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Abstract

The redox potentials of the oriented films of the wild-type, the E194Q-, E204Q- and D96N-mutated bacteriorhodopsins (bR), prepared by
adsorbing purple membrane (PM) sheets or its mutant on a Pt electrode, have been examined. The redox potentials (V) of the wild-type bR
were — 470 mV for the 13-cis configuration of the retinal Shiff base in bR and — 757 mV for the all-trans configuration in H,O, and — 433
mV for the 13-cis configuration and — 742 mV for the all-trans configuration in D,0O. The solvent isotope effect (AV=V(D,0) — V(H,0)),
which shifts the redox potential to a higher value, originates from the cooperative rearrangements of the extensively hydrogen-bonded water
molecules around the protonated C=N part in the retinal Schiff base. The redox potential of bR was much higher for the 13-cis configuration
than that for the all-trans configuration. The redox potentials for the E194Q mutant in the extracellular region were — 507 mV for the 13-cis
configuration and — 788 mV for the all-trans configuration; and for the E204Q mutant they were — 491 mV for the 13-cis configuration and
—769 mV for the all-trans configuration. Replacement of the Glu'®* or Glu>** residues by Gln weakened the electron withdrawing
interaction to the protonated C=N bond in the retinal Schiff base. The E204 residue is less linked with the hydrogen-bonded network of the
proton release pathway compared with E194. The redox potentials of the D96N mutant in the cytoplasmic region were — 471 mV for the 13-
cis configuration and — 760 mV for the all-frans configuration which were virtually the same as those of the wild-type bR, indicating that the
D to N point mutation of the 96 residue had no influence on the interaction between the D96 residue and the C=N part in the Schiff base
under the light-adapted condition. The results suggest that the redox potential of bR is closely correlated to the hydrogen-bonded network
spanning from the retinal Schiff base to the extracellular surface of bR in the proton transfer pathway.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the intermediates bR — hv —-K —-L —-M — N — O, which
is accompanied by vectorial proton transfer [1—4]. Crucial
events in the mechanism of proton transport are the retinal

Schiff base isomerization from the all-frans into the 13-cis

Bacteriorhodopsin (bR) transports protons across the
membrane upon absorption of light by the retinylidene

chromophore. bR consists of seven transmembrane helices
with a retinal bound to the e-amino group of Lys*'® on the
helix via a protonated Schiff base. The Schiff base, and the
anionic Asp® and the protonated Asp’®, located in the
extracellular and cytoplasmic regions, respectively, constitute
the main components of the proton pathway. After light
excitation, the light-adapted bR undergoes a photocycle with
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configuration in the bR — K transition, the proton transfer
from the Schiff base to Asp®® and concomitant proton release
into the extracellular medium from the proton release group,
Glu'* or Glu** in the L — M transition, the reprotonation
of the Schiff base by Asp’® in the M — N transition, and the
13-cis to all-frans reisomerization in the N — O transition.

The interhelical cavity is divided by the Schiff base into
extracellular and cytoplasmic “half-channels” that together
describe the proton transport pathways. The extracellular
region contains an extensive hydrogen-bonded network
that connects the Schiff base, numerous ionizable residues
and many bound water molecules [5,6], whereas the
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cytoplasmic region is simpler and mostly hydrophobic [7].
The change in this network must be the basis for the
coupling that links the protonation of Asp® at one end of
this network to the release of a proton to the surface at the
other [8,9].

A number of studies performed on mutated bR have
indicated that Glu'®* and Glu?** residues are essential
elements of the proton release pathway, which appear to
be a complex organized into a chain or a hydrogen-bonded
network of residues in the extracellular channel [10,11].
The side-chain oxygens of Glu'** and Glu*** are connected
directly through a hydrogen bonding [6,12,13], so that
these Glu residues could act as a proton donor/acceptor
pair [14] or as a dyad [15]. However, these two Glu side
chains do not behave equivalently, as demonstrated by the
inhibition of the second increase of the Asp® pK, during
the photocycle in the E194Q mutant but not in the E204Q
[16]. The second half of the photocycle of the E204Q
mutant is slowed down more than 10-fold compared to the
wild-type bR [17].

