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Summary

Recent structures of putative intermediates in the
bacteriorhodopsin photocycle have provided valuable
snapshots of the mechanism by which protons are
pumped across the membrane. However, key steps
remain highly controversial, particularly the proton
transfer occurring immediately after retinal trans—cis
photoisomerization. The gradual release of stored en-
ergy is inherently nonequilibrium: which photocycle
intermediates are populated depends not only on their
energy but also on their interconversion rates. To un-
derstand why the photocycle follows a productive (i.e.,
pumping), rather than some unproductive, relaxation
pathway, it is necessary to know the relative energy
barriers of individual steps. To discriminate between
the many proposed scenarios of this process, we com-
puted all its possible minimum-energy paths. This re-
veals that not one, but three very different pathways
have energy barriers consistent with experiment. This
result reconciles the conflicting views held on the
mechanism and suggests a strategy by which the pro-
tein renders this essential step resilient.

Introduction

Bacteriorhodopsin is a seven-helical light-driven proton
pump protein found in the purple membrane of the
archea Halobacterium salinarium (Figure 1A). The ab-
sorption of one photon by the all-trans retinal chromo-
phore leads to rotation of the C13=C14 bond into the 13-
cis conformation (Figure 1B). This triggers a photocycle
through a series of intermediates distinguished spectro-
scopically:
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The net effect is the transfer of one proton from the
cytoplasmic to the extracellular side of the membrane
(recently reviewed in Subramaniam et al., 1999; Lanyi,
2000; Neutze et al., 2002). The resulting electrochemical
gradient is used by the cell to synthesize adenosine
triphosphate (ATP). The first proton transfer occurs be-
tween the L and M states on a time scale of ~10 ps
(Ludman et al., 1998). In this key step, a proton is trans-
ferred from the retinal Schiff base to Asp85. The mecha-
nism of this primary step is still under much debate
(Lanyi 2000; Neutze et al., 2002). Available crystal struc-
tures suggest different orientations of the Schiff base
NH group (Figure 1B), leading to controversy as to how
13-cis retinal is twisted before deprotonation. This is
essential because it determines the transfer mechanism,
and also because it has been proposed that retinal un-
twisting upon deprotonation triggers the conformational
changes required by subsequent vectorial transport
(Lanyi and Schobert, 2003). Another question is how can
the proton be transferred over the ~4 A distance, which
is too long for a direct jump. Various alternatives have
been proposed, involving proton wires via intermediate
proton carriers, either on the Thr89 (Subramaniam and
Henderson, 2000; Edman et al., 2003) or on the Asp212
(Lanyi and Schobert, 2003) side of the retinal (Figure
1C). A proton wire allows transfer over larger distances
because the proton given by the Schiff base is not the
same proton accepted by Asp85. This is illustrated as
follows for the case of a single intermediate carrier (l):

SB-H1 -+ |I-H2 --- Asp85 — SB -+ H1-| --- H2-Asp85.

The need to use theoretical methods to address these
intertwined questions has been stressed again recently
(Edman et al., 2003). Indeed, the gradual release of
stored energy to drive vectorial proton transfer is inher-
ently nonequilibrium. Although there exist numerous
high-resolution X-ray crystallographic and electron mi-
croscopic structures of bacteriorhodopsin and its puta-
tive photocycle intermediates (Belrhali et al., 1999;
Luecke et al., 1999; Edman et al., 1999; Royant et al.,
2000; Sass et al., 2000; Subramaniam and Henderson
2000; Schobert et al., 2002; Lanyi and Schobert, 2002,
2003), trapping and assigning the relevant intermediates
is difficult. From the simulation point of view, this means
that transient states are populated not only based on
their relative energy but also on their interconversion
rates. Therefore, to understand why the photocyle fol-
lows some pathways and not others, it is necessary to
know the energy barrier of the proton transfer paths.
Here, the different mechanisms of the primary proton
transfer were exhaustively explored by computing mini-
mum-energy paths for more than 40 transfer scenarios,
varying elements such as the number and location of
nearby water molecules, the initial orientation of the
Schiff base, the intermediate proton acceptors involved,
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Figure 1. The Primary Proton-Transfer Step
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(A) Order of proton transfer steps in the photocycle. (1) Primary proton transfer from the Schiff-base NH to Asp85. (2) Proton release to the
extracellular side. (3) Reprotonation of the Schiff base from Asp96 (followed by thermal back-isomerization of retinal). (4) Reprotonation of
Asp96 from the cytoplasmic side. (5) Protonation of the extracellular release-group from Asp85.

