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ABSTRACT. The effects of replacing Val49, Thr46, Asp96, and Phe219 in the cytoplasmic domain of
bacteriorhodopsin on water-H stretching vibrational bands and the amide | and imide Il bands of the
peptide backbone were examined in the M, N, and iftermediates. This study is an extension of
previous work on the L photointermediate [Yamazaki, Y., Tuzi, S.,"S&ltpKandori, H., Needleman,

R., Lanyi, J. K., and Maeda, A. (199@iochemistry 354063-4068]. The O-H stretching bands at

3671 cntlin the M intermediate and at 3654 cinin the N intermediate are shown to originate from the
same water molecule. ltis located in the region surrounded by the Schiff base, Val49, Thr46, and Phe219
in the M intermediate, and moves closer to Val49 in the M to N reaction. The peptitie®nd between

Val49 and Pro50 and the=€0 bond of Val49 undergo perturbations upon formation of the N intermediate
but not the M and N-like M states in which the Schiff base is unprotonated. The carbonyl oxygen of
Val49 is proposed to be the acceptor in H-bonding with the protonated Schiff base in the N intermediate.
The results suggest that water molecules may be involved in this interaction in the cytoplasmic region,
and may play a role in the accessibility change of the Schiff base in the L to M to N photocycle steps.

Bacteriorhodopsin is a protein present in the purple The O-H stretching vibrational band of water at 3643
membrane oHalobacterium salinarium Using light energy cmtin the unphotolyzed state is absent in the L minus BR
absorbed in the retinylidene chromophore attached to Lys216spectrum of the D85N mutant protein. Hence, it was
through the protonated Schiff base, it carries out unidirec- ascribed to a water molecule present close to Aspg5The
tional transport of protons across the membrane. Bacteri-same band is also affected by mutations of various extra-
orhodopsin, containing thell-trans-retinal chromophore  cellular regions, Asp2124§, Arg82 (&), Trp86 ©), Tyr57
(BR),! undergoes a cyclic photochemical reaction with a (7), and Glu204 §). The structural features of this water
series of intermediates called J, K, L, M, N, and O, and molecule have been elucidated on the basis of the orientation
finally returning to the initial BR statelj. The proton angle of the G-H bond of this water moleculed] and of
pumping function of bacteriorhodopsin is coupled to this the atomic coordinates by Grigorieff et allQj for the
photocycle. Proton release is coupled to proton transfer fromresidues that surround it: the Schiff base, Asp85, Asp212,
the Schiff base to Asp85 in the L to M process, and the and Trp86. A recent X-ray diffraction studg1) has shown
subsequent uptake from the opposite side is induced by thethat among eight water molecules one is located close to
reprotonation of the Schiff base by the protonated Asp96 in the Schiff base but clearly not to Asp85. It also shows a
the M to N process. How access is switched in these two pocket including water molecules in the space surrounded
directions is the most important problem in studying this by Asp85, Asp212, Tyr57, and Arg82. The water molecule

protein. This event can be revealed by analyzing the that is affected by the mutation of Asp85 could be one of
structure of the L, M, and N intermediates, which are these water molecules.

distinguished by steady-state spectra at low temperatures or
time-resolved spectra. Fourier transform infrared spectro-
scopy is one of the most useful metho@. (

The Schiff base, together with this water molecule, forms
strong H-bonding with Asp85 upon formation of I3)(
Molecular dynamics calculations have proposed its possible
t This work is supported by grants from the Japanese Ministry of Structure, indicating distortion around the Schiff base in the
Education, Culture and Science to A.M. (06404082) and H.K. chromophore 12). This structure further extends to the
(09833002, 09235213). Y.Y. is supported by a research fellowship from region of Asp96 in the cytoplasmic domain through the
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unprotonated Glu204 upon proton release to the extracellular | ! ! |

surface 15) and (b) the low dielectric environment around 1761 Ay N 1186 {a) Wikd
Asp85 established in the M staté6). The former might MW / W oA
be mediated by water molecules present between Asp85 and l W /Y () vasa
Glu204 6, 8). The latter might be brought about by loss of "V ﬁ;fv
the water molecule which had been complexed with the . Ao 1 /] Py il H WWV@WQM
unprotonated Asp85 in the L intermediate. The reprotonation P, | \A\/JVV \ 1524 W @ Te6v
of the Schiff base should be accomplished after its acces- .= {2 A | "

