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The light-induced mechanism for proton pumping of bacteriorhodopsin was studied by
Fourier transform infrared spectroscopy of the discrete sequential intermediate states, L,
M, and N. Attention is focused on L in the early microsecond time range, as a transition state
in which the Schiff base forms strong H-bonding with a water molecule coordinated with
Asp85. This structure leads to transfer of the Schiff base proton to Asp85 in the L-to-M
process, which then triggers proton release from Glu204 to the extracellular surface. H-
bonding of Arg82 and water molecules are involved in this process. Chloride can replace
Asp85 in the D85T mutant, and this anion will be then transported instead of a proton. In
L, structural perturbations are induced also around Asp96, through a string of H-bonding
mediated by internal water molecules and peptide carbonyls in helices B and C, and Trp182
in helix F. These may cause the structural changes that occur later in the M-to-N process.
Similar interactions, through internal water molecules and the peptide bonds in helices B
and C, take place in bovine rhodopsin. They transduce changes across the membrane from
the Schiff base to the cytoplasmic surface, where the activation of the transducin occurs.
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Bacteriorhodopsin and its photointermediate

Bacteriorhodopsin i8 a transmembrane heptahelical
protein (molecular weight of about 26,000) with a retinal
bound to the &-amino group of Lys216 via a protonated
Schiff base (Fig. 1). The protein can conceptually divided
into the extracellular and cytoplasmic domains by the
polyene chain of the retinal that lies nearly parallel with the
two membrane surfaces. Polar amino acid residues are
more abundant in the extracellular domain, while the
cytoplasmic domain is largely composed of hydrophobic
residues (I). The retinal chromophore is a mixture of
all- trans and 13- cis, 15-8yn isomers in the dark. Illumina-
tion converts all of the chromophore to the all-trans form,
the “light-adaptation process” (2).

Only the all- trans bacteriorhodopsin in the unphotolyzed
state (BR) transports protons in the reaction cycle induced
by light absorption. The intermediates named J, K, L, M,
N, and O in this order arises from the light-induced
isomerization to the 13-cis, 15-trans state (Fig. 2). The
retinal returns to the all- trans state in O, and then restores
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the initial state, BR. The cycle is completed in less than 10
ms. M is the only intermediate with an unprotonated Schiff
base. Proton moves from the Schiff base to Asp85 in the
L-to-M process and another proton moves from Asp96 to
the Schiff base in the M-to-N process (3-6, reviews).

It is more advantageous to study bacteriorhodopsin than
other functional proteins because these discrete intermedi-
ate states can be distinguished over a picosecond to
millisecond time range. Structural analysis of these inter-
mediates by spectroscopic methods can reveal the chemical
processes for the functions. K is present up to nanosecond
range, L is in the early microsecond range, M occurs up to
several milliseconds and N and O arise directly afterward.
All of these states are in equilibrium with each other except
for two M species at neutral pH, M, and M, (4). This
irreversible step prevents the reverse flow of protons.
Difference spectra upon formation of most of these inter-
mediates were recorded by time-resolved spectroscopy and
also in a conventional spectrometer at 80 K for K, 170 K for
L, 230K for M, and 274 K for N (6). The spectrum of O can
only be obtained by time-resolved manner (7). These
intermediates were defined first by visible spectra, but
more unequivocal assignments can be achieved by FT-IR
spectra (6).

FT-IR spectroscopy

FT-IR (Fourier transform infrared) studies have reveal-
ed the protonation states of carboxylic acid residues, H-
bonding changes in water, peptide carbonyls, and others
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Fig. 1. Seven helices of bacteriorhodopsin with important
residues for the function.
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(6). These residues have important roles in the functions.
Chemical bonds involved in the function of proteins, such as
O-H, N-H, and C=0, are polar in nature, and undergo
changes in polarity and H-bonding during reactions. Such
changes are favorably picked up by difference FT-IR
spectroscopy as intensity and frequency changes, as shown
for the L. minus BR spectrum as an example (Fig. 3). The
large shifts of the frequency that depend on the protonated
states of carboxylic acids and the Schiff base in the consecu-
tive intermediates allow depiction of the proton transfer
pathways. Diffraction studies, with cryoelectron micros-
copy, of the tertiary structure of the unphotolyzed state of
bacteriorhodopsin (8) are useful to supplement the knowl-
edge of the intermediates provided by those FT-IR studies.
The results at 3 A resolution that will be published in near
future (9) must be useful for better understandings.