(B) Putative orientations of the Schiff-base proton before primary transfer: left, toward the cytoplasm and away from Asp85 (the C15=N bond
is 15-anti); right, toward the extracellular side (shown here in 15-syn, this orientation can also be achieved by a twisted 15-anti or a 13,14-

dicis configuration).

(C) The primary transfer could be on either side of retinal (green or magenta arrows) and could be either direct (broken lines) or via intermediate

proton carriers (continuous lines).

and with different protein crystal structures. The calcula-
tions yield atomic-detail movies (available under http://
www.iwr.uni-heidelberg.de/groups/biocomp/fischer) of
the most probabile transfer pathways, which can be dis-

tinguished on the basis of their rate-limiting energy barri-
ers. Potential energy barriers are meaningful here be-
cause it has been found that enthalpy dominates the
free-energy barrier of the primary proton transfer (Lud-
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man et al., 1998). Combining the knowledge of the differ-
ent energy barriers with the experimental conversion
rates leads to two unexpected conclusions: (1) Before
transfer, the retinal accumulates in a conformation with
the Schiff base NH group pointing in the direction oppo-
site to proton pumping; and (2) three very different trans-
fer mechanisms have energy barriers consistent with
experiment.

Results

Initial State

First, we describe models for the “initial” and “final”
states, which we define as those states accumulating
immediately before and after the primary proton trans-
fer. For the initial state, two energy-optimized conforma-
tions of 13-cis, 15-anti retinal were found to be stable.
One of these has the Schiff base NH bond directed
toward the cytoplasmic side (called here the “CP state,”
Figure 2A), and the other toward the extracellular side
(called here the “EC state,” Figure 2B). In both, the retinal
polyene chain is twisted (i.e., nonplanar), but much more
so for the EC than for the CP state. This energetically
unfavorable twisting allows the positively charged Schiff
base to make a hydrogen bond to Thr89 in the CP state
and a salt bridge to Asp212in the EC state. The geometry
of the protein residues surrounding the retinal is closely
similar in the CP and EC conformations. In particular, a
hydrogen bond between Asp85 and Thr89 forms. This
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hydrogen bond is consistent with FTIR spectroscopic
data that indicate its presence in the L state (Kandori
et al., 2001).

The conformation of the Schiff base in the crystal
structures available for the K and L states varies consid-
erably (Edman et al., 1999; Royant et al., 2000, Schobert
et al., 2002; Lanyi and Schobert, 2003; Edman et al.,
2003), making it difficult to decide which of the EC and
CP conformers is the “initial” state of proton transfer.
Therefore, we discriminate here between these two con-
formers based on energetic considerations. The energy
difference between the EC and CP conformations is
significant, CP being 5.9 kcal/mol lower. However, due
to the nonequilibrium nature of the early bR photocycle,
knowledge of the energy difference is not sufficient to
permit assignment of the CP state to the accumulating
Lsso spectroscopic intermediate. Indeed, we cannot ex-
clude that earlier steps of the photocycle might produce
the EC conformer at first. However, we can examine
whether this state would be more likely to convert to
the CP conformation or rather would prefer to initiate
proton transfer. For this purpose, the minimum energy
pathway between the CP and EC conformations was
calculated. The resulting rate-limiting barrier for the EC-
to-CP transition is 2.4 kcal/mol. This small energy barrier
means that EC can convert to CP on the subnanosecond
timescale. This is likely to occur, since the subsequent
step (i.e., proton transfer) is known to happen much
more slowly, on the microsecond time scale (Ludman
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Table 1. Optimized Geometry of the Retinal after Primary Proton
Transfer

