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Bacteriorhodopsin is the smallest autonomous light-driven proton pump.
Proposals as to how it achieves the directionality of its trans-membrane
proton transport fall into two categories: accessibility-switch models in
which proton transfer pathways in different parts of the molecule are
opened and closed during the photocycle, and affinity-switch models,
which focus on changes in proton affinity of groups along the transport
chain during the photocycle. Using newly available structural data, and
adapting current methods of protein protonation-state prediction to the
non-equilibrium case, we have calculated the relative free energies of pro-
tonation microstates of groups on the transport chain during key confor-
mational states of the photocycle. Proton flow is modeled using
accessibility limitations that do not change during the photocycle. The
results show that changes in affinity (microstate energy) calculable from
the structural models are sufficient to drive unidirectional proton trans-
port without invoking an accessibility switch. Modeling studies for the N
state relative to late M suggest that small structural re-arrangements in
the cytoplasmic side may be enough to produce the crucial affinity change
of Asp96 during N that allows it to participate in the reprotonation of the
Schiff base from the cytoplasmic side. Methodologically, the work
represents a conceptual advance compared to the usual calculations of
pKa using macroscopic electrostatic models. We operate with collective
states of protonation involving all key groups, rather than the individual-
group pK, values traditionally used. When combined with state-to-state
transition rules based on accessibility considerations, a model for non-
equilibrium proton flow is obtained. Such methods should also be applic-
able to other active proton-transport systems.
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Introduction

The light-driven proton pump, bacteriorhodop-
sin, is a relatively small protein made up of seven
membrane-spanning helices and a retinal chromo-
phore bound to Lys216 by a Schiff-base (SB) link-
age in the central part of the molecule. Absorption
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of a light quantum by the chromophore triggers a
series of retinal isomerization changes, protona-
tion/deprotonation events and protein structural
changes that comprise the bacteriorhodopsin
photocycle (Figure 1) and result, under a broad
range of ambient conditions, in the net transfer of
one proton from the cytoplasmic to the extracellu-
lar side of the membrane.

It has long been recognized that crucial steps in
the proton pumping cycle of bacteriorhodopsin
are associated with protonation-state changes of a
small number of key residues, and years of
experimental work have identified these residues
and revealed their protonation states along the
cycle.!* At the same time, structural studies have
revealed the details of the resting state (BR state)
structure in increasing detail, beginning with the
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Figure 1. Conformational states in the bacteriorhodop-
sin photocycle (top), and key residues involved in proton
transfer (bottom). Green numbers and arrows indicate
proton transfer (p.t.) events. Absorption of a photon in
the ground (BR) state leads to isomerization of the retinal
SB and subsequent protein conformational changes in K
and L. Proton transfer begins with the onset of M during
which a proton is transferred from the SB to Asp85 (p.t. 1)
and simultaneously, a different proton is released toward
the extracellular side (p.t. 2). As M decays to N, SB is
reprotonated from Asp96 (p.t. 3), and subsequent repro-
tonation of Asp96 from from the cytoplasmic side (p.t. 4)
triggers the conformational change to O. Finally, in the
O — BR transition a proton transfer from Asp85 to the
RG (p.t. 5) restores the original protonation state.

ground-breaking electron diffraction studies of
Henderson and co-workers,* and culminating in a
number of electron diffraction and X-ray crystallo-
graphic studies of increasing resolution and com-
pleteness.”’” ' Theoretical studies' ' utilizing this
information have provided valuable insights. In
the past few years, structural models of some of
the intermediate states in the photocycle, based on
studies of mutants, or illuminated or cryo-trapped
samples, have begun to appear,'’” > setting the
stage for developing a quantitative, atomistic
model of the entire photo-cycle.

Here we use structural data on some of the criti-
cal intermediate states in the photocycle that have
recently become available, to address one of the
central questions of the field: What is the main
determinant of the directionality of proton trans-
fer? Several, not necessarily mutually exclusive
hypotheses exist.”” According to one popular
model, the directionality is achieved via an “acces-
sibility switch” in which conformational changes
switch the access of a key group on the pathway

(e.g. the SB) from the extracellular to the cyto-
plasmic side, ensuring that the group can lose the
proton to only one side and then re-protonate only
from the other side later in the cycle. An alternative
mechanism is based on the idea of “affinity switch”
which attributes the directionality of transfer to
changes in relative proton affinities of key groups
along the pathway. For example, in the local access
model of Brown et al.”® there are pathways between
the SB and both Asp85 (on the extracellular side)
and Asp96 (on the cytoplasmic side) that remain
open throughout at least the L-to-N portion of the
cycle, and the direction of proton flow depends on
how affinity changes allow these groups to act as
proton donors or acceptors at different stages. In
the present work, a quantitative theory of how a
given set of conformational changes drives proton
transport is presented.

