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ABSTRACT. Bacteriorhodopsin (BR), a light-driven proton pumgHalobacterium salinarugraccommodates

two resting forms of the retinylidene chromophore, the all-trans form (AT-BR) and the 13-cis,15-syn
form (13C-BR). Both isomers are present in thermal equilibrium in the dark, but only the all-trans form
has proton-pump activity. In this study, we applied low-temperature Fourier-transform infrared (FTIR)
spectroscopy to 13C-BR at 77 K and compared the local structure around the chromophore before and
after photoisomerization with that in AT-BR. Strong hydrogen-out-of-plane (HOOP) vibrations were
observed at 964 and 958 cinfor the K state of 13C-BR (13C-BB versus a vibration at 957 crhfor

the K state of AT-BR (AT-BR). In AT-BRk, but not in 13C-BR, the HOOP modes exhibit isotope
shifts upon deuteration of the retinylidene at C15 and at the Schiff base nitrogen. Whereas the HOOP
modes of AT-BR were significantly affected by the mutation of Thr89, this was not the case for the
HOOP modes of 13C-BR These observations imply that, while the chromophore distortion is localized
near the Schiff base in AT-BRit is located elsewhere in 13C-BRBYy use of [-1*N]lysine-labeled BR,

we identified the N-D stretching vibrations of the 13C-BR Schiff base (ig@) at 2173 and 2056 cm,

close in frequency to those of AT-BR. These frequencies indicate strong hydrogen bonding of the Schiff
base in 13C-BR, presumably with a water molecule as in AT-BR. In contrast, iz $tretching vibration
appears at 2332 and 2276 cthin 13C-BR versus values of 2495 and 2468 thfior AT-BRy, suggesting

that the rupture of the Schiff base hydrogen bond that occurs in AZ-@&s not occur in 13C-BR
Rotational motion of the Schiff base upon retinal isomerization is probably smaller in magnitude for
13C-BR than for AT-BR. These differences in the primary step are possibly related to the absence of
light-driven proton pumping by 13C-BR.

Bacteriorhodopsin (BR)is a light-driven proton pump in
Halobacterium salinarun{1). As the most accessible ion
pump, BR has been extensively studied by a wide range of
methods 2—13).

The chromophore of BR is a retinylidene formed by a
Schiff base linkage between the aldehyde of retinal and the
amine of Lys216. Two forms of the chromophore occur in
equilibrium in dark-adapted samples: all-trans (AT-BR) and
13-cis,15-syn (13C-BR) in a 1:1 to 1:24—16) ratio (Figure
1). Due to the double isomerization, both forms are nearly
linear and therefore accommodated by the binding pocket

13-cis, 15-syn |
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via Asp96, the Schiff base, Asp85, and the Glu2®lu194 of BR mutants and other rhodopsins have revealed that
cluster. Structurefunction relationships in AT-BR have been strongly hydrogen-bonded water molecules are only found
extensively studied2—13). in the proteins exhibiting proton-pumping activity4),

In contrast, 13C-BR is not well-studied, presumably suggesting an important functional role for the hydrogen
because it has no proton-pumping activity. Upon photoex- bonding of water.
citation of 13C-BR, a red-shifted K intermediate (13C:BR In this work, we examine photoinduced structural changes
is formed, which is more long-lived than the K intermediate in 13C-BR by means of low-temperature FTIR spectroscopy.
of AT-BR (AT-BRk) (19, 20). At no point in the photocycle By subtracting the AT-BR minus AT-BR spectra from the
is the Schiff base deprotonated, which is consistent with its difference spectra of dark-adapted BR, we were able to obtain
failure to pump protons. However, X-ray crystallography the 13C-BR minus 13C-BR spectra. These spectra were
indicates that the protein structure in 13C-BR is very similar compared with the AT-BRminus AT-BR spectra in various
to that in AT-BR @1, 22). In particular, similar water-  respects. Detailed analysis entailed (i) deuterating the chro-
containing hydrogen-bonding networks are found at the mophore at C15 and the Schiff base nitrogen, (ii) introducing
Schiff base. These facts suggest that the chromophore!®>N at the position of lysine, (iii) exchanging with,BO,
configuration is the functional determinant of BR in a and (iv) mutating Thr89. The results for 13C-BRvere
common protein structure and emphasize the importance ofclearly different from those for AT-BR
comparing structural changes in 13C-BR with those in AT-
BR. MATERIALS AND METHODS