Table 2. Rate-Limiting Energy Barriers for Primary Proton
Transfer

P1 P2 NMR=®
H-C14-C15-H () -149.9 —161.8 147 (x10)
C14---Cy (Asp85) (A)® 6.4 6.7 >6
C14--Cy (Asp212) (A} 5.4 5.4 4.8 (+1.0)

aGriffiths et al. (2000).

Lansing et al. (2002).

°Torsion angle of the C14-C15 bond of retinal.
dDistance between retinal C14 and the protein atom.

et al., 1998). Once the protein is in the CP conformation,
conversion back to EC has a high barrier of 8.2 kcal/
mol. In contrast, path calculations detailed below show
that the barrier for proton transfer from the EC state is
5.7 kcal/mol. This barrier is twice as high as for the
conformational conversion to CP. This means that the
EC state can be populated transiently, but most often
prefers to revert back to CP than to proceed with proton
transfer. Furthermore, this barrier is too low to account
for the experimental time scale of proton transfer. The
barrier for proton transfer from the CP state is found
to be 11-13 kcal/mol (see below), consistent with the
experimental microsecond time scale. The ensemble of
the above results leads to the proposal that the state
accumulating before proton transfer is in a CP confor-
mation (Figure 2A). Therefore, the primary proton trans-
fer pathways will be discussed here starting from the
CP state, which is used as reference to determine the
corresponding rate-limiting energy barriers.

Final State

After transfer, the proton resides on one of the acidic
oxygens of Asp85. The respective structures are called
here P1 (Figure 2C) and P2 (Figure 2D). Both P1 and P2
are consistent with experimental data for the M state:
FTIR data suggesting that Thr89 makes a hydrogen bond
(Kandori et al., 2001), nuclear magnetic resonance
(NMR) data indicating that the deprotonated Schiff base
is hydrogen bonded (Hu et al., 1998), and NMR data
(Griffiths et al., 2000; Lansing et al., 2002) on the active
site geometry (see Table 1). We find that P1 is 3.8 kcal/
mol higher than P2. Mechanisms that were considered
for the conversion of P1 to P2 are the rotation of the
Asp85 side chain or the proton transfer from oxygen
atom Og; to Os,. Minimum energy paths were computed
for both these possibilities. The proton transfer path
was found to have a 31.5 kcal/mol activation barrier
and is therefore highly unlikely. In contrast, the rotation
mechanism has a barrier of only 4.4 kcal/mol, such that
P1 can convert into P2 on the subnanosecond time-
scale. The P1 state is 0.8 kcal/mol above, whereas P2
is 3 kcal/mol below the CP state. This is consistent with
the experimental data showing that the product and
reactant states should be approximately isoenergetic
(Ludman et al., 1998).

These post proton-transfer states have retinal twisted
toward Thr89, like the pretransfer CP state. Thus, the
protein conformational changes subsequent to deproto-
nation are unlikely to be triggered by retinal untwisting,
but rather by a displacement of the Schiff base toward

Barrier
Pathway Member of Proton Wire (kcal/mol)?
1a - 12.4
1b - 27.8
2 Thr89 13.6
3a Asp212°, water w402 11.5
3be Asp212°, water w402 16.7
4a water w402 17.5
4b° water w402 141
5¢ - 12.3

2Barriers are relative to the “initial” CP state (Figure 2A).
®Asp212 acts as a transient proton acceptor.

¢Paths going through the 13,14-dicis retinal configuration.
9Thr89Val mutant.

the cytoplasm, as previously suggested (Subramaniam
and Henderson, 2000). This displacement is observed
here and is accompanied by a motion of Asp85 in the
opposite direction (Figures 2A and 2C).

