system allows us to assess how the
results depend on the level of the theoretical treatment.

In what follows, we describe briefly the main results of
the reaction path computations.

Pathway for Translocation of w402 on the Thr89 Side
of the Retinal Computed with MM (Path 1)

Translocation of w402 on the Thr89 side is accompanied
by rearrangements of the retinal chain and the Thr89 and
Asp85 side chains; in contrast, Asp212 undergoes negli-
gible rearrangements (Fig. 2). Breaking of the hydrogen
bond between w402 and Asp212 with reorientation of
w402 such that it makes two hydrogen bonds with Asp85
gives the rate-limiting saddle point of the path, located at a
value 1 = 0.28 of the normalized reaction coordinate (see
conformer S in Figs. 2b, 3a). Decomposition of the energy
profile of path 1 according to Eq. 1 indicates that the
energetic cost for water translocation arises from non-
bonded interactions; the dihedral angle term of the bonded
interactions has the opposite effect, lowering the total
energy (Fig. 3a).

Inspection of the sequence of conformational changes
along path 1 indicates that, as w402 moves across the
lumen lined by the retinal, Thr89, and Asp85, the retinal
polyene chain becomes more planar in the Schiff base
segment (Figs. 2a, 3b, g). Untwisting of the retinal Schiff

base segment (Figs. 2, 3b) leads to a favorable contribution
from the dihedral angle term of the retinal (Fig. 3c), which
explains the favorable contribution of the dihedral angle
term to the total energy of path 1 (Fig. 3a).

Rearrangement of hydrogen bonds between the active-
site water molecules and their protein environment makes a
significant contribution to the energy profile of path 1
(Fig. 3e—g). Reorientation of w402 with both OH bonds
towards Asp85 (compare R and S intermediates in Fig. 2b)
is associated with unfavorable energies of interaction
between w402 and Asp212 (see energy values at 2 = 0.28;
Fig. 3e, g). Hydrogen bonding between w402 and Asp85
brings strongly favorable contributions (on the order of
—10 kcal/mol) in the segment of the path that includes the
rate-limiting saddle point (Fig. 3a, e). Breaking of the
w402:Asp85 hydrogen bond (Fig. 3g) upon movement of
w402 to the cytoplasmic side of the retinal is energetically
strongly unfavorable (Fig. 3e), but this is largely com-
pensated by the formation of a hydrogen bond between
w402 and the Schiff base (Fig. 3e, g; see also conformer P
in Fig. 2b). For w402 to move across the space between
Thr89 and the retinal Schiff base (Fig. 2), the Thr89:Schiff
base hydrogen bond, which is present in the reactant state
(Fig. 2a), must break (Fig. 3h). Breaking of the hydrogen
bond leads to an increase of the Thr89:Schiff base inter-
action energy by 6.6 kcal/mol at the rate-limiting saddle
point (Fig. 3d).

A cy}oplasn:r_ B _
,."_-“ :“ e Retinal Retinal
Trp182 Lys216 Lys216
Retinal Thr% m
i Asp212
w402 - it 5 Ov
. 081,52 w402 w402
ﬁnal“ﬁﬁ §/ - 082
Asp8 / w406 w406
Y w401 - W Asp85 w401 Vv
E \“
Thr89 Retinal
t Asp212 LM Retinal
Asp85 . w402 Lys216 Lys216
P w402 w402>
Pt Thrg9
initial Asp212 x Asp212
‘ Thr89
N Asp85 Asp85
Argsz \J J‘ \/W406 \)—- \/ 406
401\, waory, W

Fig. 2 Pathway for translocation of w402 on the Thr89 side of the
retinal computed with MM (path 1). a “Movie” of path 1 showing the
locations of the w402 oxygen atom (small spheres) as it moves from
the initial location on the extracellular side of the retinal Schiff base,
to the final location on the cytoplasmic side of the Schiff base. Retinal
and selected protein amino acids are shown as thick bonds in the
initial (reactant, R) intermediate, and as thin lines for all other

