ELSEVIER

Biochimica et Biophysica Acta 1460 (2000) 166-176

BIOCHIMICA ET BIOPHYSICA ACTA

BB,

www.elsevier.com/locate/bba

Review

Structures of photointermediates and their implications for the proton
pump mechanism

Mikio Kataoka #*, Hironari Kamikubo ®

& Department of Materials Science, Nara Institute of Science and Technology, 8916-5, Takayama-machi, Ikoma, Nara 630-0101, Japan
Y nstitute of Materials Structure Science, High Energy Accelerator Research Organization, Tsukuba, Ibaraki 350-0801, Japan

Received 24 March 2000; accepted 24 March 2000

Abstract

It is widely accepted that bacteriorhodopsin undergoes global conformational changes during its photocycle. In this
review, the structural properties of the M and N intermediates are described in detail. Based on the clarified global
conformational change, we propose a model for the molecular mechanism of the proton pump. The global structural change
is suggested to be a key component in establishing vectorial proton transport. © 2000 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The elucidation of the molecular mechanism of
protein function based on the tertiary structure is
one of the essential issues in modern biological sci-
ence. The elementary processes of protein function
are chemical reactions at the amino acid residue lev-
el, such as ligand binding, protonation/deprotonation
of dissociable residues and so on. The global struc-
ture should control these local chemical reactions
and their orders. For the understanding of protein
function, it is necessary to reveal the intramolecular
local changes at amino acid residue level and the
global structural changes over the whole molecule
during the reaction process, and the interrelationship
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between these changes. From the standpoint of this
view, we deal with bacteriorhodopsin (bR), a light-
driven proton pump, as a model system for the elu-
cidation of protein function. In any active transport
system, the access of the transported ion at the active
site changes from one membrane side to the other
during the reaction. Thus, it is expected that the
global conformational change is related closely to
the local changes. In this review, we focus on the
structures of some photointermediates of bR and
the role of the conformation change on the proton
pump mechanism.

bR forms a two-dimensional crystal in the cell
membrane of Halobacterium salinarum, called the
‘purple membrane’ [1]. Utilizing this exceptional
property, diffraction techniques have been applied
to reveal its structure. The tertiary structure was first
solved by electron diffraction and microscopy to 3 A
resolution [2-5]. The detailed structure to 1.5 A res-
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olution is determined by X-ray crystal structural
analysis [6-8]. bR is composed of seven transmem-
brane o-helices (named A to G from the N terminus)
with short interconnecting loops (Fig. 1). The chro-
mophore, retinal, is covalently bound to Lys216 in
the G helix via protonated Schiff base [9]. The retinal
is buried in the central part of the protein, as shown
in Fig. 1.

Absorption of a photon by the retinal triggers a
series of reactions that bring about vectorial proton
transport, from cytoplasm to the outside of the cell.
The photointermediates are termed J, K, L, M, N,
and O, which are characterized by their absorption
spectra (for a review, see [10,11]). Proton uptake
from the cytoplasmic side occurs after N formation,
while proton release to the extracellular space is an
event at the time of M formation. Structural infor-
mation on these intermediates is crucial to under-
stand the proton pump mechanism. Several groups
observed large conformational changes at the M and
the N intermediates, by X-ray, neutron and electron
diffraction [12-17]. On the other hand, chemical re-
actions at amino acid residue level characteristic to
each photointermediate are revealed by spectroscopic
measurements [11,18,19] and the proton pathway is
assigned in the tertiary structure (Fig. 1).