Proton Transfer Pathways
Several mechanisms are conceivable for primary proton
transfer (Figure 1C). First, the transfer could take place
on either sides of the retinal plane: the Thr89 side or the
Asp212 side. Second, the transfer could be either direct
or involve intermediate proton carriers: on the Thr89
side via a proton wire with Thr89, and on the Asp212
side via transient protonation of Asp212 and/or a proton
wire with water molecule w402. For all these scenarios,
minimum energy pathways and their rate-limiting energy
barriers were computed. Additionally, since several
crystal structures have been proposed for the K, L, and
M intermediate states (Edman et al., 1999; Royant et al.,
2000; Sass et al., 2000; Schobert et al., 2002; Lanyi and
Schobert, 2002, 2003), proton transfer pathway scenar-
ios were recomputed using each of these structures for
the protein environment around retinal. The influence of
nearby putative water molecules was also investigated
(see Experimental Procedures). One suggested mecha-
nism, the translocation of an hydroxide anion in the
direction opposite to proton transfer (Lanyi, 2000), will
be the object of a future study and is not included here.
In total, more than 40 different pathways were deter-
mined. The most relevant ones are summarized in Table
2. It was found that the pathways and their energy barri-
ers depend little on which crystal structure is used for
nonretinal atoms. This is due in part to the flexibility of
the retinal environment, which adapts during geometry
optimization to a given conformation and protonation
state of retinal. More unexpected was that no single
mechanism of proton transfer has a significantly lower
energy barrier than all the others. The three lowest en-
ergy pathways have rate-limiting energy barriers in the
11.5-13.6 kcal/mol range. The 2 kcal/mol difference be-
tween these barriers is within the estimated error of the
methods used here. The three pathways have different
mechanisms, one involving direct proton transfer and
the two others involving intermediate proton carriers
on either side of the retinal. Their calculated potential
energy barriers are close to the experimentally esti-
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mated enthalpy barrier of 13 = 2 kcal/mol for the L-to-M
conversion at pH 7 (Ludman et al., 1998). Thus, based
on the present calculations, at least three very different
mechanisms seem possible for the primary proton trans-
fer step. The events in these pathways are best observed
as molecular movies (see web page above) and are
described in the next section.

Three Transfer Mechanisms

In path 1a, the proton is transferred directly from the
Schiff base to Asp85 on the Thr89 side of the retinal
(green broken arrow in Figure 1C). The energy profile
(Figure 3A) for this path exhibits a rate-limiting barrier
of 12.4 kcal/mol. This is unexpectedly low, given the
large donor-acceptor distance in the CP state (~4 A).
However, the donor-acceptor distance shortens to 2.5 A
at the transition state (\ = 0.36 in Figure 3A) owing to
considerable twisting of the retinal polyene chain and
simultaneous displacement of the Asp85 side chain. The
barrier increases to 23.4 kcal/mol when preventing mo-
tion in the surrounding protein, which indicates that pro-
tein flexibility is essential to this mechanism. Direct
transfer on the other side of the retinal (magenta broken
arrow in Figure 1C) has a very high energy barrier of
27.8 kcal/mol (path 1b) and is thus excluded.

The mechanism of path 2, which has been suggested
previously (Subramaniam and Henderson, 2000; Edman
et al., 2003), is a proton wire through Thr89 (continuous
green arrow in Figure 1C). The associated energy barrier
is 13.6 kcal/mol (Figure 3B). The Schiff base proton is
transferred to the hydroxyl group of Thr89, whose own
proton is transferred simultaneously to Asp85. The hy-
drogen bonds in the CP state are nearly optimally ar-
ranged for this (see Figure 2A), such that hardly any
motion is required.