We have extensively studied structural changes in AT-
BR by means of low-temperature Fourier-transform infrared
(FTIR) spectroscopyl@, 23). In particular, we developed
measurements before and after retinal photoisomerization
over the entire mid-infrared region (406800 cm?),
including the X-H (X=0O or N) and X-D (in D)0O)
stretching vibrations24). These vibrations are direct indica-
tors of hydrogen-bonding strength, including that of internal
water molecules and the Schiff base. By the use of isotopes
(D2*0 and E-'°N]lysine), we identified the ©D stretch of
water 5—28) and the N-D stretch of the Schiff bas&9).
These results clearly show the perturbation of the hydrogen-
bonding network in the Schiff base region upon photo- ) .
isomerization of the all-trans chromophore to the 13-cis form. 77 K for 2 min converted both AT-BR and 13C-BR into

: : their K intermediates. Subsequent illumination of the sample
The N-D stretching f located at 2123 and 2173 " . ; ;
e for AT-BR and at 2468 and 2495 for AT-&F?gg) with >680 nm light for 1 min reconverted AT-Bfand 13C-

The frequency upshift 0f~300 cnm? indicates significant BRy into AT-BR and 13C-BR, respectively, as shown by

weakening, or even complete loss, of the hydrogen bond of Mirror image difference spectra. The dlﬁerencg spectrum was
the Schiff base in AT-BR Polarized measurement deter- calculated from spectra constructed with 256 interferograms
mined that the dipole moment of the-MD stretch of the before and after the illumination. Four spectra obtained in

Schiff base in AT-BR is oriented parallel to the membrane this way were averaged. The 13C-BRninus 13C-BR

) : spectra were obtained by subtracting the ATkBRnus AT-
Eﬁg).N)i l:aér(;rg;t?s[l%%ir :ﬁt?é Ogapr‘;leBﬁ: I;(]) esrl:]gegrﬁ;:gl%h(at BR spectra from the difference spectra for dark-adapted BR

31). These results show the rotation of the Schiff base, and using the two marker bands of the retinal chromophore: the

in = —1
the perturbation of the hydrogen bonding in the Schiff base ethyélemct ;:57(: Stretflh. ahlglgg(l) Srm ‘?Td tBeOHOOP
region, that accompanies the G3G14 isomerization. modes a ) cm™ in H,0 [951 (+) e in D;O] (see

Analysis of water signals was more complex, because threethe F\;esults for further geta|1js). Ths 'ST'IERO'”US AT'BRt
water molecules form the center of the hydrogen-bonding spectra were measured as describe prevpagp)_( €xcep
network that includes several charged groups (Schiff base,that polarized FTIR spectroscopy was applied in the study

Arg82, Asp85, and Asp212) and several polar groups (Tyr57, presented here only when specific2Bk
Thr89, and Tyr185) 22). Nevertheless, by use of various RESULTS
mutants, we determined that six-® stretches in the AT-
BR«k minus AT-BR spectra originate from three water  13C-BR minus 13C-BR Spectraln this study, we
molecules in the Schiff base regio®g). It should be noted  followed illumination of the dark-adapted BR with 501 nm
that some water bands were much lower in frequer@400 light at 77 K by illumination with>680 nm light. Both AT-
cm ! as the G-D stretch) than those of fully hydrogen- BR and 13C-BR are converted to their K intermediates in
bonded tetrahedral waters, indicating the existence of stronglythe first step and revert to their original states by the second
hydrogen-bonded water molecul&b(27, 28). step, as verified by mirror image difference spectra. Figure
Upon retinal photoisomerization, hydrogen bonds of water 2a shows the difference spectra thus obtained. Although they
are weakened. This is consistent with previous suggestions,nclude both the AT-BR minus AT-BR and 13C-BRminus
based on quantum chemical and molecular mechanicall3C-BR spectra, the spectra look similar to the pure AT-
calculations, that destabilization of the hydrogen bonds of BRx minus AT-BR spectra obtained from light-adapted
water and the Schiff base plays an important role in the light- samples (Figure 2b) in that both exhibit peaks at 1263 (
energy storage in AT-BR(32, 33). Previous FTIR studies 1194 (+), and 1167 {) cm tin the fingerprint region. These