One of the restrictions in recording FT-IR spectra is that
the water content of the samples has to be reduced but to an
extent that does not cause kinetic defects for the intermedi-
ates concerned. Usually, we do it by adding a controlled
amount of water to air-dried films and examining the
absorbance around 3,300 cm™' of the O-H stretching
vibrations of water. For the recordings of L and M, the
water content is adjusted to about 50%. Under these
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Fig. 2. Photointermediates of bacterforhodopsin and their structures. See the details for the text.
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Fig. 3. L minus BR spectrum of bacteriorhodopsin.

conditions, we obtained the same kinetic behavior for L in
the film as that in the suspensions at room temperature. For
the recordings of the spectral changes in N and O, we have
to add water to more than 70% (10}, because the decay of
the precedent intermediate M is slowed under the condi-
tions used for L and M.

L as a transition state

The proton of the Schiff base is transferred to Asp85 in
the L-to-M process (Fig. 2). The Schiff base N-H of BR is
directed toward Asp85 in the extracellular domain (3), and
connects to it with very weak H-bonding interaction (11). If
restriction by the protein were absent, the photoisomeriza-
tion of the retinal would force the direction of the Schiff
base N-H to change to the opposite side from Asp85.
However, the proton transfer from the Schiff base to Asp85
in the L-to-M conversion requires that the Schiff base N-H
remains connected to Asp85 even in L. This concept has
induced us to study the structure of L, as the most crucial
and intriguing state for the subsequent reactions.

For the proton transfer from the Schiff base to Asp85, the
most immediate reaction after L, the interaction of the
protonated Schiff base with Asp85 is necessary. Indeed, the
protonated Schiff base forms first strong H-bonding in L as
reflected in the N-H in-plane bending vibration of the Schiff
base at higher frequency than in either BR or K (12).
Distortion of the retinal close to the Schiff base is revealed
by the smaller intensity of the in-plane bending vibrational
band of C,s-H in L than N (10). This is the structure that
allows the Schiff base N-H to connect to Asp85 in L.
Distortion close to the Schiff base has already begun in K,
as revealed by the presence of C,5-hydrogen out-of-plane
(HOOP) bands at 960 and 985 cm™' (13). Among them, the
960-cm™! band prevails in K. In the 10 ns time range this
state changes to the other K-like state, KL, in which the
985-cm™' band is more intense (14). The corresponding
band of C,;-HOOP is further shifted to higher frequency in
L (12).

Structural changes of water were disclosed by difference
FT-IR spectroscopy upon the photoreaction (15). A water
molecule with its O-H stretching vibration at 3,643 cm™'
(Fig. 3) was found complexed with Asp85 (11). Upon L
formation, this O-H forms stronger H-bonding with
Asp212, which is located close to Asp85 (16). This complex
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structure includes the water molecule that is linked to
Asp85, Asp212, and the Schiff base, and induces distortion
in the retinal. The most important contribution in this
structure must be the strong H-bonding of the protonated
Schiff bage. The intervening water molecule may be impor-
tant also for the separation of the positive charge of the
protonated Schiff base and the negative charge on Asp85
(17). Such a distorted structure would induce the proton
transfer by decreasing the pK, value of the Schiff base (18,
19). Transfer of its proton to Asp85 causes the neutraliza-
tion of these electric charges, and inevitably releases the
distorted structure around the Schiff base. It results in
relaxed structure in M, and even in N with a reprotonated
Schiff base. Thus, the Schiff base no more drives proton
transfer reactions in M and N, and the large protein changes
inherent for N have to be induced by continued structural
changes that already started in L. Such an L-to-M process
cannot be reversed, and comprises part of the switch for
unidirectional proton pumping (4).

