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Structural Changes of Water in the Schiff Base Region of Bacteriorhodopsin:
Proposal of a Hydration Switch Model
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ABSTRACT. In a light-driven proton-pump protein, bacteriorhodopsin (BR), three water molecules participate

in a pentagonal cluster that stabilizes an electric quadrupole buried inside the protein. In low-temperature
Fourier transform infrared (FTIR) K minus BR spectra, the frequencies of water bands suggest extremely
strong hydrogen bonding conditions in BR. The three observed wat& Sretches, at 2323, 2292, and

2171 cn1?, are probably associated with water that interacts with the negative charges in the Schiff base
region. Retinal isomerization weakens these hydrogen bonds in the K intermediate, but not in the later
intermediates such as L, M, and N. In these states, spectral changes of water bands appeared only in the
>2500 cnt?! region, which correspond to weak hydrogen bonds. This observation suggests that after the
K state the water molecules in the Schiff base region find a hydrogen bonding acceptor. We propose here
a model for the mechanism of proton transfer from the Schiff base to Asp85. In the “hydration switch
model”, hydration of a water molecule is switched in the M intermediate from Asp85 to Asp212. This
will have increased thely, of the proton acceptor, and the proton transfer is from the Schiff base to
Asp85. The present results also suggest that the deprotonated Asp96 in the N intermediate is stabilized
in a manner different from that of Asp85 in BR.

Proteins that actively pump protons across membranes \
must translocate them through hydrophobic regions inside
the protein. Therefore, internal water molecules are presumed
to play a crucial role in active proton transpott @). The Thr8o /
water may participate in hydrogen bonding networks inside o
proteins that constitute proton pathways, and in the switch /! \
reaction by mediating an essential proton transfer at the active
site @). While little is generally known about the structure
and function of internal water molecules in such proteins,
the greatest progress has been made in bacteriorhodopsin
(BR)!

BR is a light-driven proton pump irHalobacterium
salinarumthat containsll-transretinal as a chromophore
(3, 4). The retinal binds to Lys216 through the protonated
Schiff base linkage (ENH™), and there are two positive
(Schiff base and Arg82) and two negative (Asp85 and
Asp212) charges in the Schiff base region (Figure 1). The
crystallographic structure of BR showed that three water
molecules constitute a pentagonal cluster structure, which
must stabilize the electric quadrupole at the Schiff bése (

6). Upon absorption of light, photoisomerization takes place
from the all-trans to the 13eis form in sub-picoseconds,
followed by the primary proton transfer from the Schiff base
to Asp85 in tens of microseconds. It is generally accepted FIGURE 1: X-ray crystallographic structures of the Schiff base

that the proton transfer that occurs in the transition from the "€9ion in BR from PDB entry 1C3Wg{. The membrane normal is
approximately in the vertical direction of this figure. Top and bottom

regions correspond to the cytoplasmic and extracellular sides,
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region (Figure 1). This information must be strongly related
to the mechanism of proton transfer reactions. The recent
crystallographic structures of photocycle intermediates of BR
have reported the location of internal water molecules in K
(9, 10), L (11, and M (12—16). Another useful tool in the
study of internal water molecules is low-temperature Fourier
transform infrared (FTIR) spectroscopy. Although the fre-
guency region was limited to the water bands under weak
hydrogen bonds in the previous FTIR spectroscopy—

30), we have demonstrated the possibility of detecting the
stretching vibration of water molecules associating with
negative charges3(, 32). The spectral analysis of the K
minus BR spectra in D and B'®0 indeed revealed the
presence of the water stretching vibrations under very strong
hydrogen bonding conditions, which was interpreted in terms
of water molecules associating with negative char@. (
The quantum mechanical and molecular mechanical (QM/
MM) calculation of the Schiff base region in BR by Hayashi