Previously described methods were used to pregaf]-
lysine BR @5), introduce [15%H]retinal (36), and prepare
the T89A mutant 7). A 120 uL aliquot of the purple
membrane fraction in 2 mM phosphate buffer (pH 7.0) was
dried on a Bak window with a diameter of 18 mm. The
completely dark-adapted sample film (in the dark at room
temperature for-1 day) was then hydrated with AL of
H>0, D;O, or D;'®0 under dim red light ¥690 nm). The
hydrated film sample was placed in a cell and then mounted
in an Oxford DN-1704 cryostat on the sample holder of the
FTIR spectrometer (FTS-7000).

lllumination of the dark-adapted BR with 501 nm light at
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Ficure 2: Difference FTIR spectra between the K intermediate
and unphotolyzed state in the 180800 cnT! region measured at
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FIGURE 3: AT-BRk minus AT-BR (a and b) and 13C-ERminus
13C-BR (c and d) spectra in the 104900 cnt? region, which
includes the characteristic frequencies of hydrogen-out-of-plane
(HOOP) vibrations of the retinal chromophore. The unlabeled BR
sample is hydrated with 0 (dotted lines in panels-al) and QO
(solid lines in panels a and c), while the BR containing 15-D-labeled
retinal is hydrated with kD (solid lines in panels b and d). One
division of they-axis corresponds to 0.016 absorbance unit.
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at 957 cm? (951 cm! in D;0O), eventually yielding an
unacceptable negative feature at 955 and 948'émH,0
and DO, respectively. By adjusting for smooth spectral

77 K. (a) Difference spectra for dark-adapted BR which contains features at these frequencies, we determined the 13C-BR

AT-BR and 13C-BR, upon hydration withJ (—) and ;O (-+*).

(b) Difference spectra for light-adapted BR which contains only

AT-BR, upon hydration with HO (—) and DO (--+). (c) 13C-

minus 13C-BR spectra (Figure 2c). It is noted that although
the subtraction might not be perfect, the spectral features in

BRx minus 13C-BR spectra obtained by subtracting the spectra in Figure 2c are not significantly altered, when the balance is

panel b from those in panel a. One division of yk&xis corresponds
to 0.065 absorbance unit.

changed. Furthermore, the spectra in Figure 2c are similar
to the 13C-BR minus 13C-BR spectra reported previously

are characteristic frequency changes for photoisomerization(39).

of AT-BR to AT-BRk. However, the spectra in Figure 2a

In Figure 2c, the negative band at 1536 ¢rnorresponds

contain additional vibrational bands. For instance, Figure 2ato the ethylenic stretching vibration of 13C-BR, which

shows the presence of a positive peak at 1180'crim
addition, the ethylenic €C stretches (15501500 cnt?)

exhibits an absorption maximum at 555 n#0,(41). The
frequency is in good agreement with the well-known linear

are different between panels a and b of Figure 2. Figure 2acorrelation between the ethylenic stretching frequencies and

exhibits strong bands at 1536, 1531 (), 1521 (+), and
1515 ¢+) cm™L. Since the AT-BR minus AT-BR spectra
(Figure 2b) possess peaks at 153Q/(514 () cm™?, the
new bands at 1536+)/1521 (+) cm~* presumably originate
from the 13C-BR minus 13C-BR spectra.

To subtract the AT-BR minus AT-BR spectra (Figure
2b) from those in Figure 2a, we were initially guided by the
assignments given above. As the amplitude for the ATcBR

the frequency of the visible absorption maxima for various
retinal proteins42). lllumination yields a downshift to 1523
cm !, indicating formation of the red-shifted K intermediate
(13C-BK). The positive peak seems to be downshifted in
D,O (Figure 2c), suggesting that,O-sensitive bands are
involved in this frequency region.
C—C stretching vibrations of the retinal in the 1250150

cm! region are sensitive to the local structure of the

minus AT-BR spectrum is increased, the magnitude of the chromophore. In the 13C-BRminus 13C-BR spectrum in

positive peak at 1515 cmh in Figure 2a is reduced,

H,0, peaks are observed at 120/)(1195 (+), 1186 (),

eventually yielding an unacceptable negative feature. Further1179 @), and 1168 ) cm™* (Figure 2c, solid line). The

discrimination is provided by a sharp HOOP band. The AT-

BRx minus AT-BR spectra possess a sharp peak at 957 cm
in H,O (solid line), which shifts to 951 cm in D,O (dotted