The conformational changes are, to the extent
possible, taken as given from available structural
studies of intermediate states, but where data are
not available, or where proposed models of inter-
mediates appear to be only partially representative,
we have used modeling to fill the gaps. The ener-
getics of possible protonation states, and thus the
driving forces for possible proton-transfer events,
are calculated from the structural models. Confor-
mational changes and protonation-state changes
are regarded as separate and discrete, but energeti-
cally coupled. Because the conformational states
associated with photocycle intermediates have
limited lifetimes, the protonation states do not
necessarily fall to the lowest-energy microstate.
Rather, proton exchange between pairs of groups
within the protein, and between protein groups
and the extracellular or cytoplasmic bulk, takes
place according to microstate transition rules
based on simple and intuitive considerations of
whether or not a given group is readily accessible
to the protons from the bulk, and whether or not
there appears to be a clear proton-conducting pas-
sage between a given pair of groups inside the
protein. If these rules do not change during the
photocycle, the model corresponds to a pure
affinity-switch model. It is shown that such a
model can account for the directionality of proton
transport.

Results

The relative free energies of the protonation
microstates of a system with multiple interacting
ionizable sites can be expressed in terms of the
intrinsic pK, values of each site and a matrix of
site—site interaction energies. The intrinsic pK,,
denoted pKin, is defined as that pK, that a site
would have if all other sites in the protein were
held in some reference state, such as the formally
neutral state.” If there were only one site, the free
energy change associated with protonating the site
would simply be 2.303RT(pH — pKint); and if there
were multiple sites but no site—site interactions, the
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free energy to form a given microstate would be a
sum of such terms. Denoting the protonation micro-
state of an N-site system by an N-element vector X,
whose elements x; can take on discrete values associ-
ated with the deprotonated and protonated states of
their corresponding sites, the microstate free energy
expression which accounts for site—site interactions

is:30,31

AG(%, pH) = > vi(x;)2.303RT(pH — pKin)
i

1 N
+5 Z‘ Wii(xi, %) 1
ij,i7#]

Here, v;(x;) is the number of protons bound to site i in
state x; relative to the reference state, and Wj; is the
site—site interaction between sites i and j in the speci-
fied protonation states, relative to the reference state.
The pKinir and Wj; values are calculated from model
compound pK, values and the details of the protein
conformation in a particular photocycle state using
a macroscopic electrostatic model (see Methods).

Titratable sites in macromolecules are tradition-
ally characterized by their apparent pK, values
which are often identified with the pH value at
which the site is half protonated, or pKha¢. The
latter can be calculated® from equation (1) by
thermodynamic averaging over all possible proto-
nation states to yield the average protonation of
each site as a function of pH. However, this tra-
ditional description and can become quite inade-
quate® when strong site—site couplings (known to
occur in bacteriorhodopsin) lead to correlations
and unusually shaped titration curves for indi-
vidual sites,**”* in which case pKhy¢ may not be
unambiguously defined. The more fundamental
problem for the present case is that we are con-
cerned with protonation states of deeply buried
sites during short-lived structural intermediates,
and an equilibrium distribution of protonation
microstates might not be reached. We therefore
present energetic results mainly in terms of the
microstate energies of equation (1) rather than in
terms of pK,.

In the current work we regard as ionizable only a
key subset of groups: the retinal-Lys216 SB, Asp96,
Aspll5, Asp85, Asp212, Arg82, Glul94 and
Glu204. For the resting state (BR) conformer only,
we include an Hs;O; molecule in a pocket on the
extracellular side. A previous modeling study'*
has proposed HsO3 as the proton release group in
accord with experimental evidence that in the BR
state the release proton is stored in an hydrogen-
bonded water network.’** All other Asp and Glu
residues are regarded as fixed in the deprotonated
state, while all other Arg, Lys, and Tyr residues
are regarded as fixed in the protonated state. Trial
calculations have shown that these simplifications
do not affect the results over a broad range of pH
around 7.0, either because protonation microstates
with contrary protonations are too high in energy,
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Figure 2. Ranking of the four lowest-energy protona-
tion states of key groups for the BR conformational state
of the photocycle at pH = 7. A filled /empty circle corre-
sponds to protonated/de-protonated site. The exper-
imentally observed “acid-blue” state of
bacteriorhodopsin, which becomes the lowest energy
state only at low pH, is shown in blue. In the diagrams,
Glu194, Glu204 and HsO3 are represented collectively as
the “RG”, which is shown as protonated if any one of
these sites is protonated; the shown energy levels are
Boltzmann-averaged over the appropriate microstates.
Because of the tight coupling of these three sites, states
with more than one of them protonated are too high in
energy to appear on the diagrams. In the BR state, it is
the HsOF component of RG that holds the proton, a
result consistent with previous calculations.

or because the couplings with the significant sites
are too weak.