The important question remaining is how the vec-
torial proton transport is controlled, that is, how
back reaction is suppressed during the photocycle.
Below we call the mechanism ‘reprotonation switch’
or ‘switch’. We consider that protein should undergo
global structural changes during a series of chemical
reactions at the amino acid residue level. In the case
of bR, a proton is first transferred from the Schiff
base to Asp85 located in the extracellular channel at
a distance of 4 A from the Schiff base. The Schiff
base then reprotonates from Asp96 in the opposite
side. The global conformational changes at the M
and N intermediates revealed so far [12-17] should
be an essential component of the switch mechanism
[20,21]. In this review, we summarize the structures

N
Fig. 1. Tertiary structure of bacteriorhodopsin revealed by elec-
tron microscopy and image reconstruction method [3]. The sev-
eral amino acid residues participating in the proton pump are
superimposed on the structure. The figure was drawn with
MOLSCRIPT [39].

of the M and N intermediates and the possible struc-
tural transition between M and N. We will propose a
model for the proton pump based on the global con-
formational changes and the relationship between the
global structure, and the local chemical reactions
characteristic to each intermediate.
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Fig. 2. Two-dimensional difference electron density maps be-
tween the intermediate state and the dark state. (a) M inter-
mediate for arginine treated wild type bR; (b) M intermediate
for D96N mutant bR under alkaline condition; (¢) N inter-
mediate for F171C mutant bR.

—

2. Tertiary structural changes during the photocycle
of bR

2.1. Structure of the M intermediate

To reveal the structure of a photointermediate by
diffraction techniques, it is necessary to accumulate
the specific intermediate in sufficient amounts during
the diffraction measurements. Some procedures, in-
cluding trapping at low temperature, chemical treat-
ment and the utilization of mutant bR, have been
successfully applied to the structural studies of pho-
tointermediates. It is now widely accepted that bR
undergoes a global conformational change upon
light absorption [12-17,22,23]. The change is ob-
served around helices B, F and G (Fig. 2). This is
in contrast with the earliest work on the M inter-
mediate which demonstrated that no essential struc-
tural changes occurred, even though the sample was
composed of pure M intermediate [24]. This apparent
discrepancy is explained by the fact that the earlier
sample has insufficient hydration, while the other
samples are sufficiently hydrated [15]. The hydration
dependent global conformational change is con-
firmed by Sass et al., who observed no global con-
formational change below 57% relative humidity
with complete deprotonation of Schiff base, but de-
tected global conformational change above 57% rel-
ative humidity [25]. The former corresponds to the
M; state and the latter to the M, state. Global con-
formational change was suggested to occur during
the M; to M, transition. Inelastic neutron scattering
studies gave a physical explanation for the M; to M,
transition [26]. The dehydrated bR shows only har-
monic motion between very low temperature and
room temperature, while sufficiently hydrated bR
shows a so-called glass transition. At very low tem-
perature, the allowed motions are only harmonic vi-
brations, but above the glass transition temperature
(180-200 K) the hydrated bR shows anharmonic mo-
tions. Complete photocycle is observed only for hy-

(b)

drated bR and only above the glass transition tem-
perature [26]. Therefore, anharmonic motions of the
protein are required to activate the conformational
change [26,27]. The M; to M, transition and its
physical explanation bring two important conclu-
sions for the proton pump mechanism. One is that
the first local chemical reaction at amino acid residue
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level (proton transfer from Schiff base to Asp85) can
proceed without any global conformational change
and without hydration or below glass transition tem-
perature. The other is that the global conformational
change is required to complete photocycle and pro-
ton translocation. It is also suggested that the local
chemical reaction induces the global conformational
change.

The major changes at the M, intermediate are ob-
served around helices B, F and G. However, there
are small but significant differences among the struc-
tures reported so far. Dencher et al. examined the
structure of the M intermediate by neutron diffrac-
tion [12]. The M intermediate was accumulated by
guanidinium HCI at alkaline pH. The sample com-
posed of the pure M intermediate was then cooled
down to 93 K to trap the intermediate during neu-
tron exposure. The overall relative change defined as
ZIAI/ZEI (we call it R-factor hereafter) is about 9%.
The calculated difference electron density map shows
the major changes around helices G and F with a
minor change around helix B [12]. The measurement
of diffraction at very low temperature brings shrink-
age of the lattice constant from 62.5 Ato613A [28].
Further, they observed a small increase of the lattice
constant (0.3 A) after the formation of the M inter-
mediate [12]. These are disadvantages for structural
analysis. However, similar structural changes to their
result were observed by Koch et al. [13] using D96N
mutant bR with X-ray diffraction. The R-factor was
about 9%. The lattice constant increased by 0.3 A.
Fig. 2b shows the difference density map of D96N.
The narrow line represents the bR molecule. The
average electron density of the M intermediate in-
creases at the region represented by a bold line,
and decreases at the region represented by a dotted
line. Major changes around helices F and G, with a
minor change around helix B, are clearly observed.