In the second part of the photocycle, the Schiff base is
reprotonated during the M — N transition from Asp’®
which is located closer to the cytoplasmic side of the
membrane. The rate-limiting step in the reprotonation is
considered to be the conformational change that brings
water molecules into this region to complete it [18,19]. In
the N— O transition, Asp’® is protonated from the cyto-
plasmic surface, and coupled to this, the retinal isomerizes
from 13-cis to the initial all-zrans configuration [20]. In
D96N mutant, reprotonation of the Schiff base is much
slow. Recently published three-dimensional structure of bR
has demonstrated that virtually no differences between the
light-adapted forms of the D96N mutant and the wild-type
bR are detected except at the location of the residue
change [18].

Recently, we reported that the differential pulse voltam-
mograms of bR in the PM in 0.1 M KCl aqueous solution had
one redox peak at — 781 mV for the light-adapted bR and two
redox peaks at — 484 and — 781 mV for the dark-adapted bR
[21]. The lower potential peak, which was present under both
the light and dark conditions, was assigned to the all-frans
configuration and the higher potential peak under the dark
condition was assigned to the 13-cis configuration.

In the present study, in order to learn whether the
process including the redox transformations of bR is
correlated to the hydrogen-bonded network of the proton
transport pathway, we examined the solvent isotope effect
on the redox potential of the wild-type bR and the redox
potential of the E194Q-, E204Q- and D96N-mutated bRs.
We detected the redox potentials of the 13-cis and all-trans
configuration of the wild-type, the E194Q-, E204Q- and
96DN-mutated bRs, which were prepared by adsorbing the
PM sheets or its mutant on a Pt electrode. The results
suggest that the redox potential of bR is closely correlated
to the hydrogen-bonded network of the proton transfer
pathway.

2. Experimental

The purple membrane (PM) fragments with about 0.5-um
diameter were prepared from Halobacterium salinarium
strain S-9 cells. The D96N, E194Q and E204Q mutants were
isolated after expression in H. salinarium as PM patches. The
oriented PM film was prepared by the electrophoretic sed-
imentation technique [22]. Briefly, the PM suspension (160
uM) was filled in the gap (10 mm) between two electrodes
and then the electric potential of 400 mV/cm was applied
across the electrode. The PM sheets were adsorbed on a Pt
electrode (1.0 X 5.0 X 0.1 cm) as the solid support.

The redox potential was measured by the differential pulse
voltammetric method (Yanako-P-1100 polarographic ana-
lyzer (Kyoto, Japan)). Voltammograms were obtained using
a three-electrode circuit (working electrode, electrode depos-
ited PM as reference electrode, Pt plate (0.5 X 5.0 X 0.1 cm);
SCE). All potentials in this study are given vs. SCE. Voltam-
mograms of the light- and dark-adapted PM films were
measured as follows: the former film was illuminated for
40 min and the latter film was allowed to stand for 40 min
in the dark, and then each voltammogram was measured. A
120-W quartz halogen lamp was used as the light source in
combination with a HOYA L37 filter as the UV cut filter.
All measurements were carried out in the 10 mM KCl
aqueous solution (pH. 6.5) under an Ar atmosphere at room
temperature.

3. Results and discussion
3.1. Redox potential of bR in the PM film

We previously reported the differential pulse voltammo-
grams of bR in the PM suspended in a 0.1 M KCI aqueous
solution in the light-adapted state and the bleached bR
which was treated with hydroxylamine under light irradi-
ation [21]. The light-adapted bR showed a redox peak at
— 781 mV and the bleached bR showed no redox peak. This
indicates that the origin of the redox peak is the retinal
chromophoric part bound via a protonated Schiff base to
Lys?'®. Therefore, we concluded that the reducible moiety in
bR was attributable to the C=N part of the retinal Schiff
base [23].