coordinate sets along the pathway. b Schematic representations of
active-site geometries in the reactant (R), highest-energy saddle point
(S), lowest-energy local minimum (LM), and product intermediate
(P) of path 1. The schematic representation of the R intermediate of
path 1 also indicates the retinal and protein atom names used for
distance measurements in Figs. 3-5
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Fig. 3 Energy profile and structural changes along path 1. The
reaction coordinate A is the sum of root-mean-squared differences in
atomic coordinates, normalized to the total length of the path (Fischer
and Karplus 1992). All energies are MM-optimized values (kcal/mol)
taken relative to the R state at A = 0. Water molecule w402 is located
on the extracellular side of the retinal Schiff base at 4 = 0, and on the
cytoplasmic side at 1 = 1. a Energy profile of path 1. The R, S, LM,
and P intermediates are at A values of 0.00, 0.28, 0.75, and 1.00,
respectively (see also Fig. 2b). The total energy profile, shown as solid
circles, is decomposed into the bonded (open squares) and nonbonded
terms (open triangles) (see discussion of Eq. 1 in “Methods” section).
The dihedral angle contribution to the total bonded energy is depicted
as open circles. b Translocation of w402 in path 1 is accompanied by
significant changes in the retinal angles. All retinal dihedral angles are
in degrees. The value of the C{,—C;3 = C;4—C;5 measured along path
1 (solid diamonds) is compared to the values of the C;; = C|—
Cy3 = Cy4 (continuous line), C13 = C14,—C5 = N (open squares), and
C14—C;5s = N—Ce dihedral angles (open circles) taken relative to the
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Normalized Reaction Coordinate (1)

value in the reactant state R. The reactant-state values of the
Ci1 =C;p-Ci3=Cyy, C3=CyyC;5=N, and C;4-Cj5 = N-Ce
dihedral angles are 168.5, —156.2, and —147.7 degrees, respectively.
See Fig. 1c for the numbering of retinal atoms. ¢ Untwisting of the
retinal polyene chain contributes to lowering the energy for water
translocation in path 1. d Nonbonded interactions between Thr89 and
the retinal (open squares), and between Thr89 and Asp85 (solid
triangles). e Nonbonded interaction energies between w402, retinal,
and selected protein amino acids. The repulsive interactions between
w402 and Asp212 largely contribute to the rate-limiting energy
barrier, whereas the favorable interactions of w402 with Asp85, the
Schiff base, and Thr89, assist water translocation. See Fig. 2 for
snapshots of w402 locations. f Nonbonded interactions between w401
and Asp85 (solid squares), w402 and Asp212 (open triangles), and
between w406 and Asp85 (open circles). g Distances (/&.) between the
w402 oxygen atom and selected retinal and protein atoms measured
along path 1. h Distance (A) between the hydroxyl oxygen atom of
Thr89 and the Schiff base nitrogen
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Fig. 4 QM/MM pathway for translocation of w402 on the Thr89 side
of the retinal (path 1'). a “Movie” of path 1’ showing the locations of
the w402 oxygen atom as small spheres, retinal and selected protein
amino acids as thick bonds in the R state, and as thin lines for all other
configurations sampled along the pathway. b Schematic representa-
tions of active-site geometries in the R, S, LM, and P intermediates of
path 1/, located at A values of 0.00, 0.4, 0.7, and 1.00, respectively
(see ¢). The distance between the Thr89 hydroxyl oxygen atom and
the Schiff base nitrogen increases from 3.2 Ain the R state to 4.1 A in
S. ¢ Energy profile of path 1'. d Changes of selected retinal dihedral
angles along path 1’ measured as detailed in Fig. 3b. Note the much

Pathway for Translocation of w402 on the Thr89 Side
of the Retinal Computed with QM/MM (Path 1')

Previous computations indicated that details of hydrogen
bonding in the active site of retinal proteins can depend on

3.8.

0 02 04 06 08 10
Normalized Reaction Coordinate ()

smaller variations of the retinal dihedral angles in path 1’ than in path
1 (compare Fig. 3b with (d), and Fig. 2a with (a)). e Distances
between the w402 oxygen atom and selected retinal and protein atoms
measured along path 1'. f Distance between the hydroxyl oxygen
atom of Thr89 and the Schiff base nitrogen. The hydrogen bond
between Thr89 and the Schiff base, which is present at the beginning
of the pathway, breaks as w402 relocates to the cytoplasmic side (see
also (e)). A collection of movies pertaining to proton transfer paths in
bacteriorhodopsin can be found at http://www.iwr.uni-heidelberg.
de/groups/biocomp/fischer

the theoretical level used to describe the retinal: the
strength of the hydrogen bond between the Schiff base and
Thr89 1is underestimated when bacteriorhodopsin is
described with SCC-DFTB/MM, as compared to B3LYP
6-31G**/MM (Bondar et al. 2007), and the parameters
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used to describe the retinal and its interactions with water
molecules can affect the geometry and the dynamics of the
retinal in its tight binding pocket environment in squid
rhodopsin (Jardon-Valadez et al. 2010).