Molecular dynamic calculations based on the old Hender-
son model (1) by Humphrey et al. (20) have proposed a
possible structure for L, in which the Schiff base N-H in a
distorted chromophore points parallel to the membrane
plane and is connected to Asp85 through a water molecule.
Upon formation of M, the unprotonated Schiff base nitro-
gen turns its lone pair to the side opposite from Asp85 (21).

Structure around the Schiff base and chloride trans-
port

The negative charge of Asp85 has the role to compensate
the positive charge of the Schiff base. Its replacement by
neutral amino acids, like threonine or asparagine, causes an
imbalance of electric charges around the Schiff base.
Consequently, the absorption band in the visible spectrum
is shifted to the red, and proton pumping activity is
abolished due to lack of an acceptor. Photoreaction pro-
duces an L-like state but the distorted structure of L is lost
due to the absence of interaction with the negative charge of
Asp85 (11). Addition of chloride restores the absorption
spectrum to its original shape, and a normal L forms (22).
In the case of D85T mutant, chloride transport was ob-
served in the same direction as halorhodopsin (23),
although no similar activity was detected in the D85N
mutant. This may be related to the fact that the corre-
sponding residue in the chloride pump, halorhodopsin, is
threonine (24). Thus, the replacement of a single residue at
the active center changes the proton pump to a chloride
pump. If the counterion is a fixed anion, bacteriorhodopsin
works as the proton pump, and if the counterion is a mobile
chloride, it is transported by this protein. Analysis of the
FT-IR spectra shows that a water molecule is present

between the Schiff base and the bound chloride, that.

undergoes H-bonding change upon L formation (22), as the
water molecule between the Schiff base and Asp85 in the
wild type.

The mechanism of chloride-transport in bacteriorhodop-
sin can be depicted on the basis of proposed mechanism on
chloride transport in halorhodopsin (25, 26). Chloride is
fixed to the Schiff base with the aid of Arg82. Upon light-
dependent isomerization of the retinal, the chloride is
brought to the cytoplasmic side, where no complementary
positive charge of Arg82 is present, by complexing with the
Schiff base and eventually released into the cytoplasmic
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half (27). Reisomerization to the all-trans form occurs in
this chloride-free state (25). The binding of another chlo-
ride from the extracellular medium then resets the system,
and completes the cycle for chloride transport.

Long range interaction between Asp85 and Asp96in L

Perturbation around Asp96 (28, 29) is the next issue in
L. This may relate to deprotonation of this residue in N at
the remote site from Asp85 on the cytoplasmic side. The C=
O stretch of Asp96 shifts from 1,742 to 1,748 cm™! (Fig. 3)
by rendering H-bonding weaker upon L formation. T46V
makes this H-bonding further weaker (30). This indicates
close interaction of Thrd46 with Asp96. Flash-induced
absorbance changes in the microsecond time range indicate
that T46V accelerates the proton transfer from the Schiff
base to Asp85, and the normal rate for the proton transfer
is restored with the additional D96N mutation in T46V/
D96N (30). These results strongly imply long range inter-
action between the regions of Asp96 and Asp85. The
question of what the structural connection between these
two residues must be asked.

FT-IR spectra can detect changes in H-bonding of the
peptide C=0 (amide I). The amide I bands at 1,618 (—) and
1,625 (+) cm™' in the L minus BR spectrum were iden-
tified as the peptide C=0 of valine residues by their specific
13C labeling (31). In general, peptide carbonyl bands cannot
be identified by mutations, because they are in principle not
affected by changes in the side chain. Indeed, site directed
isotope labeling was needed for the assignment of a particu-
lar band to the peptide carbonyl of Tyr185 in N (32).
Though the V49A mutation has no influence, in V49M the
intensities of these bands are decreased. These peptide C=
O bands are ascribed to the carbonyl of Val49 (31).