BR (equilibrium) state

The results of calculations for the first (resting)
conformational state of the photocycle, the BR
state, are displayed in Figure 2 as an energy level
diagram; only the four lowest-ranking energy
levels are shownft. The calculations are based on
the highest resolution (1.55 A) structure currently
available.”” We have also made a comparative
study in which equivalent calculations are carried
out using the other high-resolution BR-state struc-
tures listed in Methods, and it was found that
very similar results are obtained (unpublished
results). Since the resting state is in equilibrium
with respect to proton exchange with the bulk
water, the lowest energy state, separated by
2.4 kcal/mol (~4kT at 300 K) from the next highest
one, is predicted as by far the predominant state.
This result is consistent with the experimentally
known® BR protonation state: Asp96, SB, Arg82
and RG protonated, and Asp85 deprotonated. It is

T Omitted from all the diagrams are Asp115, which is
always protonated in all of the the lower-lying states
(within at least 6 kcal/mol above the lowest) of the non-
equilibrium intermediates, and Asp212 which is always
deprotonated. While a state with Asp115 deprotonated
does appear in the equilibrium BR state as the third
lowest, it is still more than 3 kcal/mol above the ground
protonation state and is therefore unimportant at
equilibrium, and we omit it for consistency.
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also in agreement with earlier Poisson equation-
based calculations of apparent pK, values in
bacteriorhodopsin.'**** The second-lowest state
differs from the lowest only in having a proton
transferred from SB to Asp85, as would happen in
the M-intermediate. The third and fourth-lowest
states differ by having one fewer, and one more
protons, respectively, and according to equation (1),
the pH dependence is coupled to the total number
of protons. Thus, as the ambient pH is lowered, the
diagram changes: the third lowest state increases in
relative energy while the fourth lowest decreases.
This latter state, which differs from the lowest-
energy state at pH =7 only in having Asp85 pro-
tonated, corresponds to the “acid-blue” state of
bacteriorhodopsin observed experimentally near
pH 2. In the present calculations, the acid-blue
state becomes the lowest energy state at pH 3.7;
the experimental value® for the pK, of the acid-
blue transition is 2.6. Possible sources of discre-
pancy include the use of the X-ray structure deter-
mined at neutral pH as input into the electrostatic
calculations (instead of the true acid-blue state
which is not available) and inherent uncertainties
of the theoretical models employed here. More-
over, the experimental pH-dependence of the pur-
ple-to-blue transition is complex, apparently
involving couplings to elements of the extracellular
proton-release system.*”* The photocycle is known
to occur via the same stages*' in an extremely wide
range of pH, from at least 5 to 9, which is larger
than the typical uncertainties associated with pK,
predictions based on the methodologies®** used
here. The present work focuses on relative changes
of proton affinities during the cycle, which are less
sensitive to methodological uncertainties.

Transition rules

For non-equilibrium steps, we adopt the model
that after a conformational change, the protonation
state is initially the one that has been attained in
the previous conformation, but that a re-ordering
of the relative energy levels of the protonation
microstates may provide a thermodynamic driving
force for changes in the protonation state. How-
ever, the limited lifetime of the intermediates, and
the deeply buried position of many groups
involved in proton transport, imply that equili-
brium with respect to protonation state may not
be reached. To reflect this, we have adopted a
scheme of protonation-state transition rules
(Figure 3) based on the accessibility of sites to
each other and to the bulk solvent. Specifically, the
SB and Asp85 are separated only by one water
molecule in the resting state, so proton transfer
between these two is considered fast. There are
also clear, short proton-transport paths connecting
Asp85 to Arg82, and Arg82 to the release group
(RG) complex, therefore these too are considered
fast. A relatively short open pathway from
Glu194/204 to the extracellular bulk allows us to
assume that the proton is able to leave the RG
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Figure 3. Model assumptions about allowable non-
equilibrium proton transfers between the key ionizable
groups in bacteriorhodopsin, Asp96, SB, Asp85, Arg82
and the RG, based on their proximity, apparent proton-
transfer pathways, and bulk solvent accessibility. Thick
and thin green arrows represent fast and slow transfer
paths, respectively. Asp85 and the SB cannot directly
exchange protons with the bulk on the time scales
involved (forbidden exchange indicated by a red X).