Fig. 1 (trace a) shows the difference voltammogram of bR
in the oriented PM film with and without light illumination,
prepared by the electrophoretic sedimentation technique (see
Experimental part). The difference voltammogram was
obtained by subtracting that of the dark-adapted PM film,
which contains all-trans and 13-cis retinals, from the voltam-
mogram of the light-adapted PM film, which contains all-
trans retinal. The difference in current (AJ) between the
voltammograms of the light-adapted PM film and the dark-
adapted one is caused by the presence of retinal isomer
abundance in the PM film. The difference voltammogram
for the oriented PM film gave a positive peak at — 757 mV
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Fig. 1. The difference voltammograms of bR in the oriented PM film on the
Pt electrode in H,O (trace a) and D,O (trace b). The difference vol-
tammogram was obtained by subtracting that of the dark-adapted PM film
from the voltammogram of the light-adapted PM film.

and a negative peak at — 470 mV. The positive peak implies
that the corresponding redox species contained in the light-
adapted PM are far outnumbered, compared with that con-
tained in the dark-adapted PM. The reverse is true for the
negative peak. According to the analysis of the redox reaction
ofthe PM suspension in 0.1 M KCl solution [21], the peaks at
— 757 and — 470 mV could be assigned to the all-frans and
the 13-cis configuration, respectively. From the peak area of
the difference voltammogram, the ratio of all-trans to 13-cis
form was qualitatively a one-to-one [24]. Taking into account
the finding that the redox potential (V'=— 781 mV) of the
retinal-butylamine Schiff base in aqueous solution agreed
between the all-trans and the 13-cis configurations [25], the
marked difference in the redox potential between the all-trans
and the 13-cis configurations of the retinal in bR must be
caused by the interaction between the chromophore part
including the Schiff base and the amino acid residues in the
apoprotein. In addition, the results indicate that the proto-
nated C=N bond of the retinal Schiff base for the 13-cis
configuration is more reducible than that for the all-trans
configuration.

The "N NMR study by Hu et al. [26] showed that the
dark-adapted bR had a doublet at 143 and 150 ppm, corre-
sponding to all-trans isomer and 13-cis isomer, respectively,
indicating that the electron density on the N atom of the 13-cis
isomer was lower than the all-frans isomer in the dark-
adapted bR. According to the FT-IR [27] and Raman spec-
troscopic studies [28], the C=N stretching vibration sensi-
tively responds to hydrogen-bonding and electrostatic

interactions of the Schiff base with its immediate environ-
ment. Therefore, the reformation of the NH—X hydrogen-
bonding in the retinal binding pocket by transition from the
all-trans to 13-cis form should result in a lowering of the
electron density of the C=N bond in the Schiff base, since the
NH-acceptor (X) hydrogen-bonding formed for the 13-cis
configuration of the retinal Schiff base is stronger than that
for the all-trans configuration [29].

Fig. 2 shows the effect of pH on the redox potential of
the light-adapted bR. The pH dependency of the redox
potential of bR was quite low (4 mV/pH unit) in the pH
range of 3.0 to 10.7. Therefore, the change in the proto-
nation state of bR is considered to be not involved in the
redox process described above.

3.2. Solvent isotope effect

We examined the solvent isotope effect on the redox
potential of the wild-type bR. The voltammogram profile of
bR in the oriented PM film in D,O showed a positive peak at
— 742 mV for the redox reaction of the all-frans configura-
tion under the light-adapted condition and a negative peak at
—433 mV for the 13-cis configuration under the dark-
adapted condition (Fig. 1, trace b). These values in D,O are
compared with those in H,O; the solvent isotope effect,
AV(=V(D,0) — V(H,0)), was 15 mV for the all-trans con-
figuration and 37 mV for the 13-cis configuration, respec-
tively. The replacement of the hydrogen in the hydrogen
bonding by deuterium in D,O shifted the redox potentials of
bR to a higher value compared to that in H,O. This is
explained by the electron withdrawing interaction to the
protonated C=N bond in D,O due to the enhancement of
the ND—acceptor (X) hydrogen-bonding formed through the
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Fig. 2. The effect of pH on the redox potential of the light-adapted bR. The
pH dependency of the redox potential of bR was 4 mV per pH unit in the
pH range of 3.0 to 10.7.
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protonated C=N bond in the Schiff base. The solvent isotope
effect was much greater for the 13-cis isomer than for the all-
trans isomer, indicating that the 13-cis configuration forms a
more enhanced NH—X hydrogen-bonding compared to the
all-trans configuration [29]. The results suggest that the
redox reaction of bR in the PM is closely associated with
an extensive hydrogen-bonded network that connects the
Schiff base.