appearance of a peak pair at 1186 @nd 1179 {) cm™,
assigned to the HD unexchangeable C+C11 stretching
vibration 39, 43), was regarded as a marker of the formation

line) (more clearly seen in Figure 3a). Since the 13G:BR of the photoproduct having the all-trans form. Therefore,
minus 13C-BR spectra also possess a positive peak in thisl3C-BR« presumably possesses the all-trans chromophore
frequency region, the spectrum in Figure 2a exhibits a peak because of its CE3C14 photoisomerization. The 13C-BR

at 958 cm! in H,O. Subtracting the contribution of the AT- minus 13C-BR spectra also possess a sharp negative peak
BRx minus AT-BR spectra reduces the magnitude of the peak at 1346 cm?, which disappears in £ (Figure 2c). This
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band can be attributed to the-¥ in-plane bending vibration
of the Schiff base, being shifted to 991 chin D,O.
Negative peaks at 1639 cthin H,O and 1618 cm! in
D,0 probably originate from €N stretching vibrations of
the retinal Schiff base. The 21 cindifference is larger than
that for AT-BR (13 cnit in Figure 2b), suggesting that the
hydrogen bond is stronger in 13C-BR than in AT-BR. This
observation is consistent with NMR chemical shiftsl)
However, it is possible for other vibrations, such as amide-I,
to perturb quantitative comparison of the hydrogen-bonding
strengths. In addition, the=€N stretches for 13C-BRon
the positive side of Figure 2b are not clear. However, we
have shown that the hydrogen-bonding strength of the Schiff
base is more accurately described from theNstretch in
D,O than from the &N stretches 49), and hydrogen
bonding of the Schiff base will be discussed further below,
with reference to the ND stretching frequency region.
Bands in the 13C-BRminus 13C-BR spectra at 1739/
1731 ¢+) cm™tin H,O (solid line in Figure 2c), which are
shifted to 1727 )/1721 &) cm™t in D,O (dotted line in
Figure 2c), probably originate from the=€ stretching
vibrations of Asp11544). The hydrogen bonding of the
C=0 group is slightly stronger in 13C-BR than in AT-BR,
but the strengthening of the hydrogen bond upon retinal
isomerization is similar.

Biochemistry, Vol. 45, No. 35, 20060677
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FiGUrRe 4: AT-BRx minus AT-BR (a) and 13C-BRminus 13C-
BR (b) spectra in the 104800 cnt? region. The wild-type «+)

Characteristic Hydrogen-Out-of-Plane (HOOP) Vibrations  gng T89A () samples are hydrated with,8. One division of

of AT-BR and 13C-BR. Hydrogen-out-of-plane (HOOP)
vibrations, N-D in-plane bending, and methyl rocking
vibrations are observed in the 111890 cn1! region. Figure

3 compares the AT-BRminus AT-BR and 13C-BRminus
13C-BR spectra in the HOOP region. Strong HOOP modes

represent distortion of the retinal molecule at the correspond-

ing position @, 5, 45—-47). AT-BRk possesses a strong
HOOP band at 957 cm (dotted line in Figure 3a), which
was previously identified as C15-HOORS]. This band is
downshifted to 951 crt in D,O (solid line in Figure 3a),
indicating that the HOOP vibration contains the Schiff base
mode. The positive spectral feature in the ATBRinus
AT-BR spectra also changes remarkably with €Ib
labeling (solid line in Figure 3b). These observations indicate
that chromophore distortion in AT-BRoriginates predomi-
nantly from the Schiff base region, which is consistent with
the previous study4Q).

the y-axis corresponds to 0.017 absorbance unit.

and 5.1 A from the C15 atom of retina21). Therefore, if

the structural changes of the retinal chromophore occur near
the Schiff base in AT-BR, but not in 13C-BR, we expect
that mutation at Thr89 will affect the HOOP modes of AT-
BRx more significantly than those of 13C-RRThis was
indeed the case. Figure 4 compares the HOOP vibrations
between the wild type (dotted lines) and T89A mutant (solid
lines) in HO. The HOOP mode of the AT-BRminus AT-

BR spectra that occurs at 957 chin the wild type appears

to be shifted to 945 crt in T89A (Figure 4a). In contrast,
mutation produced almost no spectral changes for the bands
at 964 and 958 cnt in the 13C-BR minus 13C-BR spectra
(Figure 4b). Thus, the distortions of the retinal chromophore
probably occur near the Schiff base in AT-BR, but not in

In the case of 13C-BR, the spectra possess two strongl3C-BR.

peaks at 964 and 958 ci(dotted line in Figure 3c). Unlike
those in AT-BR, they are not sensitive to1D exchange
(solid line in Figure 3c) or to C15D labeling (solid line in

Assignment of the ND Stretching Vibrations of the Schiff
Base in 13C-BR and AT-BR.—D stretching vibrations of
protein and water molecules appear in the 278000 cnt?