quickly. We also allow for a path from Asp85 to
the RG that does not involve Arg82 directly, but
proton transfer is assumed to be slow both because
the distance is longer and because the positive
charge of Arg82 would presumably raise the bar-
rier. As for the extracellular-side pathways, the SB
and Asp96 are separated by 11 A with several
intervening hydrophobic side-chains and only one
crystallographic water molecule (W502) well-
positioned to participate in proton transport.'” The
pathway from Asp96 to the cytoplasmic bulk is
similarly long and hydrophobic. These segments
of the proton uptake pathway have been described
as forming a hydrophobic barrier which slows
proton transfer.*>** Therefore, these two proton
transfer steps are presumed to be slow. Direct pro-
ton transfers from the bulk to SB are so slow as to
be considered forbidden on the time-scale of the
photocycle (Figure 1); for example, when the
internal proton donor Asp96 is mutated to Asn,
the reprotonation of the SB requires tens of
seconds."”

The most significant feature of these transition
rules is that they do not change during the photo-
cycle. Thus, we assume no “switch” pertaining to
accessibility, and if vectorial proton transport is to
occur at all within the framework of our model,
it must do so via a purely “affinity switch”
mechanism.

Key proton transfer steps

The M state

M is the first intermediate in which the protona-
tion state changes, and its energy diagram, calcu-
lated from the M structure, is presented in
Figure 4(A). The results are essentially the same
for the two other M-state crystal structures (see
Methods) used in this work. The initial microstate,
which had been the lowest-energy state in the BR
conformer, is now fifth from lowest in the M con-
former. States with Asp85 protonated and/or the
RG deprotonated are now lower in energy than
the initial BR-like microstate, due to a movement
of the positively charged Arg82 away from Asp85
and toward the RG, the moving apart of Glu194
and Glu204, both of which are negatively charged
if RG is deprotonated, and a weakening of the
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Figure 4. Protonation state diagrams of the the M, N,
and O conformational states of the photocycle. Tran-
sitions between protonation microstates are indicated by
vertical green arrows and the corresponding proton
transfers by curved green arrows, both labeled using the
same numbering system as Figure 1. Transitions between
conformational states are indicated by thick blue arrows.
(A) M-state conformation. The levels shown correspond
to the M-state structure from Ref. 20 and are essentially
the same for two other M-state crystal structures used
in this work. The second-lowest state corresponds to the
experimentally determined state, and is reachable by
the transition rules, while the lowest state is inaccessible.
(B) N-state conformation. Reprotonation of SB from
Asp96 is favored but slow (p.t. 3), leading to the known
N protonation state, followed by the slow reprotonation
of Asp96 from the cytoplasmic bulk (p.t. 4), which trig-
gers the conformational change to O. (C) Transitions
between protonation microstates during the O-state of
the photocycle leading to the completion of the cycle
and return to the BR-state. The key event is the transfer
of proton from Asp85 to the RG, yielding the BR-like
protonation state (second from lowest).

interaction between Asp85 and the SB due to
retinal isomerization and Asp85 side-chain move-
ment. The importance of Arg82 for the proton
release mechanism was noted in earlier compu-
tational and experimental studies.”*

A proton transfer from the SB to Asp85 (p.t. 1),
and the release of a proton (p.t. 2) from RG to the
extracellular bulk are both allowed and fast accord-
ing to the transition rules, and lead to the second
lowest state. In this state, SB is deprotonated,
Asp85 is protonated and the RG is empty, consist-
ent with the experimental characterization of the
late M state.” The free-energy changes associated
with these steps are less than 1 kcal/mol, which is
consistent with their observed reversibility. The
lowest-energy protonation state (which is actually
characteristic of the O state) cannot be reached
directly from the second-lowest state, according to
the transition rules, as that would require bringing
a proton directly from the bulk to the deeply
buried SB.

The N state

At present, no high resolution structure of the
wild-type N-state is available so we have built an
atomic-level model (see Methods) starting from an
available X-ray structure of M." This late M struc-
ture already has features thought to be character-
istic of N, such as movements of the cytoplasmic
portions of helices F and G to enlarge the cavities
near Asp96.*~* Molecular dynamics simulations
were performed after changing to an N-like pro-
tonation state (Asp96 de-protonated) and allowing
only residues near Asp96 to move significantly.
Therefore, the structural model can be considered
minimal in terms of differences from late M. The
resulting structural changes are quite small and
are confined to the vicinity of Asp96. In particular,
we observe the reorientation of the Thr46 side-
chain which is drawn closer to the Asp96 carboxyl-
ate (Figure 5).

