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Cross-Linking of Transmembrane Helices Reveals a Rigid-Body
Mechanism in Bacteriorhodopsin Transport**
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In membrane proteins, the mechanisms driving transmem-
brane (TM) helices through the conformational changes
needed to accomplish the translocation of substrates or for
intraprotein signal transduction are still a matter of debate.!!
Do the helices follow an alternating mechanical rocker-switch
mechanism or do they act as soft structures, which would
allow a Brownian ratchet mechanism? Are the interruptions
or the hinges in the middle of transmembrane helices
necessary to allow individual movements of parts of the
helices? The activation of the G-protein-coupled receptor
(GPCR) subfamily of 7TM helical receptors seems to imply
that transmembrane helices VI and VII move apart (cyto-
plasmic side) or together (extracellular side)® following a
global toggle-switch mechanism.”! This mechanism also relies
on see-saw movements around proline bends to allow the
independent movement of different halves of the TM
helices.!”! Bacteriorhodopsin (bR), as a structural homologue
of 7TM GPCRys, is a suitable model to further explore these
questions. In bR, conformational changes triggered by the
absorption of a photon by the retinal chromophore are
responsible for the active transport of a proton, through a
series of intermediate transport steps named K, L, M, N, and
O and known as the photocycle.[" Although the first half of
the photocycle (K-M) involves minor and subtle structural
changes, the major conformational changes happen in the
second half, in which the proton-transfer events swap from
the extracellular to the cytoplasmic domain.
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It has been proposed that an outward rotation around the
conserved Prol186 of helix F, accompanied by a tilt of helix G,
is required for water entry during the M-N intermediate
transition. It is believed that this would facilitate the
reprotonation of both the Schiff base and Asp96. Conforma-
tional changes of the E-F loop during the photocycle have
also been described. X-ray diffraction, spin labeling, and
fluorescence experiments have provided experimental details
of such movements,* ! although the functional relevance of
these changes has been questioned.™

An attractive approach to get insight into the nature of
these movements is to restrict the conformational changes
occurring between the cytoplasmic ends of helices F and G in
the protein. With this purpose, we introduced two cysteines at
the strategic positions 166 (end of helix F) and 228 (end of
helix G) and induced a disulfide bond in the double mutant
E166C/A228C (Figure 1 and the Materials and Methods

Figure 1. Three-dimensional model of the double E166C/A228C
mutant of bacteriorhodopsin projected over the Protein Databank
(PDB) file 1c3w coordinates. The cylinders overlapping with helices F
and G correspond to the PDB coordinates of the bR open (file 1FBK in
black) and closed states (file TFBB in dark gray), respectively. The
disulfide bridge is represented as a white dotted line.

Section in the Supporting Information). The accessibility of
the engineered cysteine residues in the reduced and oxidized
forms was checked with the fluorescent probe MIANS
(Figure S1 in the Supporting Information).

Figure 2 (left and middle panels) presents the results of
flash-photolysis experiments monitoring the photocycle; the
M intermediate (at 410 nm), bR depletion and recovery (at
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Figure 2. Left and middle panels: Photocycle flash-photolysis transient changes for the double
E166C/A228C mutant corresponding to the M (410 nm) and O (640 nm) intermediates and the bR
recovery (560 nm). The black line corresponds to the double mutant without (left panel) and with
(middle panel) the disulfide bond. The traces corresponding to WT bR under the same reducing/
oxidizing conditions as those for the mutant are overlaid in gray. Right panel: Pyranine proton
uptake and release as a measure of bR proton transport. The double mutant without (upper panel)
and with (lower panel) the disulfide bond (black line) is plotted against the WT bR under the same
reducing/oxidizing conditions (gray line). Purple membrane patches were at a concentration of

15 um, in 150 mm KCl at pH 7.0. The concentration of pyranine was 50 um.

560 nm), and the O intermediate (at 640 nm) at pH 7.0 are
represented. The reduced form of the mutant (without the
disulfide bond; Figure 2, left panel) showed a behavior nearly
identical to that of the wild type (WT; in gray). In contrast, the
disulfide-cross-linked form of the E166C/A228C mutant
showed a slightly delayed rise in the M kinetics, a severely
delayed M decay, and the absence of the O intermediate
(Figure 2, middle panel). The kinetics of the proton release
and uptake were assayed by monitoring the bulk pH changes
by using pyranine dye in suspensions of membrane fragments
(Figure 2, right panel). Time-resolved traces of the pyranine
absorption changes after the laser flash indicated that the
kinetics of the pH changes for the double mutant with
reduced cysteines were similar to those of the WT, whereas
the cross-linked protein presented clearly delayed proton
release and uptake (Figure 2, right panel). Therefore, the
immobilization of the cytoplasmic ends of helices Fand G also
affected the extracellular side to some extent. The efficiency
of proton transport was estimated by measuring the light-
induced pH changes of bR reconstituted into liposomes. The
reduced double mutant had a transport efficiency that was
slightly decreased relative to that of the WT (about 17 % less
efficient), whereas the transport efficiency of the oxidized
mutant was severely affected (about 54% less efficient;
Figure S2 in the Supporting Information).