We found that arginine treatment of wild type bR
prolongs the lifetime of the M intermediate at room
temperature [29]. We carried out X-ray diffraction
experiments on the arginine-treated wild type bR in
the presence and the absence of continuous illumina-
tion at room temperature, and observed distinct
changes in diffraction profiles [14]. The R-factor is
6.9%, which is smaller than the results introduced
above. The lattice constant of the dark state was
62.81 A and that of the M intermediate was 62.95

A. The increase is smaller than the results introduced
above. The difference electron density map calculated
from the intensity changes is shown in Fig. 2a. Sig-
nificant changes are found around the B and G heli-
ces, with only a minor change around helix F. We
consider that the differences between Fig. 2a and b
are small but significant. These two types of struc-
tural changes were also observed with electron mi-
croscopy and diffraction [15].

Subramaniam et al. trapped the M intermediate by
flash-freezing after triggering the photoreaction by
pulse excitation [15]. They could observe the struc-
ture of wild type intermediate under a near physio-
logical condition without any chemical treatment by
electron diffraction. They also carried out the same
experiments with D96G mutant bR. The replacement
of the residue prolongs the life of the M intermediate
as is in the case of D96N. The structural changes
observed for the wild type are similar to our differ-
ence electron density map (Fig. 2a), and those for
D96G to the maps by Dencher et al. [12] and
Koch et al. [13] (Fig. 2b). In their interpretation,
the differences in the structure of the intermediates
of wild type and D96G are due to the different com-
position of the trapped state, because their method
traps a mixture of intermediates. Based on the esti-
mation that the wild type sample consists of 63% M
intermediate and 26% N intermediate, they explained
that the feature of the N intermediate appears in
their map of the wild type [15]. On the other hand,
FTIR studies of D96N under the same condition as
that used by Koch et al. [13] indicated that although
both infrared and visible spectra indicated that only
the M intermediate was present (deprotonated Schiff
base), the protein had structural properties in the N
intermediate exclusively [30]. The structure of the N
intermediate was required for the further understand-
ing of the photocycle and proton pump mechanism.

2.2. Structure of the N intermediate

The F171C mutant bR accumulates exclusively the
N intermediate at neutral pH under continuous illu-
mination. Thus, we succeeded in measuring the pro-
tein structural change in the N intermediate [16]. The
difference electron density map shown in Fig. 2c
clearly indicates that marked changes occur around
helices G and F. A characteristic pair of positive and
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negative peaks can be seen around the F helix. These
properties are similar to the results obtained for the
M intermediate of D96N by Dencher et al. [12] and
Koch et al. [13]. The correlation coefficient of the
structural changes between F171C and D96N is
more than 0.90, indicating that the two sets of data
are almost identical. On the other hand, the correla-
tion coefficient of the structural changes between
F171C and arginine treated wild type is 0.83 and
that between D96N and wild type is 0.70. Therefore
the structure of N obtained for F171C is closer to the
M intermediate of D96N than the M of the wild type
[16]. The R-factor of the intensity changes for the N
intermediate was 7%, which is smaller than that for
the D96N. This is partly due to the fact that the
specimen is a mixture of the N and the unphotolyzed
bR for F171C. Vonck also reported the structure of
the N intermediate using F219L mutant bR with
electron diffraction [17]. The reported difference elec-
tron density map was almost the same as our map
shown in Fig. 2c. The observed N structure supports
the result of the FTIR study. The photolyzed state of
D96N (and presumably D96G) possesses the depro-
tonated Schiff base characteristic to the M intermedi-
ate, but the conformation of protein moiety is close
to the N intermediate (MN intermediate). The FTIR
spectrum of the photolyzed state of the arginine
treated wild type is identical with that of the M in-
termediate of the wild type (Kamikubo and Katao-
ka, unpublished result). We consider that the struc-
ture shown in Fig. 2a is the structure of the true M
(M) intermediate.