E MUVAY #531 '
sibility to the protons changes at the cytoplasmic sitig ( a | \\ W @ FateL
18). Nevertheless, the H-bonding groups with the Schiff base w\l\/\/ i
in the N intermediate have never been examined. Some PV
insight is provided by the fact that the decay of the M 7 e |1 -
intermediate becomes slower with increasing dehydration
(19, 20. This suggests the necessity of internal water _ | | , , -
molecules for the stabilization of the protonated state of the 1800 1600 1400 1200 1000 800
Schiff base in the N intermediate and for the stabilization of Wavenumber (cm™)

the anionic state of Asp9@{, 23. In a previous FTIR study FicUrRE 1: M minus BR spectra in the 186@00 cnt? region for

for the L intermediate, we had observed water molecules the wild-type (a), V49A (b), V49M (c), T46V (d), and F219L (e).
which are present between the peptide carbonyl of Val49 One division of the ordinate for (a) corresponds to 0.02 absorbance

and the protonated Schiff basey. The present study deals unit. The other spectra are scaled to (a) for comparison.
with the effects of the mutations, which change the residues RESULTS
in the cytoplasmic domain, on the internal water molecules
and the peptide backbone during the formation of the M and FTIR Spectra of the Mutant Proteind=igure 1 shows the
N intermediates. A possible structure around the Schiff baseM minus BR spectra of the wild-type (a), V49A (b), V49M
in the N intermediate is proposed. (c), T46V (d), and F219L (e). The negative bands at 1201
MATERIALS AND METHODS and 1167 cm?, together \{vith the absence of the nega_ltive
band around 1186 cm, indicate that the photoreaction
The mutants .Of T4§V' T46V/D96N.’ D%N’ V49A_" and  ooyrred only from the all-trans species. All spectra exhibit
V49M are identical with those used in earlier studlés,( the positive G=O stretch band of Asp85 at 1761 chwhich
14). F219L was con;sstructed by the method previously s ynical of the M intermediate. Both V49A (b) and VA9M
described 23, 24. [1-"°C]-Val-labeled bacteriorhodopsin ¢y exhibit lowered intensity for the 1254 ciband. It is
was prepared as described previoudig)( composed of two bands, one of which is sensitivéHgO
Bacteriorhodopsin in the purple membrane of these substitution and assigned to the combined mode of theiN
mutants and the wild-type was prepared by the standardand Gs—H in-plane bending vibration28). The V49A (b)
method £5). Films of the sample were prepared by drying and V49M (c) mutations shifted it to 1247 ctn This could
in a vacuum a 4QuL aliquot of the purple membrane arise from the perturbation of the-NH bond of the Schiff
suspension (&snm= 3—4) in 0.005 M borate buffer (pbH  base from steric interaction between the side chains of
10) on a Bak window with a diameter of 18 mm, and then Lys216 and Val49 Z9). The assignment of this band to
hydrating with~1 ulL of water. The films at neutral pH  methylene vibration of lysine3Q) is applicable to the other,
were prepared from suspensions in water. The hydrated?H,0-insensitive band. The negative=C stretching bands
films were mounted in an Oxford DN1704 cryostat. Dif- of V49A (b) and V49M (c) are located at 1524 and 1531
ference FTIR spectra were recorded in a BioRad FTS-60A/ cm™?, respectively, in contrast to that of the wild-type at 1527
896 spectrometer as the difference before and after thecm1. They reflect slight shifts in the visible spectra of these
illumination from a 1 kWhalogen-tungsten lamp. The M mutant proteins, in accordance with the well-known linear
minus BR spectrum was obtained from films at pH 10 and relationship of the ethylenic stretch frequency and the
230 K by four alternate illuminations witlr 500 and 420  absorption maximum in the visibl&1).
nm light for 60 s. These conditions are not sufficient for  Figure 2 shows the N minus BR spectra of the wild-type
establishing the photosteady state. Illumination of the film (a), V49A (b), V49M (c), T46V (d), and F219L (e). The
at 273 K with>500 nm light for 30 s yielded predominantly C=O0 stretching band of Asp85 at 1754 cinthe amide |
N intermediate with small amount of the M intermediate. bands of 1669<) and 1648 4) cm™?, the amide Il band at
These decayed in less than 5 min. The illuminations and 1556 (+) cm™%, the Gs—H in-plane bending band at 1400
the recordings at intervals of 10 min were repeated, and 10and 1302 cm?, and the G-C stretching vibration at 1186
difference spectra were averaged. From it the M minus BR cm™ are typical for the N intermediate26, 27). The
spectrum was subtracted so as to delete the 1761 band negative G=C stretching band at 1525 ctof the wild-
due to the protonated Asp85 in the M minus BR spectrum. type (a) appears at a slightly lower frequency than the
The shape of the N minus BR spectrum in the 18800 corresponding band in the M minus BR spectrum at 1527
cm! region was almost identical with that previously cm™, due to cancellation with a positive band, presumably
recorded for highly hydrated film6, 2. The N minus located at 1530 cnt as deduced by the resonance Raman
BR spectrum at neutral pH was obtained in the same way spectrum 82). The C=C stretching band of the N inter-
from the spectrum recorded at 265 K. The intensities of mediate of V49M may cancel the corresponding negative
the negative bands at 1201 chhave been adjusted in all band at 1531 crt, which was detected in the M minus BR
the spectra presented in the figures. spectrum of V49M (see Figure 1c). The lower intensity of