To analyze whether or not the conformational changes
during the photocycle were affected by the constraints
imposed by the disulfide bond linking helices F and G, we
obtained infrared difference spectra under continuous illumi-
nation (Figure 3). Under conditions in which the WT
produces the N intermediate (gray in Figure 3, spectra 1 and
2), the double mutant with reduced cysteines showed an N-
like spectrum, whereas the disulfide-cross-linked E166C/
A228C mutant showed a distorted M-like state (black in
Figure 3, spectrum 2). At pH 7.0 and 15°C, neither the WT
nor the reduced mutant showed any difference spectrum,
because their fast photocycle prevents any intermediate
accumulation under continuous illumination. However, the
oxidized E166C/A228C mutant showed a difference spectrum
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with an overall shape resembling that
for the M intermediate (Figure 3,
spectrum 3) and including the pro-
tonated Asp85 peak at 1761 cm™..

FHY * uptake-

Even at alkaline pH values and
15°C (conditions that favor the N
form in the WT), the M intermediate
was trapped in the oxidized E166C/
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A228C mutant (data not shown).
The results prove that restriction
of mobility of the cytoplasmic ends of
helices F and G deactivates photo-
cycle events occurring after the M
intermediate. The deprotonation of
Asp96 does not occur, the Schiff base
is reprotonated from the bulk, and the
protein goes back to its resting state
directly from an M-like state, in a
slow relaxation process. This behavior

1
2
AA | [10moOD
3
[ 1 mop
L L UL
1800 1600 1400 1200
Alem™

Figure 3. FTIR spectra of hydrated films of the double E166C/A228C
mutant (in black) under conditions favorable for the N intermediate in
WT bR (in 150 mm KCl at pH 10.0, 4°C, and 92 % humidity; in gray).
Spectrum 1: the double mutant without the disulfide bond; spec-

trum 2: the double mutant with the disulfide bond; spectrum 3: the
double mutant with the disulfide bond in 150 mm KCl at pH 7.0, 15°C,
and 92% humidity. These conditions did not yield any intermediate for
WT bR or for the double mutant E166C/A228C without the disulfide
bond.

is similar to that described for the purple membrane at a low
hydration level, which is known to inhibit protein dynamics."
It is therefore evident that movements of the cytoplasmic side
of helices F and G are a prerequisite to the events that take
place in the second part of the bR photocycle: reprotonation
of the Schiff base from Asp96 and reprotonation of Asp96
from the bulk. Interestingly, proton release on the extrac-
ellular side!™ also shows slower kinetics and is therefore
decoupled, to some extent, from the M intermediate. Clearly,
the proton-release process requires appropriate conforma-
tional changes on the extracellular side of helices F and G,
where the main residues involved in the proton-release
mechanism (Glu194 and Glu204) are located.

Taken together, our observations demonstrate that a
relaxation/accommodation movement of bR helices F and G
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is necessary to permit 1)sequential reprotonation of the
Schiff base and of Asp96 and 2)synchronization of the
cytoplasmic and extracellular events occurring in the photo-
cycle. A Brownian ratchet mechanism can therefore be
discarded in bR transport. Rather, we can recognize two
different kinds of movement: Prol86 in helix F allows
opposite movements in the cytoplasmic and extracellular
halves, as in a toggle-switch mechanism,!'>!*! whereas helix G
should behave as a rigid body to permit the propagation of
movements from one side of the membrane to the other. This
type of mechanism presumably needs a sort of pivot or anchor
besides the proline bends; this may consist of specific
interactions at a location near the center of the helices, like
the Aspl115-Thr90 interhelical hydrogen bond present in
bR.I" 1t is likely that this behavior is common not only to the
family of 7TM proteins, like GPCRs!*! or sensory rhodop-
sin IL"! but also in other receptors and membrane trans-
porters. In these, the existence of broken helices reflects the
necessity of the movement of one part of the helix being
independent from the movements in the other part of an
otherwise rigid helix. A similar approach to that used here
could be applied to membrane transporters to reveal whether
TM helices behave as rigid bodies, as can be deduced from
polarized FTIR experiments demonstrating changes in helix
tilting for the melibiose permease,’” or if they follow a
Brownian ratchet mechanism.”

In conclusion, immobilization of the cytoplasmic ends of
helices F and G of bacteriorhodopsin by disulfide cross-
linking between engineered cysteines leads to a defective
protein. The photocycle of this modified protein is blocked,
proton transport is severely decreased, and proton release
and uptake kinetics are delayed. The results demonstrate that
rigid-body coordinated movements of transmembrane helices
F and G are required for an efficient proton-transport
mechanism, which provides evidence for a toggle-switch
behavior.
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