In path 3a, the proton is transferred on the Asp212 side
(continuous magenta arrow in Figure 1C), in contrast to
paths 1a and 2. The pathway begins with a change in
the twisting of retinal, going from the CP to the EC state
(Figures 2A and 2B) over an 8.2 kcal barrier. Figure 3C
shows the energy profile of the subsequent proton trans-
fer steps, which take place with little structural rear-
rangement. First, the Schiff base proton is transferred
to Asp212, with a rate-limiting barrier of 11.5 kcal/mol
(at A = 0.1) above the initial CP state. The hydrogen-
bonding pattern around Asp212 then reorganizes (see
molecular movie) to form a proton wire from Asp212
to Asp85 via water w402, with the proton still located
on Asp212 at A = 0.6. Finally, the protonation switches
from Asp212 to Asp85 in a concerted manner via this
proton wire. The activation barrier of 4.6 kcal/molat A = 0.7
is not rate limiting.

The other transfer mechanisms have significantly
higher rate-limiting barriers. One example is path 4a,
which resembles path 3a in that the transfer takes place
on the Asp212 side via a proton wire through water
w402, but without first transferring the proton to Asp212.
This requires considerable twisting of the retinal to form
the proton wire, resulting in a high barrier of 17.5 kcal/
mol. In a variant of this mechanism (path 4b), the retinal
goes through a previously suggested 13,14-dicis config-
uration (Schulten and Tavan, 1978; Gerwert and Siebert,

1986) that is 8.5 kcal/mol higher than the CP state. From
there, the path is similar to path 4a and has a lower
rate-limiting barrier of 14.1 kcal/mol relative to the CP
state. The other pathway starting from the 13,14-dicis
configuration, path 3b, is similar to path 3a but has a
high rate-limiting barrier of 16.7 kcal/mol relative to the
CP state. While the EC (paths 1b, 3a, and 4a) or 13,14-
dicis (paths 3b and 4b) conformers are visited transiently
along the proton transfer paths, these states have a
lifetime of <1 ns during the transition, due to the low
proton transfer barrier of ~5 kcal/mol from them. This
is further evidence that the EC and 13,14-dicis confor-
mations are not the initial pretransfer states accumulat-
ing in the photocycle on the microsecond timescale.

Roles of Water w402 and Thr89

Recent studies indicate that water w402, which is in a
bridging position between Asp85 and Asp212 (see Fig-
ure 1C), is probably present in the L and M states (Lanyi
and Schobert 2002, 2003; Tanimoto et al., 2003). Its role
in mechanisms 1a and 2 (i.e., the mechanisms that do
not require water w402 to participate in a proton wire)
was investigated by recomputing these paths in ab-
sence of w402. Removal of water w402 results in energy
barriers that are significantly too low. For example, in
the case of the direct proton-transfer mechanism, the
barrier is reduced from 12.4 kcal/mol (path 1a) to 6.3
kcal/mol. The reason for this reduction is that the motion
of the Asp85 side chain toward the Schiff base is no
longer restricted by the hydrogen bond with water w402.
The fact that the energy barriers obtained in absence
of water w402 are significantly lower than experiment
provides additional evidence for the presence of this
water molecule in the L and M states.

Paths 1a and 2 show that the proton can transfer
on the side of Thr89, in apparent contradiction with
mutational studies that show that the Thr89Val mutant
exhibits wild-type rates of retinal deprotonation (Marti
et al., 1991). However, recomputing the proton transfer
paths in the Thr89Val mutant reveals that direct transfer
from the Schiff base to Asp85 (path 5) has a barrier of
12.3 kcal/mol, close to the value of path 1a in the wild-
type. This confirms that the hydroxyl group of Thr89 is
not essential for transfer, but that transfer on the Thr89
side of retinal is still possible in its absence.