The L minus BR spectrum exhibits O-H stretch bands
for water at 3,643, 3,607, and 3,577 cm™' for BR (Fig. 3).
The number of water molecules involved is one or a few for
each band, judging from the molar extinction (15, 30, 31).
Among them, the 3,643 cm™! band is attributed to a water
molecule present close to the unprotonated Asp85 because
it is absent in D85N (11). The 3,607 cm™ band is ascribed
to a water molecule close to Asp96 because it is absent in
D96N (30), and the 3,577 cm~' band to the water molecule
close to the peptide carbonyl of Val49 because in V49M it
is absent, together with decrease of its carbonyl intensity
(31). The T46V mutation abolishes the two bands at 3,607
and 3,577 cm™' together (30), suggesting that Thr46 is
located at a key position for these two water molecules. The
V49M and V49A mutations also affect the intensity of the
water O-H stretch at 3,643 em™! (31).

These results are explained in Fig. 4. The peptide C=0 of
Val49 forms H-bonding with a water O-H, and this water
molecule is further connected to the water molecule com-
plexed to Asp85. On the basis of the fact that V49A and
V49M also influence the C=0 of Asp96 in the opposite,
cytoplasmic side, we can depict a structure with H-bonding
interactions of the side chain of Thr46 with the C=0 of
Asp96 in the one hand, and the peptide N-H of Val49 in the
other. Water molecules intervene in these H-bonds. This is
the structural basis for the key role of the peptide bond of
Val49 in long range interaction from Asp96 to Asp85
containing water. All of these water molecules form
stronger H-bonding upon L formation as evidenced by
shifts of the O-H stretch toward lower frequency, suggest-
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ing their important structural role (31).

Transfer of the proton of the Schiff base to Asp85 upon
conversion to M collapses this complex around the site close
to Asp85. Namely, the strong H-bonding of the Schiff base
N-H with the protein is abolished, and the nitrogen of the
unprotonated Schiff base directs its lone pair to the side
opposite from Asp85. Distortion in the retinal is thus
abolished. This can be one of the switch reactions in the
unidirectional proton pumping (4, 33). Molecular dynamics
calculations show that one of the water molecules is present
close to Asp85 in L moves far from it and makes some
connection with residues in the cytoplasmic side (21).
Instead of weakened H-bonding of the water molecule, the
C=0 of Asp96 acquires strong H-bonding (34). These would
be involved in the mechanism for the deprotonation of
Asp96 and the reprotonation of the Schiff base in the
M-to-N conversion.

Interaction of Trp182 in helix F with the retinal

L shows also increase in intensity of the N-H stretching
vibrational band at 3,486 cm™' (Fig. 3). This band is shifted
in (indole-'*N]-labeled bacteriorhodopsin (35). It is as-
signed to Trp182, because this band vanishes in W182F
(36). The indole of Trp182 is interacting with the 9-methyl
group of the retinal because the N-H stretching vibration of
this band decreases in intensity if the retinal is replaced by
9-desmethyl retinal. The increase in the intensity of this
band must be the result of electric interaction of the indole
with the retinal through the 9-methyl group. This interac-
tion favors the proton transfer from the Schiff base to
Asp85 in the L-to-M process (36).

) 0

O H”'o (1111 H+ / N
H, O N
,/I,
o,
o N
Asp85

Helix-B Helix-C

Fig. 4. H-bonding network from Asp85 to Asp98. Water
molecules and peptide carbonyls are emphasized.
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The interaction is seen in L but not in M and N (35).
Nevertheless, large conformation distortion of N is induced
in helix F (37), in which Trp182 is included. This suggests
that the origin of the conformation distortion in N has
already begun in L. Molecular dynamics calculation of M
suggests a distorted structure for Trpl82 (21).

H-bonding network in the extracellular domain

The next topic is the H-bonding network of water from
Asp85 to Glu204, the proton releasing residue at the
extracellular surface in M (Fig. 2). The proton transferred
from the Schiff base to Asp85 remains at this residue.
Therefore, the proton release to the covalently attached
dye on the extracellular surface, observed with a slight
delay to the protonation of Asp85, must occur from another
gite (38). Glu204 has been proposed to be this site as
revealed by a markedly delayed proton release in E204Q,
and by normal releasing kinetics in E204D (39). The
mutants of Arg82 also exhibit a similar delay in the proton
release (40). However, Arg82 is not necessary for proton
release (41, 42). Rather its positive charge is proposed to
enhance the proton release from Glu204 when the Schiff
base is uncharged. Under these conditions Arg82 allows
either Asp85 or Glu204 to become deprotonated (42).
FT-IR studies have shown the deprotonation of Glu204 in
the L-to-M process (39) for the proton release, though the
smaller intensity of this band in comparison with other
carboxylic acid residues implicates an H-bonding network
that includes this residue. A small water O-H band at 3,625
cm™! in the M minus BR spectra is absent in the mutants of
Glu204 (39) and Arg82 (43). This indicates the presence of
water molecules in the Arg82-Glu204 region and that they
undergo structural changes upon M formation, or may even
deprotonate.