2.3. Sidedness of the structural change

The structural changes shown in Fig. 2 are projec-
tions onto the membrane plane. With X-ray or neu-
tron diffraction of the oriented sheet of purple mem-
brane, it is impossible to distinguish the structural
change of the cytoplasmic side from the extracellular
side. Electron diffraction using tilted specimens en-
ables reconstruction of the tertiary structural image.
Despite the small difference between M and N inter-
mediates mentioned above, it is clarified that most of
the structural changes are observed at the cytoplas-
mic half of the molecule in both cases [15,17]. It is
clearly demonstrated that the pair of positive and
negative peaks near F helix shown in Fig. 2 are as-

cribed to the tilt of the F helix in the cytoplasmic
half toward outside. The movement corresponds to
the opening of the cytoplasmic proton channel. Re-
cently, the crystal structure analysis of the M (MN)
intermediate of D96N has been published [23]. The
changes in helices F and G are observed in the crys-
tal structure.

Although X-ray (neutron) diffraction of the ori-
ented sheet is a low-resolution technique, it can
give a reasonable projection of structures for the
photointermediates as discussed by Subramaniam et
al. [15]. Both X-ray crystallography and high-resolu-
tion electron diffraction involve inherent difficulties,
while X-ray diffraction is convenient to carry out
under many different conditions. If we can distin-
guish the cytoplasmic side from the extracellular
side by X-ray diffraction, it will be powerful and
effective not only for the study of the photointer-
mediate of bR but also for the structural studies of
the other membrane proteins. For this purpose, we
introduced cysteine substitutions to residues on the
cytoplasmic side, and labeled them with mercury.
Careful X-ray diffraction experiments enabled the
estimation of intensity changes between the labeled
and the non-labeled specimens [31]. Each difference
electron density map showed only a single peak,
which was assigned as the position of the labeled
mercury [31]. The determined mercury position is
very close to the expected position from the crystal
structure. The mercury labeling method has been ex-
tended to the photointermediate [32]. Ile222 in the
cytoplasmic side of helix G was replaced with cys-
teine. The cysteine was labeled with mercury. The
movement of the mercury position can be identified
in the projection map. The cytoplasmic side of helix
G shifts toward helix F at the MN intermediate [32].
Thus, from the heavy atom labeling and X-ray dif-
fraction, we can assign the positions of amino acid
residues and their movements in a low-resolution
projection map.

3. Structural change and proton transportation
mechanism
3.1. M to N structural transition

Subtle but meaningful structural differences be-
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tween the M intermediate and the N intermediate are
established, as shown in Fig. 2. However, all the
structural studies introduced so far have been per-
formed with different samples, namely, with different
chemical treatments and the use of different mutants.
It should be clarified whether these two structures
appear in a real photocycle. At least, we need to
know whether a single specimen can assume these
two different structures.

If the two structures are necessary components of
the photocycle, they should bear some functional
roles. In the dark state, Asp96 is protonated, indicat-
ing that the microenvironment of Asp96 is extremely
hydrophobic. The characteristic chemical (local) re-
action at the M intermediate is a proton transfer
from Schiff base to Asp85. At this stage, Asp96
should still be protonated. The characteristic chem-
ical reaction at the N intermediate is a reprotonation
of Schiff base from Asp96. The change in helix F
corresponds to the opening of the channel, which is
characteristic to the structure of N intermediate. The
changes in helix F are less prominent at the M inter-
mediate as shown in Fig. 2. We assume that the
cytoplasmic half of the proton channel should be
closed at the M intermediate. If the channel opens
at the M intermediate, Asp96 would release proton
to cytoplasm rather than to Schiff base. The channel
should be opened after forming the connectivity be-
tween the Schiff base and Asp96 which is established
at the M intermediate. If these assumptions are cor-
rect, the channel is more hydrated in the N or MN
intermediates than in M.