W and Ohmine 33) showed that the water-€D stretch at the
| lowest frequency (2171 cr) corresponds to the stretching
mode of water402 bound to Asp85. Upon formation of K,
0 onx 0 the extremely strong interaction between water402 and Asp85
S H 4 H is weakened as shown by a shift to a higher frequency. The
rotational motion of water402 was also suggested by the

polarized measurement32).
Ficure 2: Schematic drawing of the water-mediated proton transfer ; ; ;
in the Schiff base region of BR. (a) Proton transfer through the Since the IR observations of the-M stretch of water in

bridged water molecules in a coherent manner. In this model, the &ll the stretching vibrational frequencies provided new
specific geometry of the hydrogen bonding network in L allows information about the water structural changes before and
proton transfer from the Schiff base to Asp85. (b) In this model, after retinal isomerizatiorB@), their extension study for late
Eﬂettiﬂdgde-# o mot'ﬁc%e s p””%d out of theﬁhYdr‘i?e“ bol?? S0 photointermediates will lead to better understanding of water
at the difference in thely, values becomes sufficiently small to : . :
jump a proton from the Schiff base to Asp85 directly. (c) Hydroxide stt[.ucl:tural Changtiidll,llgr:jgf;he proton pL:mplnt% of B?' In this
transfer model. In this model, the “proton pump” is actually a @rticle, we reporttne ifference spectra in the watefD
hydroxide (OH) pump, the bridged water is dissociated into a stretching region of the K, L, M, and N photointermediates.
proton and a hydroxide, and hydroxide moves from the extracellular In contrast to the K minus BR spectrum, we did not observe
to the cytoplasmic domain. spectral changes of water bands under strong hydrogen
) i o o bonding conditions in the difference spectra for late inter-
L to the M intermediate ensures the directionality in the | adiates such as L. M. and N. On this basis. we propose
pump, because the accessibility is switched from the extra-pere 4 model for the mechanism of proton transfer from the
cellular side to the cytoplasmic side, upon either the gehiff hase to Asp85. In the model we call the “hydration
formation of M or the early-to-late M transitior3(4). switch model”, hydration of a water is switched from Asp85
The mechanism of the proton transfer from the Schiff base jn the L intermediate to Asp212 in the M intermediate, which
to Asp85 has therefore attracted much interest. The waterjncreases thel, of the proton acceptor, and a proton transfer

molecules in the Schiff base region presumably play from the Schiff base to Asp85 takes place.
important roles in the proton transfer reacti@). How do

these waters change during the BR function? With regard MATERIALS AND METHODS
to the mechanism of proton transfer, three models have so
far been taken into accour)( Figure 2 illustrates schematic =~ Samples were prepared as described previotasly3?2).
drawings of the models, where both pretransfer (L intermedi- A 120 uL aliquot of the sample in 2 mM phosphate buffer
ate) and posttransfer (M intermediate) states are given. In(pH 7) or 2 mM borate buffer (pH 10), for the K minus BR
the first model, a water molecule acts as the direct mediatorand L minus BR spectra or the M minus BR and N minus
of the proton transfer from the Schiff base to Asp85 (Figure BR spectra, respectively, was dried on a Ba#dow with
2a). The proton is transferred concertedly through the proton diameter of 18 mm. After hydration by AL of DO or
wire. In the second model, a water is not involved in the D2'®O, the sample was placed in a cell, and then the cell
proton transfer. On the contrary, its motion out of its original was mounted in an Oxford DN-1704 cryostat. The film was
bridging position controls theky, of the donor and acceptor  illuminated with>500 nm light for 1 min at 273 K to obtain
(Figure 2b). The third model argues that “proton transfer” the light-adapted state of BR.
is in fact hydroxide transfer, not proton transfé.(Ac- Polarized infrared spectroscopy was applied as described
cording to this model, a hydroxide (Ofimoves from the  previously by use of a Bio-Rad FTS-40 FTIR spectrometer
extracellular to the cytoplasmic domain as does a chloride (31, 32, 34, 35). One change was made for the present
ion in the D85T mutant BR (Figure 2cB). equipment. C@gas in the dry air supplied to the spectrom-
As shown by these models, a key issue is the change ineter was not removed in the previous experimental setup,
the interaction of the water molecules in the Schiff base which resulted in noisy spectra in the 2408800 cn1?
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region @1, 32). We removed C@gas by using an additional  bands at 235%), 2323 (), 2292 (), 2265 (), and 2171
filter in these measurements, which provides less noisy (—) cm™! exhibited the isotope shift of water, indicating that
signals in the 24082300 cn1? region. We re-recorded the  such spectral changes contain water [ stretches. It is