In a simple model based on electrostatic interactions, the
protonation of Asp85 results in the deprotonation of
Glu204, which in turn stabilizes the protonated state of
Asp85. This blocks the reverse flow of the proton, ensuring
the one-way proton transport (33). This would explain the
effects of Arg82 on the proton release. However, it is
possible that the guanido N-H of Arg82 may mediate this
interaction through H-bonding between Asp85 and Glu204
(43).

The water molecule close to Asp85 exhibits an O-H
stretch at 3,643 cm™' in BR (Fig. 3). This band is shifted by
5-7 cm™! toward lower frequency in the mutants of Arg82
and Glu204, suggesting that an H-bonding system is con-
nected to the water molecule close to Asp85 in BR. In
contrast, the water band at 3,671 cm™' in M is neither
affected by the mutation of Arg82 nor Glu204. This water
molecule must be located in the cytoplasmic side of the
membrane (43).

Protein changes in the last photocycle steps

N is formed from M by proton transfer from Asp96 to the
Schiff base, resulting in the reprotonation of the Schiff base
and deprotonation of Asp96 (Fig. 2). This is first suggested
by kinetic studies by use of D96N (44), and then confirmed
by the difference FT-IR spectrum upon N formation (10).
The protonated Asp85 is in a more polar environment in N
than M, as evident from the shift of the C=0 stretch of
Asp85 from 1,762 to 1,755 cm™'. Stronger H-bonding
formation also occurs in several peptide carbonyls. The
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same environmental changes of the carbonyls of Asp85 and
the peptide bonds are induced even without reprotonation
of the Schiff base in a state named My, in which the
chromophore is like an M-like state but the protein part is
already in the N state (45). The structure of the chromo-
phore around the protonated Schiff base is already in a
relaxed state in N in contrast to the distorted structure in
L (10), and the Schiff base is no longer involved in inducing
structural changes. The perturbation of Asp85 is probably
mediated by the H-bonding string from Asp96, because
azide-mediated reprotonation of the Schiff base is depen-
dent on the residue at position 96 (46). Diffraction studies
on N indicate the tilting of the cytoplasmic half of helix F,
as in My (37). This seems to be already triggered in L,
because Trpl82 in the cytoplasmic side of the helix F
interacts with the 9-methyl group of the retinal (36).

The next event in the proton pumping process is the
reprotonation of Asp96 through multiple residues from the
cytoplasmic surface (47, 48). The reisomerization of the
retinal to the all-trans form is a prerequisite for the
restoration of the original state. The all- trans intermediate
thus formed is O. The chromophore contains a twisted chain
close to the Schiff base, and forms strong H-bonding (49),
probably with a residue other than the protonated Asp85
because the C=0 stretching frequency of Asp85 remains
unchanged in the N-to-O process (7). It could a system
including Tyr185 because Y185F shows a very long life
time of O and abolishes the twists around the Schiff base
(7). Such structure then induces the proton transfer from
Asp85 to Glu204 as the final resetting reaction (50).

Common mechanism in rhodopsin

The results described above have shown the structural
roles of internal water molecules and peptide bonds in the
function of bacteriorhodopsin. It is intriguing to explore the
possibility of a similar mechanism in a related protein that
is a G-protein coupled receptor. Rhodopsin as the vision
receptor is the most characteristic among these. It is also
transmembrane heptahelical protein, and contains 11-cis
retinal attached to Lys296 with the protonated Schiff base
(Fig. 5). A series of intermediates is produced by the
light-dependent isomerization to the all-trans form. Meta-
rhodopsin II (Meta II) is formed from metarhodopsin I
(Meta I) with proton transfer from the Schiff base to
Glul13 (51). Its formation is accompanied by the uptake of
a proton through Glul34 on the cytoplasmic surface, as a
reflection of a pH-dependent equilibrium with its precur-
sor, Meta I (52). Such protonated Meta II is responsible for
the GTP-GDP exchange in the a-subunit of G-protein,
transducin (Ta) (53). The Ta-binding GTP then activates
cyclic GMP-phosphodiesterase, finally leading to changes in
electric properties of the plasma membrane of the rod outer
segments of retinae.