Interaction of Schiff Base in Bacteriorhodopsin

| | | |
1556
1

1 6‘48

1400

1302 11|86

1754 /|\ I | A (a) Wild
G TR v N A7 e
e A
\ . VANV f\
& R RaVAN
S W TN VR
o VT VAN oy
E \,\lf A\[mg | | XY'
| (WAV: 1 ,\/\’\/\ [\ (o Ta8V
il sl M
L NV
I v A
1201

1400 1000 800

Wavenumber (cm'1)

1800 1200

FiIGURE 2: N minus BR spectra in the 186@00 cnt? region for

the wild-type (a), V49A (b), V49M (c), T46V (d), and F219L (e).
One division of the ordinate for (a) corresponds to 0.04 absorbance
unit.
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FIGURE 3: M minus BR spectra in the 375550 cnt? region

for the wild-type (a), V49A (b), V49M (c), T46V (d), T46V/D96N
(e), and F219L (f). The dashed line in (a) shows the spectrum
recorded in H'¥0. One division of the ordinate for (a) corresponds
to 0.005 absorbance unit.

this negative band could be accounted for also by the
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Ficure 4: N minus BR spectra in the 375@550 cnt? region for

the wild-type (a), V49A (b), V49M (c), T46V (d), F219L (e), and
D96N (f). The dashed line in (a) shows the spectrum recorded in
H>180. One division of the ordinate for the solid line in (a)
corresponds to 0.005 absorbance unit.

the additional replacement of Asp96 were observed for the
rate of the Schiff base deprotonation in the L to M process
(13) and for the structural changes of the hydrated peptide
carbonyl of Val49 14). The effects of T46V might be due
to local structural alterations by the perturbation of the
peptide carbonyl of position 46, Val483). In F219L, the
3671 cnt! band completely disappears, and a substitute band
appears at 3689 crhwith smaller intensity (f). These results
strongly suggest that the water molecule with the HD
stretching vibration at 3671 crhis present in the domain
surrounded by the Schiff base, Val49, Thr46, and Phe219.
The same region in the N minus BR spectra is shown in
Figure 4. The 3654 cr band in the wild-type (a), which
shifts to 3643 cm! in H,*¥0, is due to the water ©H
stretching vibration. Shifts are, however, unclear for the
broad band below 3620 crhbecause of distortion of the
base line. The 3654 cm water O-H band almost disap-
pears in V49M (c). F219L (e) shows a higher frequency
band at 3683 crrt in place of the 3654 cmi band of the
wild-type (a). These effects of the mutations to the water
O—H stretching mode are therefore common to both the M

presence of a positive band at the same frequency which isand N intermediates (see Figure 3c and 3f vs 3a), indicating

suggested by the emerging negative band at 1531 am
2H,0 (not shown). Another negative band of V49M at 1519
cm! (c) seems to be present in the wild-type (a), which

that the water GH bands at 3671 cm of the M intermedi-
ate and at 3654 cm of the N intermediate arise from the
same water molecule. In contrast to the M intermediate,

cannot be assigned at present. No significant differenceshowever, the band of T46V (d) remains unchanged at 3654

were detected in the spectra of T46V (d) and F219L (e).
Water Structural Changes in the M and N Intermediates
The M minus BR spectra in the 3753550 cnt?! region
(Figure 3) contain the ©H stretching bands of water. The
band of the wild-type at 3671 crh(a), which is shifted to
3659 cnt?! in H,'%0, does not change in the spectrum of
V49A (b) but almost disappears in V49M (c). In the

cm%, though with an accompanied band at 3675 tni
decrease in intensity is to be noted for V49A (b) in contrast
to the M minus BR spectrum, indicating that this water
molecule is more affected in V49A but less in T46V. Thus,
this water may be located more closely to Val49 in N than
in the M intermediate. D96N at alkaline pH produces the
My state, in which changes in the protein backbone occur

spectrum of T46V (d), the corresponding band appears atas the N intermediate forms but the Schiff base remains