The protonation-state energies calculated on the
basis of this N-state model are shown in Figure 4(B).
The N-like microstate with SB reprotonated from
Asp96 has gone from being 1.25 kcal/mol higher
than the M-like microstate (off the scale in
Figure 4(A)) to 0.08 kcal/mol lower. This result is
consistent with experimental findings that the M-
to-N transition involves the reversible reprotona-
tion of the SB from Asp96.> According to the rules
of Figure 3, this transition is allowed but slow.
The next lowest energy state is O-like in having
Asp96 reprotonated. According to the transition
rules, this state can be reached by a proton transfer
from the cytoplasmic side to Asp96, but this pro-
cess is expected to be slow, thus the relatively long
lifetime of N, before the reprotonation of Asp96
that is believed to trigger the change to the O
conformer.*® Note that the lowest-energy protona-
tion microstate in the M conformational state was
already O-like (Figure 4(A)), but could not be
reached by cytoplasmic-side proton transfer
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Figure 5. Structural differences between the late M state and our N state model are confined to the vicinity of the
Asp96, and consist mainly of slight movement and reorientation of the Thr46 side-chain (HG-OD distance is reduced
from 3.0 A in late M to 1.85 A in the N model). These result in the lowering of the calculated pK, of Asp96 by 5.5

units relative to the M state.

events, because in M the proton affinity of Asp96 is
too high to serve as an energetically accessible
element in cytoplasmic proton transfer pathway,
and direct reprotonation of SB from the bulk is
kinetically forbidden.

It is striking that a fairly minimal structural
change (such as the Thr46 movement) leads
to such a functionally significant re-ordering
of the calculated protonation-state energy levels
(Figure 4(A) versus Figure 4(B)); in fact our model
predicts a decrease in the pK, of Asp96 of 5.5
units relative to the late M state, in qualitative
agreement with the experimental values* of about
4. Most of the predicted drop comes from the
changes in the “background” interactions (see
Methods), that reflect re-distribution of charge
(permanent dipoles) in the vicinity of Asp96. This
explanation of the experimentally observed drop
of pK, of Asp96 represents an alternative to sug-
gestions that the increased accessibility of the
Asp96 region to water is the major factor that
brings this pK, down. In this connection, we also
carried out calculations on an electron microscopy
structure of the resting state of a triple mutant,
which has been found to have a more opened cyto-
plasmic side than the late M structure of Ref. 19
and has been proposed to be a model for the later
stages of the photocycle, including N.*' Our results
using this conformer predict a pK, of Asp96 that is
too high to allow Asp96 to reprotonate the SB
(energy diagram not shown). This, of course, is
not to say that a structural change that consider-
ably decreases the degree of burial of Asp96, and
therefore favors its charged state, cannot bring
about the drop in its pK, (through changes in the
“Born term” discussed in Methods), but only that
the triple-mutant structural model does not lead
to such a result. In contrast, our minimal model

for N achieves the necessary stabilization of a
negative Asp96 through a change of direct electro-
static interactions with neighboring residues. Once
an experimental structure of the true N-state is
published, it would be an important test to use it
as input for the kind of calculations presented
here and compare the results.

The O state and completion of the cycle

The energy-level calculations for the O-like con-
former are based on a hybrid of the resting-state
structure of the D85S mutant™ for the Asp85 to
Asp96 region and the M-state structural model for
the extracellular-side groups, Arg82 through RG,
as detailed in Methods. Re-isomerization of the
retinal brings the positively charged SB closer to
the proton on Asp85, making this O-like protona-
tion microstate, in which both SB and Asp85 are
occupied, unfavorable (Figure 4(C)). The com-
pletion of the cycle involves re-protonation of the
RG from Asp85 and the return of the side-chain of
Arg82 to the “up” position close to Asp85. The re-
protonation can happen directly, via a slow proton
transfer event (p.t. 5) over a relatively large dis-
tance between Asp85 and the RG, presumably
through a water chain passing near the positively
charged Arg82 (Figure 3). Alternatively, re-proto-
nation of the RG from Asp85 could occur by an
indirect, two-step route: Arg 82 would first donate
a proton to the RG (p.t. 5a) and then be reproton-
ated by Asp85 (p.t. 5b). Although both steps are
fast, the first step is uphill in energy because of
the unfavorability of creating a deprotonated
Arg82. Therefore, the overall process of reprotonat-
ing the RG from Asp85 would be slow by either
pathway. This is consistent with the relatively long
lifetime of the O intermediate (Figure 1). After this
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reprotonation of RG, the O-like conformer may
transiently exchange its proton with the bulk (p.t. 6
in Figure 4(C)), but the return to the BR-like con-
former and its corresponding diagram, Figure 2,
makes microstates with an empty RG very
unfavorable.