K minus BR spectra using this setup. noted that the 2323, 2292, and 2171 ¢énbands of BR
The L minus BR and M minus BR spectra were obtained correspond to the water-€H stretches in the 31662800
with 2 cm ! resolution as described previousBA( 24, 27, cm ! region, which are much lower in frequency than those

36). lllumination with >600 nm light at 170 K for 1 min of the fully hydrated tetrahedral water molecules (3540 and
converted BR to the L intermediate. On the other hand, 3240 cnt?) (32, 38). Therefore, we concluded that the water
illumination with >500 nm light at 230 K for 1 min  molecules associate with negative charges in the Schiff base
converted BR to the M intermediate. Since the M intermedi- region (Figure 1) §2). It is particularly noted that the water
ate reverted to BR upon illumination with 420 nm light (by O—D stretch at 2171 cnt is extremely low, suggesting that
using an interference filter) for 2 min, as evidenced by the the hydrogen bond of the water is extremely strong. Hayashi
same but inverted spectral shape, cycles of alternatingand Ohmine reported on the basis of their QM/MM calcula-
illumination with >500 nm light and 420 nm light were tions @3) that the 2171 cm' band corresponds to the-D
repeated a number of times. For the L minus BR and M stretch of water402 being hydrogen bonded with Asp85 (2.6
minus BR spectra, 5 and 16 independent measurements werd\, Figure 1).

averaged with 128 scans, respectively. Upon formation of K, it seems that these watetr-D
The N minus BR spectra were obtained with 2ém stretches shift to higher frequencies, indicating that the
resolution as described previousB8(37). lllumination with hydrogen bonds are weakened. Retinal motion in the

>500 nm light at 273 K for 30 s converted BR to the N restricted prote_in environment yields perturbati_on of t.he
intermediate. Since the N intermediate completely reverted hydrogen bonding network in the Schiff base region, which
to BR in 8 min at 273 K, we were able to repeat the probably weakens the association of the water with negative
measurements for signal averaging. There were spectraICharges- In fact, we observed rotation of a water molecule
changes without illumination in the 286@900 cn? region by means of polarized FTIR spectroscoi2)

(for water O-D stretches) at 273 K, so we recorded the  Figure 3a shows that most bands in the 272000 cnt*
difference (called “baseline”) between the two spectra €gion originate from water ©D stretches. On the other
without intermittent illumination and subtracted it from the Nand, some other bands have already been identified. We
data when necessary. We averaged 25 independent measur@ssigned the 2506-)/2466 (+) cm™* bands as the ©D
ments with 32 scans. The M intermediate was also containegstretch of Thr89 by using a [$O]threonine-labeled BR
under these conditions. We estimated the contents of the mSample 84). A low frequency (2506 cmt) as the threonine
and N intermediates from the analysis of the positive 1186 O—D stretch in BR is an indication of a strong hydrogen
cm~! band, which probes the-€C stretch of the protonated bond of Thr89, which is consistent with the BR structure