3666 cnmtl. This change is abolished in T46V/D96N (e),
which nearly restores the original frequency at 3672 &m

unprotonated like the M intermediat27®. The formation
of the My state also causes a downshift of the-@

Similar responses to the single replacement of Thr46 andstretching band toward 3660 cin(Figure 4f), although to



1562 Biochemistry, Vol. 37, No. 6, 1998

1 | | ]

(a) Wiid
N/BR

1617 1580
I |

Diff. Abs.

I I T T
1620 1600 1580 1560

Wavenumber (cm'1)

Ficure 5: N minus BR spectrum of the unlabeled (solid lines)
and [143C]-Val-labeled (dashed lines) samples for the wild-type
(@), the N minus BR spectrum for V49A (b), the M minus BR
spectrum for the wild-type (c), and theyvninus BR spectrum for
D96N (d) in the 1636-1550 cnt?! region. One division of the
ordinate for (a) corresponds to 0.04 absorbance unit.

a slightly different extent than in the N intermediate of the
wild-type. Hence, the downshift in the N intermediate is
not the result of the protonation of the Schiff base, but of
structural changes characteristic of the N intermediate in the
protein in the cytoplasmic domain.

Peptide Backbone of Val49The previous study of the L
intermediate 14) had shown that the frequency of the=O
stretching mode of the peptide carbonyl of Val49 at 1618
cmtin the unphotolyzed state changed to 1625t L.
Changes in the carbonyls were also detected, due to th
presence of amide | bands for J3]-Val-labeled BR at 1587
(+) and 1582 ) cm™1. The spectra in the 1630550 cn1?
region are shown in Figure 5, for unlabeled (solid lines) and
[1-3C]-Val-labeled (dashed lines) samples. The N minus
BR spectrum (a) of the unlabeled wild-type (solid line)
exhibits a positive band at 1617 chand the corresponding
band in the [113C]-Val-labeled sample (dotted line) at 1580
cmL. These are ascribable to Val49, as confirmed by their

Yamazaki et al.
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FiIGURE 6: N minus BR (a) spectra in the 145350 cn1? region

for the unlabeled (solid line) and BC]-Val-labeled (dashed line)
wild-type. Differences by subtracting the spectrum of thé¥1}-
Val-labeled sample from the spectrum of the unlabeled sample for
the wild-type (b) and V49A (c). The corresponding differences of
the M minus BR spectrum (d) of the wild-type, the M minus BR
spectrum of D96N at neutral pH (e), and the Minus BR spectrum

of D96N (f). One division of the ordinate for (a) corresponds to
0.010 absorbance unit.

[1-5N]-Pro-labeled BR showed similar frequency changes
in the imide Il bands of the K minus BR spectru88( 39.

In the amino acid sequence of bacteriorhodopsin, there are
three Val-Pro sequences, Val49-Pro50, Val69-Pro70, and
Val199-Pro200. Only Val49-Pro50 is in the intramembrane
domain (0). Thus, the bands that are shifted in!fC]-

& al-labeled BR might be ascribed to the imide 1l of Val49-

Pro50. This can be confirmed from the absence of the 1432
(+) and 1418 ) cm™! bands in the spectrum of V49A (c).
The M minus BR spectrum (d) does not show these bands.
While the N intermediate of D96N (e) at neutral pH retains
the shifts, the M state of D96N (f) at pH 10 does not show
these bands. Thus, the changes in the imide Il bands are

. dependent on the protonated Schiff base.

absence in V49A (b). The absence of corresponding negativenscussion

bands is the result of an intensity increase which does not

affect the frequency. These amide | bands are observed in  The dynamic properties of the purple membrane in the

neither the M (c) nor the M state of D96N (d), indicating

normal photocycle are dependent on the temperature and

that these changes correlate with the protonation state of thenydration 85), and the conditions have to be chosen with

Schiff base.