Difference FT-IR spectra were obtained for the late
intermediates, Meta I and Meta I1, as well as earlier ones,
bathorhodopsin (Batho) and lumirhodopsin (Lumi). One of
the characteristic features in the chromophore of Batho is
twists in the polyene chain, as reflected by strong HOOP
bands in the resonance Raman spectrum and the presence
of perturbation of a negative charge close to C,.-H, as
reflected by the uncoupled C,,-HOOP at 921 cm™' (54). The
same bands were detected also in FT-IR spectra (55). We
have further characterized the HOOP bands of Lumi, and
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Fig. 5. Seven helices of bovine rhodopsin with important
residues for the function.

Meta I. The perturbation of the negative charge is lost in
Lumi and Meta I, as envisaged from the presence of the
coupled band of C,,-HOOP and C,;-HOOP at 950 cm™!.
Although Lumi and Meta I resemble each other, the 886
cm™! band of C,,-HOOP in the C,,-D derivative of Meta I
is not observed in Lumi. Since the C,,-HOOP band gains
intensity influenced by the neighboring polar Schiff base N-
H, its absence must be the result of the twist of the retinal
around the Schiff base. Thus, Lumi is distorted around the
Schiff base but Meta I is not (56). This is analogous to L of
bacteriorhodopsin as the transitional state with a distorted
chromophore. The corresponding lumirhodopsin and meso-
rhodopsin of octopus rhodopsin are alse shown to have
distorted Schiff base linkages (57). Studies on invertebrate
rhodopsin are also useful to explore the role of the interac-
tion of the Schiff base with the counterion. There is no such
counterion residue in octopus rhodopsin. The Schiff base is
complexed with a water molecule after the photoreaction,
and these water and peptide carbonyls are involved in
stabilization of the protonated Schiff base in acid-meta-
rhodopsin (57), which is supposed to be the signaling state
to the specific G-protein, Gq (58).

H-bonding changes in water molecules were examined
for these intermediates. Stronger H-bonding forms in the
photochemical reactions to Batho (59), Lumi, and Meta I
(60). The structural changes of a water molecule were
suggested to occur around the Schiff base upon Batho
formation (59). For air-dried rhodopsin film with water
content less than 15%, the conversion from Lumi to Meta
I becomes extremely slow and Meta II does not appear
(61). We used this system to examine the relation of
internal water molecules in the membrane to the process
from Meta I to Meta II. Under these conditions, perturba-
tion of the carbonyl of Glul22 does not occur, and the
relaxation of the twist in the Schiff base region of the
chromophore typical for Meta I is also absent, Meta I
exhibiting features similar to those of Lumi (61). Thus, the
blockage of the relaxation around the Schiff base with the
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depletion of water inhibits the structural changes in the
intramembrane residues around Glul22, and the eventual
conversion to Meta II, which requires the structural
changes in the cytoplasmic side. The transmembrane
pathways of H-bonding strings through helices B and C are
thus implicated to be common for bacteriorhodopsin and
rhodopsin.

Activation of transducin occurs on the surface of Meta I1.
It is known that the equilibrium between Meta I and Meta
II shifts to Meta II when transducin is present. If GTP
binds to the «-subunit, the equilibrium reverses with an
accompanying release of Ter. We used this system to detect
the changes upon binding of T« to Meta II (62). No changes
in internal carboxylic acids like Asp83, Glu122, and Glu113
occur. Only the protonation of a small fraction of carbox-
ylate, presumably Glu134, was observed. Strengthening of
H-bonding of one or a few peptide carbonyls is the most

significant change.
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