Based on this assumption, we examined the effect
of hydration on the structures of M intermediates of
D96N [33]. The intensity increase of the (20) reflec-
tion normalized to the decrease of the (11) reflection
is larger for the M intermediate than for the N in-
termediate [33]. Fig. 3 shows light minus dark differ-
ence X-ray diffraction intensity profiles in the low-
angle region that includes only the (11) and (20) re-
flections, obtained at different hydration levels. The
profile was normalized to the change of the (11) re-
flection. It is clear that the increase of the (20) re-
flection becomes prominent at lower hydration levels.
For the fully hydrated sample prepared by soaking,
no intensity change in the (20) reflection was ob-
served. These differences strongly indicate that the
structural change in the photointermediate is hydra-
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Fig. 3. Difference X-ray diffraction profiles in the low-angle re-
gion that include the (11) and (20) Bragg reflection. For com-
parison, the profiles are normalized by adjusting the amplitude
of the (11) reflection to 1. (a) Fully hydrated sample obtained
by soaking; (b) fully hydrated sample obtained by placing a
drop of buffer solution for 1 h; (c) 95% relative humidity;
(d) 81% relative humidity; (e) 76% relative humidity.

tion-dependent [33]. The R-factor for the highly hy-
drated sample was 9.5% while that of the lower hy-
dration level was 6%. Fig. 4 shows different electron
density maps for the lower hydration sample (Fig.
4a) and the higher hydration sample (Fig. 4b). The
changes around helices B, F and G are observable in
both maps, which are very similar to the various
difference maps for the M and N intermediates re-
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Fig. 4. Two-dimensional difference electron density maps be-
tween the M intermediate of D96N mutant bR and dark state
at pH 10 (a) in a partially dehydrated sample and (b) in a hy-
drated sample.

ported so far and the maps shown in Fig. 2. The
most prominent positive peak is near helix F in the
hydrated sample, while it is the vicinity of helix B in
the lower hydration sample. X-Ray diffraction
strongly indicates that the observed structure is the
M intermediate at the lower hydration level, while it
is the MN intermediate at the higher hydration level.
Difference FTIR spectra also support the conclusion
of the formation of the intermediate with the M-type
structure (normal M intermediate) at low humidity
and of the N-type structure (the MN intermediate) at
high humidity [33].

Sass et al. also reported an effect of hydration on
the M intermediate for D96N [25]. They focused
rather on the structural changes observed above
and below 57% relative humidity. They demonstrated

that a large conformational change occurs above
57% relative humidity [25]. The structural change
they observed corresponds to the M; to M, transi-
tion, while we observed the M, to N structural tran-
sition. In their paper, the M, to N structural transi-
tion was not described explicitly. However, the
significant changes at the B and G helices are ob-
served in the difference electron density map ob-
tained from the sample equilibrated at 75% relative
humidity shown in their paper. On the other hand,
Subramaniam et al. suggested that the structural dif-
ference between M, and N is trivial, if any [22]. They
compared the structure obtained by quenching 1 ms
after photoexcitation with that 150 ms after excita-
tion and concluded that no significant differences in
these two states were observed [22]. Their structures
should be a mixture of some photointermediates,
even though the content of M is more for the former
than for the latter. It should be noted that the differ-
ences in diffraction appear in the same reflections for
the M and the N intermediate. The comparison of
the structures for the mixed photointermediates
should be quite difficult. SVD analysis of the time-
resolved diffraction shows that at least two different
conformations exist in the photocycle of wild type
bR [34]. We believe that the M, to N structural tran-
sition is an important component of the photocycle.