Figure 3d). These facts indicate that the bands at 964 andregion for films hydrated with BD. The solid line in Figure

958 cnt! contain neither the Schiff base mode nor the
C15-H mode. They probably originate from the HOOP
modes of the retinal chromophore, and although other
vibrations due to protein cannot be excluded at this time, it
is likely that the chromophore distortion in 13C-BRccurs
predominantly in the polyene chain, rather than at the Schiff
base region.

Distinctions in chromophore distortion between AT-BR
and 13C-BR are further tested by use of a mutant protein.
From X-ray crystallography, it is known that Thr89 is located
near the Schiff base. In fact, thegd@tom of Thr89 is 4.4 A
from the Schiff base nitrogen and 4.4 A from the C15 atom
of retinal in AT-BR @22). On the other hand, in 13C-BR,
the @3 atom of Thr89 is 4.4 A from the Schiff base nitrogen

5a shows the AT-BR minus AT-BR spectrum, which
reproduced the previous resul29). On the other hand, the
13C-BR« minus 13C-BR spectrum (the solid line in Figure
5b) is obtained for the first time. Since thed® stretching
vibration of the Schiff base is in this frequency region, we
used the {-**N]lysine-labeled BR sample for assignment.
Figure 5a compares the AT-BRninus AT-BR spectra
for [¢-**N]lysine-labeled (dotted line) and unlabeled (solid
line) BR. As reported previously2@), an isotope-induced
downshift was observed for the two negative bands at 2173
and 2123 cmt, indicating that the bands originate from-®D
stretching vibrations of the Schiff base in AT-BR-1°N]-
Lysine-induced shifts were also observed for the two positive
spectral features at 2495 and 2468 éntorresponding to
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FiGure 5: AT-BRk minus AT-BR (a) and 13C-BRminus 13C-
BR (b) spectra in the 25501950 cnt? region. Solid and dotted
lines represent the spectra for the unlabeled §A8N]lys-labeled
BR, respectively, in BO. One division of the/-axis corresponds

to 0.003 absorbance unit. Labeled frequencies correspond to th

N—D stretching vibrations of the protonated Schiff base.

the N=D stretching vibrations of the Schiff base in AT-BR
In this region, the ©D frequency of Thr89 in AT-BR is
located at 2466 cnt (as a positive band)5(Q). Since the
O—D stretch is highly dichroic, the band is not clearly visible

Mizuide et al.
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Ficure 6: AT-BRx minus AT-BR (a) and 13C-BRminus 13C-

BR (b) spectra in the 24601950 cnT?! region. The sample was
hydrated with RO (—) or D,*80 (--+). One division of they-axis
corresponds to 0.003 absorbance unit. Labeled frequencies cor-
despond to G-D stretching vibrations of water molecules.

cm™?, indicating that the hydrogen bond is significantly
weakened (or broken) in AT-BRpresumably because of
rotation of the Schiff base. In contrast, the upshift upon
photoisomerization is<200 cn1 for 13C-BR. This suggests
that the rotation of the Schiff base that accompanies retinal

under the experimental conditions described here (with no isomerization is smaller in 13C-BR than in AT-BR. This

dichroic measurements).

Figure 5b compares the 13C-BRiinus 13C-BR spectra
for [C-*N]lysine-labeled (dotted line) and unlabeled (solid
line) BR. A clear isotope-induced downshift was observed
for the positive bands at 2332 and 2276 énand the
negative bands at 2173 and 2056 émOther bands are
identical betweeng-'*N]lysine-labeled and unlabeled 13C-
BR. Thus, we are able to conclude that the D stretching
vibrations of the Schiff base are involved in this frequency
region.

By use of [-1°N]lysine-labeled BR, we identified the-N\D

observation is fully consistent with the inference from that
HOOP mode that the polyene chain is distorted for 13C-
BR«.