Figure 6 shows the region between 1450 and 1350'cm
The N minus BR (a) spectrum of the ¥€]-Val-labeled
wild-type (dashed lines) exhibits differences from that of the
unlabeled wild-type (solid lines). The shifts by isotope
labeling are shown below (Figure 6ff) in spectra obtained
by subtracting the [12C]-Val-labeled spectra from the
unlabeled spectra. A bilobic feature at 1432 @nd 1418
(=) cm™! for the N minus BR spectrum (b) is ascribable
only to imide I, which is composed of the peptide-8
stretching mode between valine carbonyl and proline imide.

this in mind. Our hydrated membranes satisfy this criterion
above 230 K, where the photoreactions to the M and N
intermediates were carried out in the present study. The
spectra under physiological relevant conditidd®) @re quite
similar to those we obtained in the present study, at least in
the 1800-800 cnt? region. Time-resolved FTIR difference
spectra by use of an attenuated total reflection cell are
believed to largely conserve the biological state. The spectra
thus obtained are quite similar to those in the present study
except for differences of intensity inherent to the oriented
membrane in the film sampl&T7).

The corresponding change of the labeled sample occurs from Water Molecule in the Schiff Base, Val49, Thr46, and

1398 to 1410 cmt. These isotope shifts of about 205
cm ! are expected for a peptide bond. Previous studies of

Phe219 Regions of the M and N Intermediatds the
unphotolyzed state of bacteriorhodopsin, one of the internal
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water molecules is located in the extracellular domain carbonyl moiety, which would confer more single bond

because it is affected by mutations of Asp85, Asp212, Arg82, character to the €N bond.

Glu204, Tyr57, and Trp869J. In the L intermediate, one
of its O—H bonds forms strong H-bonding with Asp85, and
the other responsible for the-H stretching vibration band
at 3643 cm? is directed to Asp212, though with weaker
H-bonding @). The L minus BR spectrum exhibits a large
positive feature in the range between 3560 and 3450'cm
as a result of the lower frequency shifts of the 3643 tm
band @) and of the others at 3607 and 3577 ¢n(il3, 14.
The latter two are the ©H stretching modes of the water

It has been shown that the
binding of the retinal to the apoprotein of the P50A mutant
is extremely slow, while the same as the wild-type in P50G
(42). Only a glycine residue which has a wider allowed
region of dihedral angles in the Ramachandran plot can
substitute for proline. This suggests a distorted conformation
around the Val49Pro50 bond. The structure is relaxed
slightly in the N intermediate by interaction with the
protonated Schiff base, but not in the M ang, Mtermedi-
ates with the unprotonated Schiff base. Imide Il bands of

molecules that were suggested to be located at Asp96 andlyr185-Pro186, which shows a shift from 1429 to 1434
the peptide carbonyl of Val49, respectively. The X-ray cm™ in the K minus BR spectrum4@), could behave
diffraction study showed a water molecule close to Asp96 similarly, but no corresponding changes have been reported
but not to Val49 11). The relation between these residues for the N intermediate.

and internal water molecules will have to be carefully

The frequency of the amide | band in the N intermediate

examined after the coordinates by the recent X-ray and gt 1617 cm! is also quite low, as expected for the amide |

electron diffraction studies become availald#,(39. These

band of Val49 which is supposed to be in@melix. Such

water molecules comprise an H-bonding network between 5 |ow frequency had been explained as arising from the
Asp85 and Asp96 in the L intermediate. This structure was peptide bond forming two H-bonds, one with a water

proposed to be a prerequisite for the deprotonation of ASp96 molecule and the other with peptideii, presumably Ala53

in the subsequent M to N proces$4), as well as the
deprotonation of the Schiff base in the L to M proce3p (

In the M intermediate, the ©H stretching band of water
appears at 3671 crh (5, 39. This is not affected by

(14). The absence of the corresponding negative band
indicates that the band arises from an increase in intensity
without affecting the frequency. Intensity increase is ex-

pected if the carbonyl band perpendicular to the membrane

replacement of the residues in the extracellular domain suchpjane changes its orientation in the photoreaction. Such a

as Arg82 b), Glu204 @), and Trp86 §), although it forms
a distinct bilobe with the 3643 cm band that is affected in

band in the BR state should be detected by changing the
angle of the membrane plane to an incident polarized light

these mutants. The present study suggests that this watefa4). This is, however, not the cadeAnother possible
molecule in the M intermediate is present in the region source for the increase in intensity of the infrared band may
surrounded by the Schiff base, Val49, Thr46, and Phe219.pe electrical interactions, possibly with the positive electric