Discussion

Figure 4 summarizes the events of the primary transfer.
The initial state (CP) has the Schiff base proton oriented
toward the cytoplasm. Even though this is apparently the
“wrong” direction, transfer from this state is kinetically
feasible. The rate-limiting barrier of the lowest energy
pathways is in the 11.5-13.6 kcal/mol range, close to
the ~13 kcal/mol of the experimentally determined en-
thalpy of activation (Ludman et al., 1998). Protein flexibil-
ity allows a direct transfer (path 1a). Proton wires allow
transfer on the side of Thr89 (path 2), as well as on the
side of Asp212 via an EC conformation (path 3a), and
maybe also via a 13,14-dicis conformation (path 4b).
Both sides are still possible in the Thr89Val mutant. It has
been foreseen recently that different pathways might
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contribute to the primary proton transfer (Edman et al.,
2003). However, it is surprising that for a transfer over
a relatively short distance (4 A), three very different
mechanisms coexist. This may not be fortuitous and
could provide a strategy by which the protein renders
this crucial step of the photocycle more robust. Under
the harsh environmental conditions of halobacteria,
some of the transfer pathways might be impeded. Hav-
ing three different pathway options makes it more likely
that one of them will remain functional.

Figure 3. Energy Profiles along Different Pro-
ton Transfer Mechanisms

(A) Path 1a, direct transfer.

(B) Path 2, proton wire through Thr89.

(C) Path 3a, transfer to Asp212 followed by
proton wire through water w402. \ is the nor-
malized sum along the path of the change in
all atomic coordinates (measured as a rms
difference) (Fischer et al., 1998). A = 0 is the
CP state and A = 1 is the product P1 (Figures
2A and 2C), except in (C) where A = 0 is the
EC state and \ = 1 is P2 (Figures 2B and 2D).
Energies are taken relative to the CP state
(SCC-DFTB values, see Experimental Proce-
dures). The insets show the transferred pro-
tons as small spheres.

In accordance with several experimental observa-
tions, (Réat et al., 1998; Edman et al., 2003) mechanisms
1 and 3 require extensive flexibility in the retinal chain
and neighboring residues from helix C (containing
Asp85) to bring the donor-acceptor distance within pro-
ton transfer range. The usefulness of the QM/MM ap-
proach is clear in this case, by allowing the donor and
acceptor groups of the quantum region to be carried
flexibly by the protein scaffold. Because these proton
transfer mechanisms involve the complex interplay of
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Figure 4. Schematic Energy Profile of Probable Events

Energies are B3LYP/6-31G** values (kcal/mol). Numbers in paren-
theses are the difference relative to the SCC-DFTB quantum
method, giving an error estimate (see Experimental Procedures).

many different degrees of freedom in addition to proton
displacement, such as retinal twisting and water rota-
tion, the a priori definition of a suitable reaction coordi-
nate is not practical and the use of an automated method
for finding the minimum energy paths proved to be indis-
pensable.

Experimental Procedures

Protein Models

The different orientations of the Schiff base in the available crystal
structures (Edman et al., 1999; Royant et al., 2000; Sass et al., 2000;
Schobert et al., 2002; Lanyi and Schobert, 2002, 2003) were tested
to find which conformations of 13-cis retinal are stable in the proton-
ated and deprotonated states. To test the influence of the sur-
rounding protein, paths 1 and 2 were each recomputed with different
PDB entries, namely 1QKO (Edman et al., 1999), 1EOP (Royant et
al., 2000), and 1CWQ (Sass et al., 2000). Paths 3a and 4a were
recomputed with entries TMOK (Schobert et al., 2002) and MOM
(Lanyi and Schobert, 2002). Entry 1QKO (Edman et al., 1999) was
used for paths 3b, 4b, and 5. Residues 5-231, as well as all buried
water molecules were included. Hydrogen atoms were positioned
using the HBUILD facility of the CHARMM program (Brooks et al.,
1983). Standard protonation was assumed, except for the acidic
residues Asp96, Asp115, and Glu204 which were protonated, in
accordance with experiment (Metz et al., 1992; Brown et al., 1995).
The Thr89Val mutant was modeled by replacing the hydroxyl group
of Thr89 by a methyl group.