O-D Stretching Vibrations of Water in 13C-BR and AT-
BR. A spectral comparison between the samples hydrated
with DO and B0 identifies O-D stretching vibrations
of water molecules that change their frequencies upon retinal
photoisomerization. We previously reported the results of
the water G-D stretch for AT-BR 25—28). How does 13C-

BR compare? Figure 6 shows difference FTIR spectra in the
2400-1950 cn1? region, where strongly hydrogen-bonded

stretching vibrations of the Schiff base at 2173 and 2123 water molecules are observed. The negative 2171 biand

cm ! for AT-BR and at 2173 and 2056 crhfor 13C-BR.

for AT-BR in Figure 6a was previously assigned to the @

This indicates that the hydrogen-bonding strength is only stretch of the bridging water molecule between the Schiff

slightly greater in 13C-BR than in AT-BR. A similar

base and Asp852@). In Figure 6b, an ©D stretching

hydrogen bond between AT-BR and 13C-BR is consistent vibration of water was observed at a similar frequency (2175
with the water near the Schiff base in both X-ray structures cm™) for 13C-BR. This suggests that the water band in 13C-

(21, 22).

We also identified the ND stretching vibrations of the
Schiff base at 2495 and 2468 chior AT-BRk and at 2332
and 2276 cm? for 13C-BR«. Upshifted N-D frequencies

BR originates from the bridging water molecule between the
Schiff base and Asp85 as well as AT-BR. The pentagonal
cluster structure is probably formed in the Schiff base region
through similar hydrogen bonds between 13C-BR and AT-

indicate that retinal isomerization weakens the hydrogen bondBR. The presence of the positive water band at 2355'cm
of the Schiff base in both AT-BR and 13C-BR. However, indicates that the hydrogen bond of the water is weakened
the large difference in frequencies for the K states implies a upon photoisomerization in 13C-BR, as in AT-BR. In spite
difference in the isomerization in AT-BR and 13C-BR. In of these similarities, there are fewer strongly hydrogen-
case of AT-BR, the upshift upon photoisomerizatior 300 bonded water molecules in 13C-BR than in AT-BR. This
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FiGurRe 7: Polarized FTIR difference spectra in the 2550110
cm~tregion: (aand b) AT-BRminus AT-BR and (c and d) 13C-
BRx minus 13C-BR. The window tilting angles aré @--) and
53.5 (—). The wild-type (a and c) and T89A mutant protein (b
and d) are hydrated with J®. One division of they-axis
corresponds to 0.002 absorbance unit.

may be interpreted in terms of a small perturbation of the
hydrogen-bonding network in 13C-BR, which is seen for the
less altered ND stretching vibration in 13C-BR (Fig-
ure 5).

O—D Stretching Vibrations of Thr89 in 13C-BR and AT-
BR. The O—-H stretching vibration of Thr89 is H/D ex-
changeable, and the highly dichroic-O stretch in DO is
located at 2506 crt in AT-BR (50—52). Figure 7a shows
the polarized AT-BR minus AT-BR FTIR spectra of the
wild type, where the sample window was tilted Fy(Botted
line) and 53.8 (solid line). The bands at 2506-}/2466 ()
cm™! increase in intensity when the window is tilted,
indicating that the dipole moment is parallel to the membrane

normal. The disappearance of the bands in the T89A mutant

protein (Figure 7b) is consistent with the assignment to the
O—D stretching vibrations of Thr8%(0). Similar results were
obtained for 13C-BR. The polarized 13C-BRiinus 13C-

BR FTIR spectra of the wild type (Figure 7c¢) show the
presence of highly dichroic bands at 2503)2472 (+)

cmL. Since the bands completely disappeared in the T89A

mutant protein (Figure 7d), the bands also originate from
the O-D stretching vibrations of Thr89. Frequencies and
dichroic properties are similar for the-D stretch of Thr89

between AT-BR and 13C-BR. These results suggest that the

hydrogen bond of Thr89 and its changes are similar in AT-
BR and 13C-BR.

DISCUSSION

In this study, we compared the 13C-BRiinus 13C-BR
and AT-BR¢ minus AT-BR spectra by means of low-

Biochemistry, Vol. 45, No. 35, 20060679

changes induced by photoisomerization. In addition, vibra-
tional bands were identified by deuteration of C15 in the
chromophore!®N labeling of & in the lysines, hydration
with D,'0, and site-directed mutagenesis of Thr89.