Discussion

Bacteriorhodopsin presents one of the best
examples of a molecular machine well suited for
theoretical studies: it is relatively simple and has
been well characterized experimentally. Its main
function, unidirectional proton transfer across the
cell membrane, is known to depend critically on a
small set of key titratable groups whose protona-
tion states change during the photocycle. Calcu-
lations of the pK, values of these groups have
been the subject of numerous theoretical studies,
which have produced good agreement with experi-
mental values for the equilibrium BR state of the
photocycle. However, the equilibrium constants
generally contain little information about the tran-
sition events that are of interest for understanding
the underlying mechanisms of the photocycle. In
addition, the traditional language based on of equi-
librium pKj is likely to be inadequate in the case of
the strongly coupled groups in bacteriorhodopsin.
Here we have extended the usual methods of
electrostatic models for protein pK, prediction to
this non-equilibrium process by focusing on the
energetics of collective protonation microstates
rather than the pK, values of individual groups,
and we have introduced a diagrammatic notation
in which to express these results. The diagrams in
themselves are suggestive of proton transfer events
that may occur at various stages, and when they
are combined with rules as to allowable transitions
based on accessibility considerations, a model is
obtained that predicts a specific sequence of proton
transfer events. Applied to bacteriorhodopsin, this
technique predicts vectorial proton transport, and
the correct series of protonation states.

That these results are obtained with a model that
does not assume any change of the accessibility of
the groups during the photocycle, implies that an
accessibility switch that greatly alters the proton-
transport connectivity between one group and
another, or between groups and the bulk solution
on either side is not necessary. Rather, a sufficient
mechanism for vectoriality of proton transport is a
pattern of changing relative energies (affinities) of
protonation states during the photocycle, com-
bined with restrictive but unchanging transition
rules. A possible advantage of an affinity switch
mechanism such as we present here, is that it does
not require tightly fitted structural changes such
as alternation between allowing or forbidding the
movement of water to form transport chains
between groups in one or another photocycle
state. In this respect, an experimental observation
that the covalent linkage between retinal and the

protein is not required for the function of
bacteriorhodopsin,””' may be more consistent
with the affinity switch model being at the more
fundamental level in the hierarchy of mechanisms
underlying the unidirectional proton transport.

Even though the accessibility-based proton
transfer rules of Figure 3 do not change during the
photocycle, our model does have the effect that at
certain points, protons do move in one direction
and not another. This is achieved by having groups
whose protonation states and proton affinities
enable them (or prevent them) to act as donors or
acceptors at the right time. Specifically, during M
the relative proton affinity of SB and Asp85 change
in a way that favors proton transfer from the
former to the latter, and their close proximity
means this can occur readily. The SB proton cannot
move in the cytoplasmic direction, because the
nearest available acceptor in that direction, Asp96,
is already protonated and its high pK, in M dis-
courages its transient deprotonation as part of a
SB-to-cytoplasmic bulk pathway. Another possible
non-productive pathway on the M-conformer
energy-level diagram (Figure 4(A)) is a direct pas-
sage from the BR-like protonation state to the O-
like protonation by transfer of a proton from RG
to Asp85. Although this step is favorable in terms
of affinities, and allowable by the rules of Figure 3,
it is kinetically disfavored, since the short-distance
proton transfer from SB to Asp85 will obviously
be faster than the long-distance transfer from RG
to Asp85. In the N-state conformer, the relative
proton affinity of Asp96 is lowered, making it ener-
getically available to reprotonate SB from the cyto-
plasmic direction, while reprotonation from Asp85
(from the extracellular direction) is disfavored
because the relative proton affinity of Asp85
remains too high. In these respects, the results of
our calculations correspond to the “local access”
proposal of Brown et al.*®

Other predictions are made based on the
approaches developed here. Notably, according to
our calculations, small structural changes in the
vicinity of Asp96 may lead to a significant decrease
(in agreement with experiment) of its proton affin-
ity in the N state. This represents an alternative to
the previous suggestions that the opening of the
cytoplasmic side in late M or N lowers the Asp96
pK, through increased hydration.> Our calcula-
tions based on recent structural models with such
openings did not lead to any decrease of the
Asp96 pK,. Another observation is that transitions
between the protonation microstates in the M and
N states of the cycle involve very small
energy changes of less than one kcal/mol in total.
This may explain the experimentally observed
reversibility of the M — N — O transition. The con-
servation of energy at this stage also makes sense
biologically, given the tight energy® requirements of
pumping against the transmembrane proton
gradient.