3.2. The trigger of the structural change

It is established that the global conformational
change occurs during the M; to M, transition of
the photocycle. At the M; stage, retinal isomerizes
from all-trans to 13-cis and the proton is transferred
from Schiff base to Asp85. It is thus required to
clarify which reaction triggers the global conforma-
tional change, isomerization or deprotonation. One
acceptable concept for the mechanism of an ion
pump is that the association/dissociation of the
transported ion to an active site of an ion pump
should be closely related to the conformational
change [20,21,35]. Thus, we investigated the effect
of protonation/deprotonation of Schiff base on pro-
tein conformation using D85N.

Asp85 is not only the proton acceptor of the Schiff
base but also the counterion stabilizing the Schiff
base proton. In D85N mutant bR, the Schiff base
can be deprotonated without light under alkaline



M. Kataoka, H. Kamikubo | Biochimica et Biophysica Acta 1460 (2000) 166176 173

g (b)

c x2

]

2

©

s

=

S

<

Iy \J

D

c

g

c

= 1 L I L I Il l l 1 1 L
T T ' T T L I T L} L} L}

X2 ©

0.05 0.10
S (=2sin6/A) (A

Fig. 5. X-Ray diffraction profiles of (a) D85N and (b) wild
type at neutral pH (dotted line) and alkaline pH (solid line). As
a reference, X-ray diffraction profiles obtained from D96N with
(dotted line) and without (solid line) illumination are shown in
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pH. A shift of the absorption maximum from about
610 nm (blue form) to about 400 nm (yellow form)
upon raising the pH from 6.0 to 10.0 is observed [36].
The absorption change upon raising the pH reflects
deprotonation of Schiff base and resembles the phe-
nomenon observed in forming the M intermediate
[36]. Fig. 5a shows the X-ray diffraction intensity
profiles of D85N in blue form at pH 6 (filled circles)

and in yellow form at pH 11 (solid line), indicating
that significant changes are generated on (40) (32)
(41) reflections [20]. Fig. 5b shows the X-ray diffrac-
tion intensity profiles of wild type at pH 6 (filled
circles) and pH 11 (solid line). No significant changes
can be observed under the same condition as D85N.
These results indicate that the protein structural
changes of D85N upon changing pH is caused by
the deprotonation of the Schiff base, but not by the
deprotonation of amino acid residues located in the
protein surface [20]. The X-ray diffraction intensity
profiles obtained from the M (MN) intermediate
(solid line) and the dark state bR (filled circles) using
D96N are shown in Fig. 5c. Quite similar intensity
changes are observed between Fig. 5a and c. The
difference electron density map (Fig. 6) between the
yellow and blue form of D85N indicates the struc-
tural changes around helices B, F, and G, similar to
the structural changes shown in Fig. 2. We can con-
clude that the same type of conformational change as
light-induced conformational change occurs in
DS85N, but without illumination [20]. Thus, we con-
clude that the protein structural changes in the inter-
mediates are induced by the deprotonation of Schiff
base. It is also confirmed that the deprotonation of
Shiff base rather than retinal isomerization is a major
cause for the conformational change using analogue
retinals [37].

Fig. 6. Two-dimensional difference electron density map of
D85N between alkaline and neutral pH. Solid line and dotted
line indicate positive and negative density changes, respectively.
The outline of the bR molecule is superimposed.
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4. Model of the vectorial proton translocation

The results of the structural studies on the photo-
intermediates can be summarized as follows.

(1) Global conformational changes occur during
the photoreaction cycle. The large conformational
change is corresponding to the M; to M, transition.

(2) The conformational change occurs in the cyto-
plasmic half of the molecule. The change brings the
opening of the proton channel in the cytoplasmic
side.

(3) The conformational change is triggered by the
deprotonation of Schiff base.

(4) A subtle but meaningful structural change ac-
companies the M, to N transition.

There is an argument against statement 4 [22]. We
suppose that the M-type structure is the transitional
structure during the formation process of the N-type
structure; the structure should be accumulated dur-
ing the propagation of the conformational change
from the inside to the outside of the proton channel.