The O-H stretching frequency of 3671 crhchanges to
3654 cntt in the M to N conversion in response to the

charge of the protonated Schiff base. This idea is supported
by the fact that an increase in intensity is attained in the N

mutations of residues in its environment. In this regard, intermediate with the protonated Schiff base but not at all

V49A is more influential while T46V is less so. Most
distinct protein changes common for both the N ang M
intermediates appear for the amide | bands at 166§%fd
1648 (+) cm™! and the G=O stretching vibration band of
the protonated Asp85 at 1754 ch(27). The present study
shows further that shifts of the-€H stretching vibrations
at 3671 cm* to lower frequency occur in the M to either N

or My conversion, as a reflection of the protein environment
characteristic of these states. However, a small difference;

in the frequency of 3654 cm for N from 3660 cm? for
My is attributable to the protonated Schiff base.
Perturbation of the Peptide Bond of Val49 in the N
Intermediate. The perturbations of the-€N bond between
Val49 and Pro50 and the=€0 stretching vibration of VVal49,

as indicated by the frequency changes in imide Il and the

in the My state with the unprotonated Schiff base, although
otherwise both show the same protein environment.

Possible Interaction of the Schiff Base with the=@Q of
Val49 in the N Intermediate.Asp85 is the persistent
counterion to the positive electric charge of the chromophore
and also the acceptor of H-bonding of the protonated Schiff
base in the L intermediate in the photolyzed st&e (The
protonated Schiff base retains its strong H-bonding in the N
intermediate 26). The protonated Asp85 in the N interme-
diate could be neither a counterion nor a H-bonding acceptor
of the protonated Schiff base. The negative charge of Asp96
does not work as the counterion because the chromophore
of the N intermediate of D96N is nearly identical with that
of the wild-type @6). Inthe N intermediate, the protonated
Schiff base must be stabilized by the negative charge of

intensity increase in amide |, respectively, are characteristicsASp212 65, 4§. The red shift for the N intermediate in

that distinguish the N intermediate from thedtate. The
frequencies of the imide Il band at 1418)and 1432 ¢)
cm~! are much lower than the 1465 ciband for the trans
peptide bond of polyproline Il but close to 1435 chof
the cis peptide bond of polyproline (). According to
the model of the tertiary structure of bacteriorhodop&),(
however, a cis configuration is quite unlikely for this bond.
The imide Il frequency of the oligoproline peptide varies
from 1445 to 1485 cmt depending on solven#({). The
frequencies of 1432 and 1418 cinare much lower than

these values. Such low frequencies could be brought about

by the movement ofr electrons from the €N bond to the

T89N (47) may be the result of changes in the interaction
of Thr89 with Asp85 and Asp212.(). These Asp residues,
however, could not be the acceptor for H-bonding of the
Schiff base. The acceptor must be present in the cytoplasmic
domain.

The present FTIR study strongly suggests that the H-
bonding acceptor could be the peptide carbonyl of Val49 or
the water molecule coordinated to Val49. The Schiff base
and this G=O might be connected by water molecules. In

2 Kandori et al., unpublished experiments.



1564 Biochemistry, Vol. 37, No. 6, 1998

the L minus BR spectrum, we had proposed that two water
molecules exist between the Schiff base in the extracellular
domain and the €0 of Val49 (13, 14. These are detected
as the water molecule with the-@ stretching vibration in

the unphotolyzed state at 3643 and 3577 tmin the N
intermediate, these water molecules might form H-bonding
between the Schiff base in the cytoplasmic domain and the
C=0 of Val49. Thus, a string of the water molecules may
be involved in directing the accessibility change of the Schiff
base to the cytoplasmic side.

The M to N conversion due to the proton transfer from
Asp96 to the Schiff base follows a protein backbone change,
which can occur even in the absence of protonation of the
Schiff base 27). Depletion of internal water, which also
inhibits the reprotonation of the Schiff bas@0( 48,
stabilizes an N-like protein changd9d). Such an M-like
state is accumulated even with the deprotonation of Asp96
in the wild-type in guanidine hydrochloride&s@). Water
molecules may be involved in the stabilization of the

protonated Schiff base besides deprotonated Asp96 as

proposed earlier4@). The requirement for the protonation
of the Schiff base is more rigorous than the deprotonation
of Asp96.
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