13-cis-retinal only present in the N intermediate. (Figure 1). A lower-frequency shift to 2466 cin K
implies a further strengthened hydrogen bond of Thr89,
RESULTS presumably with Asp85. This observation was not consistent

with the K structure by Edman et aB)( since they described

Figure 3 shows the K minus BR (a), L minus BR (b), M the interaction between Thr89 and Asp85 as being broken.
minus BR (c), and N minus BR (d) spectra recorded at 77, |n contrast, it is consistent with the K structure by Schobert
170, 230, and 273 K, respectively. These spectra wereet al. (L0). We assigned the negative 2171 and 2123%m
normalized for the negative 1202 chband, indicating that  bands to the ND stretch of the Schiff base by using a
the same number of BR molecules are converted to inter-[¢-15N]lysine-labeled BR sample3@). The presence of the
mediates. It is noted that Figure 3d contains also an M minus N—D stretch of the Schiff base at the same frequency as the
BR spectral component. From the analysis of the positive O—D stretch of water is one of the reasons for small isotope
1186 cnt! band that probes the -€C stretch of the  shift of water for the 2171 crt band (Figure 3a). The ND
protonated 13is-retinal, we estimated the photoproduct to  stretch of the Schiff base appears~a466 cnt! in the K
be 70% N and 30% M. In our previous FTIR measurements intermediate, indicating that the hydrogen bond of the Schiff
in H,O, the composition was estimated to be 85% N and base is significantly weakened. This view is supported by
15% M (37). The lower content of the N intermediate in the the recent X-ray structure of the K intermediat&0)(
study presented here originates from intentionally lower-level Polarized measurements suggested that th®Nroup of
hydration in DO intended to increase the signal-to-noise ratio the Schiff base in K is oriented along the membrad@).(
in the 2706-1900 cnt* region. We confirmed that the  Thus, Figure 3a exhibits strong perturbation of the Schiff

current N minus BR spectrum is identical in the 18@D0 base region (Figure 1) upon retinal photoisomerization
cm! region to that under fully hydrated conditions (data through the analysis of stretching vibrations. Since theDX
not shown). stretching vibrations are direct probes of hydrogen bonds,

Water Stretching Vibrations in the K minus BR Spectra. we expected to gain information about the hydrogen bonding
Figure 3a shows the K minus BR spectra. Since the signal-alterations in late intermediates, particularly on the water
to-noise ratio in the frequency region of €@as (2406 molecules.

2300 cn1?) becomes better, we observed new IR bands there. Water Stretching Vibrations in the L minus BR Spectra.
We previously reported that there are peaks at 2350 (  Figure 3b shows the L minus BR difference spectra measured
2292 (-), 2265 @), 2171 &), and 2123 £) cmt in the at 170 K and pH 7. Unlike the K minus BR spectra, the L
2400-2000 cmt region @1, 32). There are additional bands minus BR difference spectra did not exhibit an isotope effect
at 2406 (), 2391 (), and 2323 {) cm* (Figure 3a). The  of water in the<2500 cnm! region. This fact implies that
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Ficure 3: Difference IR spectra are compared between hydration with Ped lines) and B8O (blue lines) in the 27561930 cnt?

region. The window tilting angle is 535n the polarized IR measurements. The K minus BR (a), L minus BR (b), M minus BR (c), and

N minus BR (d) spectra are measured at 77, 170, 230, and 273 K, respectively, where 24, 5, 16, and 25 independent measurements with
128, 128, 128, and 32 scans were averaged, respectively. These spectra are normalized at the negativé d20@, andicating that the

same numbers of BR molecules are converted to intermediates. One divisionyeduttsecorresponds to 0.0025 absorbance unit. Green-
labeled frequencies correspond to those identified as water stretching vibrations. Purple-labeled frequenei€s stret€hes of Thr89

(34, 36), while the underlined frequencies are-R stretches of the Schiff bas&9).

2200 2000

the water molecules in the Schiff base region re-form strong negative charges may be an important element in the K-to-L
hydrogen bonds with the negative charge(s). The L minus transition.