Water molecules near to retinal are likely to influence the proton
transfer mechanism, in particular water molecule w402, which hy-
drogen bonds to the Schiff base, Asp85, and Asp212 in the bR state
(Belrhali et al., 1999; Luecke et al., 1999). In recent, high-resolution
structures of the K, L, and early-M intermediates, water w402 is
located in positions very similar to that occupied in the bR state
(Schobert et al., 2002; Lanyi and Schobert 2002, 2003). FTIR spec-
troscopy (Tanimoto et al., 2003) also suggests that w402 is present
during the primary proton transfer step. Pathways were computed
both in the presence and in the absence of water w402.

Potential Energy Function
The protein was partitioned into quantum (QM) and molecular me-
chanics (MM) parts. The QM region comprised retinal, the side

chains of Asp85, Thr89, Asp212, and Lys216 and water w402 (86
QM atoms). The QM/MM interactions have been described (Cui et
al., 2001). The link atom approach (Field et al., 1990) was used for
the QM/MM boundaries at the Cg-C, bond in Lys216 and at the C,-Cj
bond for the other side chains. MM interactions were calculated
as described previously (Fischer et al., 1998). The self-consistent-
charge density functional tight binding (SCC-DFTB) method (Elstner
et al., 1998) was used for the QM region, as it has been shown
previously to accurately describe retinal torsion (Zhou et al., 2002),
hydrogen-bonded systems (Han et al., 2000), and proton transfer
energies (Cui et al., 2001). Because the standard SCC-DFTB under-
estimates the energy of bond formation between a proton and a
neutral nitrogen, this bond strength was reparametrized such that
the SCC-DFTB retinal:acetate relative proton affinity is in agreement
with B3LYP/6-31G**. The geometry of the end- and saddle points
of all pathways were optimized keeping parts of the protein fixed.
The mobile region consisted of retinal, nearby water molecules, and
one layer of surrounding residues (830 mobile atoms).

To evaluate the dependence of the results on the choice of the
quantum method, the energy along the pathways was recalculated
without geometry reoptimization using the DFT method B3LYP/
6-31G**. The reactant-product energy difference agrees to within
2 kcal/mol. The root-mean-square deviation of the rate-limiting bar-
riers relative to the values obtained using SCC-DFTB is only 2.1
kcal/mol (mean deviation 1.4 kcal/mol) for the transfer pathways
below 15 kcal/mol. A similarly small deviation had been found in
the case of proton transfer in the enzyme triphosphate isomerase
(Cui et al., 2001). Except for Figure 4, all energies given in the article
are the geometry-optimized SCC-DFTB values.

Reaction Pathways

Reaction pathways were determined using the Conjugate Peak Re-
finement (CPR) algorithm (Fischer and Karplus, 1992) as imple-
mented in the TRAVEL module of CHARMM (Brooks et al., 1983).
The CPR method has allowed the mechanism of several complex
transitions in proteins to be understood (Fischer et al., 1998; Dutzler
et al., 2002). The method finds a minimum-energy pathway between
predefined reactant and product structures. CPR does not require
any a priori definition of a reaction coordinate, which would be
difficult for the many different proton transfer mechanisms consid-
ered here. Instead, the algorithm starts from an initial guess of the
path, which connects the end states and optionally includes initial
intermediates. Different proton transfer mechanisms were explored
by trying different initial paths. CPR improves a path until it has
found a continuous pathway along which all the remaining maxima
are first order saddle points of the energy surface. These saddle
points give the transition state of the reaction and its rate-limiting
energy barriers. Proton tunneling contributions were not considered
here, as the experimental kinetic isotope effects have been shown
to be rather small for the primary proton transfer step in bR (Brown
et al., 2000). Path segments between the saddle points were further
refined using the Synchronous Chain Minimization (SCM) algorithm,
a “locally updated plane” procedure (Choi and Elber, 1991) imple-
mented in the TRAVEL module.
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