3.3. Redox potentials of the E194Q and E204Q mutants

The replacement of Glu'** or Glu>® by Gln alters the
proton-release kinetics [6]. The crystallographic structure of
bR has demonstrated that a three-dimensional network of
hydrogen-bonded side chains and water molecules connects
the active site of the bR state with the residues such as Arg®?,
Glu'** and Glu* that participate in the release of a proton to
the extracellular surface upon protonation of Asp®® [12,13].
A mutation of any one of three residues, Arggz, G1u194, or
Glu?®, inhibits fast proton release at neutral pH and slows
down the proton release from Asp® [14,30].

Fig. 3 shows the difference voltammograms of the
E194Q and E204Q mutants. The redox potential values
(V) of the E194Q mutant, which is located in the extrac-
ellular half-channel, were — 507 mV for the 13-cis config-
uration and — 788 mV for the all-trans configuration (trace
a), and for the E204Q mutant they were —491 mV for the
13-cis configuration and — 769 mV for the all-trans con-
figuration (trace b). The redox potentials of these mutants
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Fig. 3. The difference voltammograms of the E194Q- and E204Q-mutated
bRs with and without light illumination.
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Fig. 4. The difference voltammograms of the D96N-mutated bR (trace a)
and the wild-type bR (trace b) with and without light illumination.

are compared with that of the wild-type bR (Fig. 1, trace a).
The mutation effects (AV=V(mutant) — V(bR)) for the
E194Q mutant were — 37 mV for the 13-cis configuration
and —31 mV for the all-trans configuration, and for the
E204Q mutant they were —21 mV for the 13-cis config-
uration and — 12 mV for the all-trans configuration. These
mutants shifted the redox potential to a lower value com-
pared to that of the wild-type bR, indicating the decrease in
the electron withdrawing interactions to the C=N part in the
retinal Schiff-base moieties. The difference voltammogram
profile also showed a broadening of the redox peaks for the
E194Q and E204Q mutants (Fig. 3). The half-widths of the
negative peak assigned to the 13-cis configuration were 140
mV for the wild-type bR (Fig. 1, trace a), 200 mV for the
E194Q mutant and 270 mV for the E204Q mutant. The half-
width is defined as the width at 50% of the peak height of
the current. The replacement of Glu'** or Glu?** residues by
Gln decreased the hydrogen-bonding ability, because the
Gln side chain only binds one hydrogen-bonded water
molecule, whereas Glu binds two. Therefore, the increase
in the half-width of the redox peak for these mutants may be
related to the weakening or fluctuation of the hydrogen-
bonded network formed through the C=N part of the Schiff
base. These results provide evidence that both Glu'** and
Glu?™ link with the hydrogen-bonded network that connects
the retinal Schiff base. However, these two Glu side chains
seem not to behave equivalently in the proton translocation
pathway, as demonstrated by the difference in the redox
potential of these mutants [31]. The E204 mutant is less
linked with the hydrogen-bonded network compared with
the E194 mutant.
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3.4. D96N

The cytoplasmic region does not contain an intercon-
nected hydrogen-bonded network in the bR state. The most
severe structural changes during the photocycle are in the
cytoplasmic portions of helices F and G, which result in an
enlargement of the cavities thereby enabling the inward and
outward diffusion of water molecules [20]. Therefore, the
reprotonation of the Schiff base from Asp”® as well as the
reprotonation of Asp”® itself is only possible by fluctuating
water molecules and the motions of the amino acid side
chains [32].