The methodologies developed in this work are
not confined to bacteriorhodopsin, and may be
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used to explore non-equilibrium charge transfer in
other biomolecular systems.

Methods

Continuum electrostatics calculations

The continuum electrostatics methodology widely
used to calculate the energetics of proton transfer is
described elsewhere.**** The main assumption is that
the shift in proton affinity of an ionizable group inside
the protein relative to its value observed in free solution
is due to changes in electrostatic interactions caused by
the protein environment, and that these can be modeled
by continuum electrostatics. Within the standard
continuum approach, the protein is treated as a low
dielectric medium, while the surrounding solvent is
assigned a high dielectric constant. In this model the
difference between a side-chain’s pKiy and the pK, of
the corresponding model compound in free solution is
determined by the combined effect of two distinct con-
tributions to the total electrostatic (free) energy change.
First, the “Born term” or desolvation penalty, which
always penalizes burial of a charge inside a low dielec-
tric medium. Second, the “background term” which rep-
resents the electrostatic interactions of the group in
question with all other fixed charges in the molecule not
belonging to any titratable groups. These energy terms,
as well as the matrix of site-site interaction energies Wj;
are calculated through a sequence of numerical solutions
of the Poisson-Boltzmann equation in which sites in the
protein and their corresponding model compounds
have their charge distributions set to those of the proto-
nated or deprotonated form, and suitable energy differ-
ences are taken.

The AMBER™ set of partial atomic charges is used
here for the protein charges. For the protonated states of
Asp and Glu, in which the correct location of the proton
is not known a priori, we use (except for the BR state) a
“smeared charge” representation, in which the neutraliz-
ing positive charge is symmetrically distributed: 0.45 on
each carbonyl oxygen atom, and 0.1 on the carbon atom.
For the BR state, we use the explicit carboxylic-acid pro-
ton positions developed in our previous study,'* but we
have verified that the results agree with those of our
smeared-charge model. For the retinal-SB, the charges
are those computed by Spassov et al. using density func-
tional theory (DFT)."* This charge distribution might be
expected to change during the all-trans — 13-cis tran-
sition. However, our DFT-based calculations (manuscript
in preparation) show that these changes have a relatively
small effect (~0.3pK) on the model compound pK, of the
retinal in solvent. Furthermore, if the charges calculated
for 13-cis configuration of the retinal found in the M-
state are used for the subsequent pK calculations in
bacteriorhodopsin instead of the all-trans charges, the
protonation-state diagram changes little. We therefore
use the all-trans charge model for all of the calculations
presented here. In all calculations, the interior dielectric
constant, which includes the protein and lipid regions,
is set to 4.0, and the exterior (solvent) dielectric constant
is set to 80.0. For deeply buried groups in proteins,
using an internal dielectric constant of around 4 in the
continuum electrostatic calculations was found to be
quite reasonable, giving good agreement with both the
experiment™® and explicit solvent simulations.® The
Debye—Hiickel screening parameter is set to correspond

Figure 6. Bacteriorhodopsin molecule embedded in
the atomic-detail membrane model.

to 0.1 M monovalent salt concentration. The set-up and
finite-difference solution of the Poisson—Boltzmann pro-
blems was carried out using the MEAD program
package,” which is freely availablet. In the finite differ-
ence lattices, three levels of focusing were used, with
the finest lattice having 75 grid points per edge spaced
0.5 A apart. The probe radius for defining the molecular
surface, which is used as the boundary between the
interior and exterior dielectric regions, is set to 1.4 A.

Explicit membrane representation

An important improvement introduced here is the use
of explicit atomic-level representation of the lipid
membrane, Figure 6, which permits a more realistic
modeling of the protein dielectric environment, com-
pared to the more standard representation of the mem-
brane as a uniform “slab” of low dielectric.** The
membrane environment was prepared using a method
developed by one of us (A.S.) and is described in detail
in a separate work (to be published). Briefly, the method
incorporates any lipid molecules found in the crystal
structure and builds in additional lipid by a superposi-
tion/deletion process using a modeled DPPC lipid
bilayer™ and molecular dynamics simulation. In sub-
sequent Poisson—Boltzmann calculations, the effect of
water penetration into the polar part of the membrane
is mimicked by reduced head-group radii that allow
some high-dielectric volumes to appear within the
membrane.