The QM/MM-optimized pathway for translocation of
w402 on the Thr89 side of the retinal (path 1’; Fig. 4)
indicates similar structural rearrangements being associ-
ated with the rate-limiting barrier as in path 1: breaking of
the hydrogen bonds between w402 and Asp212, formation
of two hydrogen bonds between w402 and Asp212, and an
increase of the distance between the Thr89 hydroxyl group
and the Schiff base (Fig. 4b, c, f). An important difference
between the structural changes associated with paths 1 and
1’ is that the amplitude of the structural changes undergone
by the retinal Schiff base segment is much smaller in path
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1’ than in path 1 (compare Figs. 2a with 4a, and Figs. 3b
with 4d). Unlike in path 1, where translocation of w402 is
assisted by the favorable energy of untwisting the Schiff
base segment (Figs. 3a—c), the Schiff base segment remains
twisted along path 1 (Fig. 4d). The absence of favorable
contributions from untwisting the retinal chain likely
explains the rate-limiting barrier of path 1’ being ~ 4 kcal/
mol higher than that of path 1.

The lowest-energy intermediate along path 1’ is the local
minimum LM at 4 = 0.7 (Fig. 4c), which is 1.8 kcal/mol
and 2.3 kcal/mol lower in energy than the R and P con-
formers, respectively. The LM conformer (Fig. 4b) is
characterized by w402 bridging the positively charged
Schiff base and the negatively charged Asp85. LM is
separated from the R conformer by the 15.2 kcal/mol
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rate-limiting barrier of path 1/, and from P by a barrier of
4.5 kcal/mol (Fig. 4c).

Pathway for Translocation of w402 on the Asp212 Side
of the Retinal Computed with QM/MM (Path 2)

Translocation of w402 on the Asp212 side of the retinal starts
with relocation of w402 away from Asp85, and rearrange-
ment of the retinal polyene chain and of the Lys216 side
chain to accommodate w402 moving to the Asp212 side of
the retinal (Fig. 5a, b); these structural rearrangements give
saddle point S” at A = 0.31 with an associated energy barrier
of 9.0 kcal/mol (Fig. 5b, c). Further movement of w402
(Fig. 5a, b, e) leads to the strong hydrogen bonding between
w402 and Asp212 (Fig. 5e) that characterizes the low-
energy local minimum LM at A = 0.46 (Fig. 5c¢). Movement
of w402 through the hydrophobic cavity on the cytoplasmic
side of the Lys216 side chain (Fig. 5a) gives the 13.4 kcal/
mol rate-limiting barrier of path 2.

The twist of the retinal Schiff base segment along path 2
is towards Thr89 (Fig. 5a, b). We did not observe hydrogen
bonding between w402 and the Schiff base in the region of
the path that contains the energetically unfavorable passage
of w402 through the hydrophobic cavity on the Lys216
side chain (see conformer S in Fig. 5b). Test QM/MM
calculations in which the retinal Schiff base was con-
strained to twist back towards Asp212 did not indicate a
decrease in the rate-limiting barrier for water passage on
the Asp212 side.

Discussion

In the bR resting state, w402 hydrogen bonds with the pro-
tonated Schiff base and the negatively charged Asp85/
Asp212 (Belrhali et al. 1999; Luecke et al. 1999) (Fig. 1a).
These favorable interactions between w402 and its protein
environment explain the high probability of occupancy of
w402 indicated by free energy computations (Baudry et al.
2001; Roux et al. 1996). The pocket on the cytoplasmic side
of the retinal Schiff base could stabilize a water molecule in
the both bR (Roux et al. 1996) and L-like states (Bondar et al.
2008). However, a favorable free energy for inserting a water
molecule in the cavity at the cytoplasmic side of the retinal
Schiff base does not necessarily mean that the cavity is
occupied by water, as the presence of the water molecule in
the cavity will depend on the difference between the free
energies of the water in the starting and ending location, and
on whether the energetic barrier for water relocation can be
overcome on the timescale of the reaction cycle.