BR spectrum exhibits negative water bands at 2690 and 2669

cm™1, while broad positive feature due to water appeared in
the 2650-2560 cn1? region (Figure 3b). The analysis of
these water bands was reported for the HD stretching
region @, 17, 18, 20, 21, 23). By using mutants, the water
molecules having stretches at 2690 or 2669 tmwere
estimated to be near Asp8&8) or the cytoplasmic region
(21, 23), respectively.

It is an intriguing contrast that both 2690 and 2171 ¢ém

It is noted that there are spectral changes in the 2400
2000 cmt region for the strongly hydrogen bonded waters,
though they do not originate from water-@ stretches. In
particular, a strong negative feature of the K minus BR
spectrum in the 22562050 cm'* region is severely reduced
in magnitude in the L minus BR spectrum. The two
remaining negative bands at 2164 and 2123care close

in frequency to the ND stretch of the Schiff base. The
assignment of these bands is in progress.

bands correspond to the water stretching vibrations in the Water Stretching Vibrations in the M minus BR Spectra.

Schiff base region, whose frequencies differ$§00 cnr?
(>800 cn1?! as the G-H stretch). The former is free from

Figure 3c shows the M minus BR difference spectra
measured at 230 K and pH 10. We expected some IR spectral

hydrogen bonds, while the latter is under extremely strong changes of the strongly hydrogen bonded water in the Schiff

hydrogen bonding conditions. The previous QM/MM cal-
culations assigned 2690 and 2171 ¢érbands as the ©D
stretch of water401 without a hydrogen bond and theDD
stretch of water402 being hydrogen-bonded with Asp85,
respectively (Figure 1)33). The L intermediate has water
stretching vibrational modes different from those of BR only
for the weakly hydrogen bonded waters, and strongly
hydrogen bonded waters of L are identical in vibrational
character to those of BR (Figure 3b). In other words, the
re-establishment of the interaction of water molecules with