The difference voltammogram of the D96N mutant is
shown in Fig. 4 (trace a) together with that of the wild-type
bR (trace b). The redox potentials of the D96N mutant
under the light-adapted condition were —471 mV for the
13-cis configuration and — 760 mV for the all-trans con-
figuration. Virtually no differences in the redox potentials
between the light-adapted forms of the D96N mutant and
the wild-type bR were detected. This supports the X-ray
diffraction data in which the light-adapted forms of the
D96N mutant do not differ from the wild-type protein of bR
in the three-dimensional structure in the bR state [12]. In
addition, the sign of the peak currents at /'=—471 mV and
at V=—"760 mV in the voltammogram profile of the D96N
mutant were reversed with that (the positive peak at — 757
mV and negative peak at — 470 mV) of the wild-type bR,
indicating that under the light-adapted condition, the D96N
mutant is in the 13-cis configuration (the positive peak at
— 471 mV). When Asp’® is replaced by Asn, the photocycle
is slowed down by 100- to 500-fold under neutral pH
compared to the wild-type bR due to accumulation of the
M intermediate which is in the 13-cis configuration [33,34].
Therefore, the redox potential of the D96N mutant is
considered to be for the 13-cis configuration under the
continuous illumination.

4. Conclusions

This paper describes the solvent isotope effect on the
redox potential of the wild-type bR and the redox potential
of the D96N, E194Q and E204Q mutants. The obtained
redox potentials are summarized in Table 1. The replace-
ment of the hydrogen in the hydrogen bonding by deuterium
in D,0 increased the redox potentials of bR. The solvent
isotope effect is explained by an electron withdrawing
interaction to the protonated C=N bond in the retinal Schiff
base in D,O due to the enhancement of the ND—acceptor
(X) hydrogen-bonding formed through the protonated C=N
bond. The redox potential of bR was much larger for the 13-
cis configuration than that of the all-frans configuration.
The E194Q and E204Q mutants shifted the redox potential
to a smaller value compared to that of the wild-type bR. In
addition, the redox potential of the E204Q was smaller than
that of the E194Q. The replacement of Glu'** or Glu***

Table 1
The redox potentials of the 13-cis and all-frans configurations of the wild-
type, the E194Q-, E204Q- and D96N-mutated bRs

bR 13-cis form  AV°® all-trans ~ AV""
(mV) (D,0-H,0)*  form (D,0-H,0)*
(mV) (mV) (mV)
WT bR (in H,0) —470 - - 757 -
WT bR (in D,0) —433 37 - 742 15
A vas A Vv‘ans
(Mu-Wt)° (Mu-Wt)°
E194Q —507 —37 —788 -3l
E204Q —491 -21 —-769  —12
D96N —471 -1 —760 -3

TAVE (D0 —H,0) and AV (D,O — H,0): the solvent isotope
effects on the redox potential of bR, which are obtained by subtracting that
in H,O from the redox potential (mV) of the wild-type bR with the 13-cis or
all-trans configuration in D,0.

® AP (Mu — Wt) and AV (Mu — Wt): the mutation effects on the
redox potential of bR, which obtained by subtracting that of the wild-type
bR from the redox potential (mV) of the mutants with the 13-cis or all-trans
configuration.

residues by Gln weakened the electron withdrawing inter-
action to the protonated C=N bond in the retinal Schiff
base. The E204 residue is less linked with the hydrogen-
bonded network of the proton release pathway compared
with E194. The redox potentials of the D96N mutant
indicated that the D to N point mutation of 96 residue had
virtually no influence on the interaction between the D96
residue and the C=N part in the Schiff base under the light-
adapted condition. In this study, the main new results are as
follows: (1) the redox potentials of the 13-cis and all-trans
configurations of the wild-type, the D96N-, E194Q- and
E204Q-mutated bRs were detected, and (2) the redox
potential of bR is closely correlated to the hydrogen-bonded
network spanning from the retinal Schiff base to the
extracellular surface of bR in the proton transfer pathway.
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