The computations presented here indicate that breaking
of the favorable interactions between w402 and Asp212,
and increasing the distance between Thr89 and the Schiff

base, both oppose translocation of w402 on the Thr89 side
of the retinal (path 1; Fig. 3d, e). In contrast, translocation
of w402 to the cytoplasmic side of the retinal Schiff base
is assisted by hydrogen bonding between Asp85 and
w402, and by the formation of a hydrogen bond between
the Schiff base and w402 upon translocation of w402
(Figs. 2-4).

Translocation of w402 on the Thr89 side of the retinal
could also be facilitated by untwisting of the retinal chain
(Fig. 3a—). We find that the magnitude of the conforma-
tional changes in the retinal Schiff base segment along
the path for translocation of w402 on the Thr89 side of the
retinal depends on the theoretical level used to describe the
retinal (compare Figs. 2a, 4a, and 3b, 4d). Retinal can twist
relatively easily (Fig. 2a) when described with the MM
force-field parameter set of (Nina et al. 1995), in which
Hartree-Fock computations were used to derive the barriers
for retinal dihedral angle torsions. In contrast, smaller
structural rearrangements are observed when retinal is
described with SCC-DFTB (path 1’; Fig. 3a). The absence
of the favorable energetic contributions from untwisting of
the retinal polyene chain likely accounts for the rate-lim-
iting barrier for water translocation being ~35 kcal/mol
higher when computed with SCC-DFTB than with the
force field from (Nina et al. 1995).

At the QM/MM level, the rate-limiting barrier for the
translocation of w402 is ~2 kcal/mol smaller on the
Asp212 side of the retinal (path 2; 13.4 kcal/mol) than on
the Thr89 side (path 1’; 15.2 kcal/mol). The rate-limiting
barrier for translocation of w402 on the Asp212 side of the
retinal is associated with the movement of w402 across the
hydrophobic region on the cytoplasmic side of the Lys216
side chain (Fig. 5).

The relatively large energy barriers for water translo-
cation found here, around 10-15 kcal/mol, likely explain
why no water molecules were found to diffuse across the
Schiff base segment on the nanosecond timescale in pre-
vious molecular dynamics simulations on the bR and M
intermediate states (Grudinin et al. 2005).

The lowest-energy conformer along the QM/MM path
for the translocation of w402 on the Thr89 side of the
retinal (path 1; Fig. 2) is characterized by the protonated
retinal Schiff base and the negatively charged Asp85 being
bridged via hydrogen bonding with w402 (see conformer
LM in Fig. 4b). This low-energy conformer is separated by
energy barriers of 15.2 kcal/mol and 4.5 kcal/mol from
conformers in which w402 is on the extracellular and the
cytoplasmic side, respectively. In QM/MM molecular
dynamics at 300 K performed in the presence of a water
molecule on the cytoplasmic side of the retinal Schiff base
and in the absence of a water molecule at position w402
(i.e., as indicated by the crystal structure of Kouyama et al.
2004; see Fig. 1b), we observed that the cytoplasmic water
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molecule relocates so as to bridge the retinal Schiff base
and the negatively charged Asp85 (Bondar et al. 2008); the
presence of this bridge is consistent with NMR data (Bajaj
et al. 2009). The QM/MM reaction path computations and
molecular dynamics simulations would suggest that the
low-energy conformer in which w402 bridges the Schiff
base with Asp85 (conformer LM in Fig. 4b) may be
reached more easily by a water molecule leaving from
the cytoplasmic side than from the extracellular side.
The cytoplasmic water molecule could originate from the
relocation of weakly binding water molecules on the
cytoplasmic side of the retinal Schiff base indicated by
spectroscopy (Maeda et al. 2003).

The magnitude of the rate-limiting energy barriers for
the translocation of w402 across the retinal Schiff base
region is compatible with the millisecond kinetics of the
bacteriorhodopsin reaction cycle. However, our finding that
untwisting of the retinal chain could be a critical deter-
minant of the energetics of water translocation suggests
that more studies are necessary in order to conclude
definitively whether translocation of w402 can occur, and
at what step during the reaction cycle. Higher-level QM
methods for describing the retinal chain and highly accu-
rate experimental information on the geometry of the
13-cis retinal would be required.
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