base region, because proton transfer from the Schiff base to
Asp85 in the M intermediate takes place. Nevertheless, no
isotope effect of water molecules was observed intB800
cm! region. As for the case of the L minus BR spectra,
only an isotope shift of water was observed in th2600
cm? region. The analysis of the water bands at 2745, (
2690 (), and 2640 {) cm™! was reported for the ©H
stretching regionZ, 17, 22, 24, 27, 28). The origin of the
negative 2690 cmt band is the same as in the L minus BR
spectrum, being from a water near Asp&). (By using
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mutants, the water molecules having stretches at 2715 orhydrogen bonding conditions, which originates presumably
2640 cnt! were suggested to be at the cytoplasmic region from association with the negative charges in the Schiff base
(2, 28, 30). Figure 3c shows the measurements at pH 10, region (Figure 1). Among them, the band at 2171 tiis
while the same result, i.e., no isotope effect of water extremely low as the water-€D stretch, and the QM/MM
molecules in the<2500 cn1? region, was obtained for the  calculation of the Schiff base region in BR showed that the
measurements at pH 7 (data not shown). band corresponds to the stretching mode of water402 bound
The lack of isotope shifts of water in the lower-frequency to Asp85 @3).
region indicates that the strongly hydrogen bonded waters Unlike in K, we did not observe spectral changes of the
of M are identical in their vibrational characteristics to those water bands under strong hydrogen bonding conditions in
of BR. If the 2171 cm? band originates from the -©D L, M, and N (Figure 3). Spectral changes of water bands
stretch of water402 being hydrogen bonded with Asp85, as appeared only in the 2500 cm! region, which are for weak
shown by Hayashi and Ohmin&3), the hydrogen bond  hydrogen bonds. These results were unexpected, but we need
between water402 and Asp85 would not be as strong in theto interpret them in terms of water structural changes. Below,
M intermediate because of the disappearance of a negativeve propose a model of the proton transfer from the Schiff
charge at position 85. This requires formation of an extremely base to Asp85 on the basis of these IR observations.
strong hydrogen bond from another interaction inside BR. In the unphotolyzed state of BR, the position of water402
We will propose a model of the proton transfer from the appears to be symmetrical with respect to Asp85 and Asp212
Schiff base to Asp85 based on this fact. (Figure 1). However, a stronger interaction between water402
The M minus BR spectrum exhibits negative bands at 2164 and Asp85 was suggested by the QM/MM calculation of the
and 2118 cm?, which are similar to those for the L minus  Schiff base region33). This may be consistent with the fact
BR spectrum. As mentioned, they could originate from the that the K, of the Schiff base is more influenced by the
N—D stretch of the Schiff base in BR, which disappears in mutation of Asp85 than that of Asp2120Q). Thus, itis likely
M because of deprotonation. There are also bands at 250&hat the O-D stretch of water402 bound to Asp85 is at 2171
(+) and 2466 ) cm™1, whose spectral features look similar cm™ (Figure 4). Upon photoisomerization, the-® group
to those of the L minus BR spectrum. They were previously of the Schiff base is displaced to a parallel orientation to
assigned as the €D stretch of Thr89 §6). the membrane39). As a consequence, the water-containing
Water Stretching Vibrations in the N minus BR Spectra. pentagonal cluster structure is perturbed, and the interaction
A proton is transferred from Asp96 in the cytoplasmic side between water402 and Asp85 is weakened (Figure 4). Such
to the Schiff base, accompanying the M-to-N transition. The structural change possibly involves rotational motion of
distance between Asp96 and the Schiff baseid A in M water402 82). These FTIR results are consistent with the
(12—16), and internal water molecules must assist the proton recent structurall0) and theoretical41) studies for the K
transfer. In addition, Asp96 is deprotonated in N, indicating intermediate.
that a negative charge newly appears at the hydrophobic The water band of BR at 2171 crhis changed in K,
cytoplasmic domain. These facts may suggest some IRwhereas the band is restored in L, M, and N (Figure 3). Since
spectral changes in the strongly hydrogen bonded water atthe frequency (2171 cm) is extremely low for a water
the cytoplasmic region. Figure 3d shows the N minus BR stretch, we postulate that the hydrogen-bonding acceptor of
difference spectra measured at 273 K, which also containsthe water is negatively charged. This means that it would
the 30% M minus BR spectrum. As for L and M, no isotope be either Asp85 or Asp212 in L, and Asp212 in M. We
shift of water molecules was observed in ti@500 cnt?! propose here that water402 forms a strong hydrogen bond
region. We reported the analysis of the water bands at 2713(i) with Asp85 in L and (ii) with Asp212 in M (Figure 4).
(+), 2690 ), and 2646 ¢) cm™* previously for the G-H The K-to-L transition accompanies relaxation around the
stretching regiond, 28). The origin of the negative 2690 retinal chromophore, which involves water structural changes.
cm! band is a water near Asp83)( By using mutants, the  Reassociation of water402 with Asp85 is one of these
water having stretches at 2713 or 2646 émvere suggested  changes, which presumably stabilizes the negative charge
to be at the cytoplasmic regioi,(28). at position 85 in L. According to our model, then, the
The lack of isotope shifts of water in the lower-frequency hydration switch of water402 takes place from Asp85 to
region indicates that the strongly hydrogen bonded watersAsp212 so that the M intermediate is formed accompanying
of N are identical in vibrational character to those of BR proton transfer from the Schiff base to Asp85 (Figure 4).
and M. This result also suggests that there is no strong Thus, the simple hydration switch model can explain these
association of water molecules with negatively charged IR data and the mechanism of proton transfer in the Schiff
Asp96 in N, unlike the case of Asp85 in BR. base. The hydration state in the Schiff base region would be
the same in N as in M.
DISCUSSION Our model, the hydration switch model, is closer to the
In this article, we report water structural changes during second model of Figure 2, where motion of a water molecule
the photocycle of BR. In the earlier FTIR spectroscopic controls the relative g, of the proton donor and acceptor.
studies {7—30), the frequency region was limited to water It is noted that our observation does not rule out the other
bands with weak hydrogen bonds, but now we could extend two models at this moment. However, the hydration switch
the frequency region to cover all of the water stretching model is simple and straightforward. For instance, we do
vibrations. Consequently, we detected water bands undernot have to dissociate a water in the L-to-M transition, as in
extremely strong hydrogen bonding conditions in the K the third model (OH transfer model) of Figure 2, that
minus BR spectrum. Three water-@ stretches of BR at  possibly needs concentration of free energy into a water. The
2323, 2292, and 2171 crhcorrespond to those under strong motion of a chloride ion toward the cytoplasmic side in
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43). In the former case, the hydration switch model suggests