We propose a model for the molecular mechanism

(a) L

M
Cytoplasmic S’/de/%% ///%/// :
a0

of the proton pump based on the results (conforma-
tion-controlled conformational change model; Fig.
7). We make the following assumptions.

(I) bR can take two conformations, the E confor-
mation and the C conformation. The E and C con-
formations represent the protein structures whose
proton access channel is open to the extracellular
and the cytoplasmic side, respectively. There are
two sub-states (M, and N) in the C conformation.

(IT) The E conformation makes the pK, values of
the Schiff base and Asp96 high, while the C confor-
mation lowers both. In other words, the global con-
formation determines the local environment.

(IIT) Deprotonation of the Schiff base brings about
the E to C conformational change, while reproton-
ation of the Schiff base causes the C to E conforma-
tional change. In other words, the local environmen-
tal changes affect the global conformation.

Based on these assumptions, the molecular mech-
anism of the proton pump is explained as follows.
The proton transfer from the Schiff base to Asp85 is
induced by photoisomerization of retinal. Deproton-

(b) hv\l/
i

All-trans 13-cis All-trans
Chromopht‘)re
Asp96 H? Asp96(H? Asp96~ | Asp96()
SB 1) SB SB | sB
Asp85- | (1) Asp85® Asp85H) (3) _ Asp85
Local Structural Changes
(4)

E conformation

2
M-type -——(—2—) N-type
C conformation

E conformation

Global Structural Changes

Fig. 7. Model of the proton pump of bacteriorhodopsin. (a) Schematic picture and (b) the relationship between the local proton trans-
fers and tertiary structural changes during photocycle. The vertical bar in each column in (b) indicates the transition from the state

shown in the left-hand side to the state in the right-hand side.
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ated Schiff base induces the E to C conformational
change (process (1) in Fig. 7b). At the M, stage, the
direct interaction between Asp96 and Schiff base is
established, which suppresses the proton release to
cytoplasm. Opening of the cytoplasmic channel de-
creases the pK, of Asp96, and the proton is trans-
ferred to Schiff base (process (2)). Reprotonated
Schiff base induces the C to E conformational
change (process (3)). The closure of the cytoplasmic
channel makes the microenvironment of Asp96 hy-
drophobic, which causes the reprotonation of Asp96
from the cytoplasm (process (4)), and then the orig-
inal state is recovered. The essence of this model is
that the local chemical reaction such as proton trans-
fer and the global conformational change are closely
interrelated as introduced in the assumptions.

Haupt et al. proposed a model with a combination
of isomerization, active side switching and ion trans-
fer (IST model) [38]. Isomerization triggers both
switch (protein conformational change) and transfer
(local reaction) [38]. They supposed that the switch
and the transfer are under independent kinetic con-
trol [38]. In contrast, the studies on D85N mutant
bR had indicated that the deprotonation of the Schiff
base and the protein structural change are closely
related [20], suggesting that switch and transfer are
interrelated. Subramaniam et al. described a similar
model, with the assumption that the two conforma-
tions are essential components for the proton trans-
port [22]. They also consider that retinal configura-
tion is an important element [22]. They do not refer
explicitly to the interrelationship between local reac-
tion and global conformation. We would like to con-
clude that the close interrelationship between the lo-
cal reaction and the global conformational change is
quite plausible and rational, if we consider the hier-
archical protein structure.

During preparation of this review, the crystal
structure of the M (MN) intermediate of bR has
been solved by X-ray crystal analysis [23]. The struc-
tural changes near the G and F helices are clearly
observed in the crystal structure. In the future, it is
expected that structures to atomic resolution will
provide us more precise information about the local
changes at each intermediate. However, there are
some discrepancies between the crystal structure
and the predicted structure based on the low-resolu-
tion technique. We should be careful to interpret the

structure under physiological conditions and the
structure in crystal packing. As shown above, low-
resolution techniques provide us with an essence of
global conformational changes, which should be ex-
plained based on the crystal structure. The knowl-
edge and conceptual model introduced here should
be valuable for the better understanding of the pro-
ton pump mechanism.
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