All partial charges on the lipids are set to zero, includ-
ing the head-groups. We find that, with a suitable choice
of head-group radii, we can effectively mimic a three-
dielectric model, in which the protein interior and the
hydrophobic regions of the membrane are assigned the
dielectric constant of 4, while the head-group region has
a dielectric constant of about 20, and the bulk solvent is
assigned the value of 80. In a separate study (unpub-
lished results) the robustness of the results with respect
to variations in this membrane methodology (including
radii, charges and ionic strength) was tested by a series

+ ftp:/ftp.scripps.edu/pub/electrostatics
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of calculations on the resting state of bacteriorhodopsin,
and it was found that the equilibrium ionization states
of the key residues relevant to the present study were
not changed, while differences in calculated pKha
remained modest.

Atomic structures used

Experimental structures

The following structures from the PDB> were used in
the study: 1QHJ’ 1C3W," 1CWQ," 1KGB,” 1F50,*
1JV6* (BR state); 1F4Z,* 1KG8,>2 1CWQY (M-state);
1FBK*' (a triple mutant having a relatively open cyto-
plasmic-side channel and proposed by Subramaniam
et al. as a model for the N-state); 1JV7* (resting state of
D85N, proposed by Rouhani et al. as an O-state model).
In cases when a structure represented a mutant, the
corresponding residues were changed back to those
found in wild-type. In the case of 1FBK, two calculations
were performed: one with the F171C/F219L mutation as
found in the structure retained, and one with these resi-
dues changed back to the WT. Both yielded the same
conclusion discussed in the main text. Some structures
had missing residues, in which case they were com-
pleted by taking the missing pieces from the super-
imposed 1QH] structure. The superimposition was
performed via RMSD fit on the back-bone atoms of
major helices. Then, 100 steps of steepest descent mini-
mization were performed to remove possible steric
clashes. Only the atoms not present in the original struc-
ture were allowed to move. Hydrogen atoms were added
using the LEAP module from the AMBER-7 suite of
programs,® and their positions were optimized through
the following three steps, during which only hydrogen
atoms were allowed to move: first, 100 steps of steepest
descent minimization; second, 500 steps of molecular
dynamics at 300 K, with all torsional potentials involving
hydrogen atoms set to zero; and third, 100 steps of steepest
decent minimization with the torsional potential
switched back on. Robustness of the calculated pK,
values of the BR equilibrium state to protocol details,
including hydrogen relaxation, was observed earlier by
Spassov et al.'* All of the above simulations were per-
formed in vacuum, with a 25 A cut-off for non-bonded
interactions. The integration time-step was 2 fs, and the
average temperature of the system is maintained at
300 K by weak coupling, via the Berendsen® algorithm,
to a heat bath with a coupling constant of 0.1 ps. We use
the parm99 force-field from the AMBER-7 suite of pro-
grams, with the retinal-SB charges calculated as noted
above and other energetic parameters estimated by the
ANTECHAMBER module. The only exception from the
above protocol is the BR-state model with the H;O3 in
the RG region. This was prepared by Spassov from
1C3W PDB structure and used CHARMM®' charges; it
corresponds to the “PWR” model from Ref. 14.

The N-state model

The N-state structural model [the PDB file is available
as a Supplementary Material] was prepared by a 2.2 ns
MD simulation at 300 K starting from the wild-type late
M structure PDB 1CWQ, in the following protonation
state: Asp96 deprotonated, SB deprotonated, Asp85
deprotonated, RG deprotonated. Only the residues in
the immediate vicinity of Asp96 (43-49, 93-99, and
219-224) were allowed to move during the simulation.
Other details of the MD simulation protocol are the

same as above, except that torsional potentials were
never set to zero.

The O-state model

Our O-state model is based largely on the resting-state
structure of the D85S mutant (PDB: 1JV7), which has
been proposed to resemble O.* It is not known experi-
mentally whether the RG is actually protonated in the
D85S mutant, but it is known to be protonated (as in the
BR state) in the similar D85T mutant.®® In the D85S struc-
ture an extracellular release-group has Glul94 and
Glu204 very close together (thus resembling the BR
state), and that led to a protonated RG in preliminary
calculations, contrary to the known O-state protonation
of the RG which is M-like (de-protonated). We therefore
assumed that the actual native O-state should have a
more M-like character for the RG, and we prepared a
set of pKin, values and a site—site interaction matrix Wj
mostly from the values computed for the 1JV7 structure,
and partly (the pKin values of, and site-site interactions
between Glul94, Glu204, and Arg82; and the site-site
interactions of Arg82 with Asp85 and SB) from the PDB
1F4Z representing the M-state.
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