B R T89 N7 that a chloride ion binds close to position 212, and possibly
% o I5 hydrates water402 during the L-to-M transition as Asp212

= < does in wild-type BR. For the latter case, we previously

H D212 analyzed the IR data for weakly hydrogen bonded water

D85,% D eq molecules in D212N, and proposed a model about the proton
~C C transfer mechanism on the basis of speculation that there is

rong (0 only one water molecule in the Schiff base region, which

has an G-H stretch under very weak hydrogen bonding
conditions (2690 cm' band as the ©D stretch; Figure 3)
(20). However, it was then found that the Schiff base region
contains more waters as in Figure 1. Through the analysis

D212 of strongly hydrogen bonded water, we now reached a model
0 that we call the hydration switch model. Motion of Arg82
is also a notable process, which changes #gopthe proton
O’C"‘ release groupd). Thus, it is likely that each component of

an electric quadrupole in the Schiff base region (Figure 1)
plays a unique role in the proton transfer from the Schiff

L T89 Dni# base to Asp85. It is noted that the D212N/R82Q mutant
q ® '}l protein pumps a protorf), which needs further explanation.
D In this particular mutant, a hydration switch may still happen
= D212 despite a negative charge being absent at position 212. The
D85/O strong . eq extremely unstable M state of D212N/R82Q is possibly
(=)

_ C correlated with this interpretatior4).
m o~ Since structures of photointermediates have been reported,

it is of interest to compare the distance of a water with the
closer carboxyl oxygen in Asp85 or Asp212. According to

M T%Q N? the L structure by Royant et all ), the distance between a
1 [ water and Asp85 or Asp212 is 2.6 or 2.9 A, respectively.
I? / The recent L structure by Lanyi et al. shows that the distance
D85 E-)"‘D D212 from water402 to Asp85 or Asp212 is 2.4 or 3.2 A,
/ strong Q respectively (J. K. Lanyi, private communication). These
-]

~Cs 2 bservations imply that the wat iat trong|

<0 - observations imply that the water associates more strongly
O-DINO with Asp85 than with Asp212, as well as in BR (Figures 1

E 4 Hvdrati oh model as th on transf h and 4). In contrast, various M structures provided the

IGURE 4: Hydration switch model as the proton transfer mecha- ; . ; :

nism from the Schiff base to Asp85. The structure of the Schiff LO"OLW'”gkva'”ef' f3'3Déé",llth2As§%5 5‘”0.' ﬁ'i'ﬁ‘ ‘é"gh Agpzzéz

base region in BD is schematically drawn. A strong hydrogen bond RY LU€cke et al. for 12), 2.8 A with Asp85 and 2.

of water402, whose ©D stretch appears at 2171 ch is A with Asp212 by Luecke et al. for E204Q9), 2.8 A with

highlighted in BR, L, and M. The acceptor is Asp85 in BR and L, Asp85 and 2.5 A with Asp212 by Sass et al. for the wild

while it is switched to Asp212 in M. In this model, hydration switch  tyne (14), 3.1 A with Asp85 and 3.0 A with Asp212 by

of water402 from Asp85 to Asp212 is correlated with the proton P ; :
transfer from the Schiff base to Asp85. The interaction of Thr89 Facciotti et al. for the wild typel©), and 2.4 A with AspBS

and Asp85 is from our FTIR result84, 36). The orientation of ~ and 2.5 A with Asp212 by Lanyi and Schobert for the wild
the N—D group in K is from the theoretical calculatioal), which type (16). Although it is difficult to determine the distances
is consistent with our FTIR result$89. On the other hand, the  quantitatively from these structures, the interaction of Asp212
orientation of the N-D group in L is arbitrary. with the water seems to become stronger in M than in L.
halorhodopsin (HR) and the D85T and D85S mutant BR Thus, the structures of the L and M photointermediates are
could be explained by the hydration switch model as follows. consistent with the hydration switch model. For a more
If the interaction of a chloride with Thr111 in HRZ) (Thr85 detailed discussion about the hydrogen bonding strength, the
or Ser85 in D85T or D85S, respectively) switches to Asp238 geometrical arrangement of the water and carboxylates also
(Asp212 in the BR mutants) as the hydration switch model has to be taken into accourts, 46).
predicts for a water in wild-type BR, electrostatic repulsion ~ These results also suggest the mechanism for water
between two negative charges possibly makes the chlorideassociation with Asp96 in the N intermediate. Since there is
binding site unstable. As a consequence, the chloride ion isno counterion around Asp96 upon deprotonation in N, the
forced to relocate. participation of water molecules to stabilize the negative
In the hydration switch model, Asp212 plays an important charge has been suggestet’)( We observed that the
role in the proton transfer from the Schiff base to Asp85. In vibrational character of strongly hydrogen bonded waters is
fact, the D212N mutant exhibits unique properties about the identical among BR, M, and N (Figure 3). This means that
proton pump, which is different from the chloride-pumping there is no strong association of water molecules with the
mutants of Asp85. D212N pumps a proton at low pH in the negatively charged Asp96 in N, unlike the case for Asp85
presence of chloride, not sulfatd3j. In contrast, D212N in BR (Figure 1). Helix opening may lead to the uptake of
does not pump a proton at pH7, even though a proton aqueous waters into proteid{—49), whereas the negative
donor (the Schiff base) and an acceptor (Asp85) exiBt ( charge of Asp96 is stabilized in a manner different from that
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of Asp85. How is then the negative charge stabilized at 16
position 967 Several water molecules may stabilize the
deprotonated Asp96 in a less organized manner in an open
conformation of the cytoplasmic side, whereas limited
numbers of water molecules are involved in stabilizing the

quadrupole, including Asp85 (Figure 1). Polar residues such 19.

as Thr46 may participate in stabilizing the deprotonation state g
of Asp96.

Spectral acquisition for the XD stretches also provides
information about hydrogen bonds on molecules other than
water. By using PN]Lys-labeled BR, we assigned the-D
stretch of the Schiff base at 2171 and 2123 €to BR and
~2466 cnt?! to K (Figure 3a, underlined)3Q). Polarized
measurements implied that thed® group points along the
membrane after photoisomerizatioB9). Similar negative
bands are observed in the other spectra (Figured3bBy
using [O]Thr-labeled BR, we assigned the-@ stretch
of Thr89 at 2506 cm! to BR and that at-2466 cm* to the
K, L, and M intermediates (Figure 3&) (34, 36). Further
analysis by using isotope-labeled BR will lead to a better
understanding of the hydrogen bonding alterations during
the proton pump in BR.

In conclusion, we describe water structural changes during
the photocycle of BR in the whole midinfrared region. Only
the K intermediate exhibits frequency changes of the water
stretching vibrations that associate with negative charges,
indicating that the decay of K involves rehydration of the
negative charges by water molecules. We propose a model
of proton transfer from the Schiff base to Asp85 being
controlled by hydration switch of the bridged water
(water402) from Asp85 to Asp212.
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