Unphotolyzed State of 13C-BR/e identified the N-D
stretching vibration of the Schiff base at 2173 and 2056'cm
for 13C-BR (Figure 5b). We previously identified the-1
stretching vibration of the Schiff base at 2173 and 2123'cm
for AT-BR (29). The similarity indicates that the hydrogen-
bonding strength is essentially similar, though slightly
stronger in 13C-BR than in AT-BR. X-ray crystallographic
structures of 13C-BR2(1) and AT-BR @2) both reported
the presence of a water molecule in contact with the Schiff
base. Therefore, these spectroscopic results suggest that the
water molecule is at least as good as a hydrogen bond
acceptor for the protonated Schiff base in 13C-BR as in AT-
BR.

According to the X-ray structure, the-NDyater—Oaspss (the
Schiff base nitrogen, water oxygen, and carboxyl oxygen of
Asp85, respectively) angles are 20énd 108 in 13C-BR
and AT-BR, respectively. Therefore, if the water oxygen fully
accepts the hydrogen bond of the Schiff base, théi@roup
of water points toward the oxygen of Asp85 in both forms
of BR. This is consistent with our inference of a strongly
hydrogen-bonded water in both 13C-BR and AT-BR, from
the water G-D stretch at 2175 and 2171 cfrespectively.

The similarity strongly suggests that these bands come from
the bridged water stretch pointing toward Asp85.

Previous FTIR studies of BR mutants and other rhodopsins
have revealed that strongly hydrogen-bonded water mol-
ecules are only found in the proteins exhibiting proton-
pumping activity 84). This suggests that a strongly hydrogen-
bonded water molecule that bridges the Schiff base and its
counterion is essential for the proton-pumping function. This
study also showed the presence of such a water molecule
for 13C-BR, although 13C-BR does not pump protons. This
exception suggests the importance of the retinal configura-
tion, and the mechanism of photoisomerization is presumably
important as well. It should be noted, however, that there
are reports that 13C-BR produces an M stat® and pumps
protons 64) at alkaline pH. Although our FTIR study was
conducted at neutral pH, the effect of higher pH on the Schiff
base deprotonation must be at a stage later than the K state
in the photocycle. The presence of a strongly hydrogen-
bonded water molecule in 13C-BR may explain the partial
ability of the proton-pump function, though it is much weaker
than AT-BR.

Photoisomerization of 13C-BR in Comparison with That
of AT-BR.After the absorption of light, photoisomerization
in 13C-BR probably takes place at the Gi314 bond,
leading from the 13-cis,15-syn form to the all-trans,15-syn
form. It is generally accepted that the primary K intermediate
is in a high-energy state for retinal proteins. Chromophore
distortion is one of the characteristic features of such a high-
energy state, and HOOP vibrations monitor the chromophore
distortion. Analysis of HOOP modes for 13C-BRnd AT-

BRk (Figures 3 and 4) indicates that the chromophore
distortion is less localized in the Schiff base and C15 region

temperature FTIR spectroscopy. Although the dark-adaptedin 13C-BR« than in AT-BR«.

BR contains both 13C-BR and AT-BR, appropriate subtrac-
tion derived the 13C-BR minus 13C-BR spectra. The

The N-D stretching frequency of the Schiff base in 13C-
BRx (2332 and 2276 cnt) is much lower than in AT-BR

spectral comparisons were interpreted in terms of structural (2495 and 2468 cnt), though they are similar in the
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unphotolyzed states. We thus inferred that the hydrogen bond 16. Scherrer, P., Mathew, M. K., Sperling, W., and Stoeckenius, W.

of the Schiff base is cleaved in AT-BRbut not in 13C-
BRk. Whereas the hydrogen-bonding network is destabilized
in AT-BR, the structural perturbation of the Schiff base
region is smaller in magnitude in 13C-BRwvhere the effects

of isomerization are distributed more widely.

Previous studies have attributed the lack of light-induced
Schiff base deprotonation in 13C-BR to an insufficient
change in the relativefy, of the donor (Schiff base) and
acceptor (Asp85) groups and/or to a high activation barrier
for the proton transfersp). It was shown that the required
change in the relative Ko may be achieved either by
deprotonation of a protein moiety with &pof ~8.5 or by
intrinsically lowering the retinal Schiff base&pby fluorine
substitution. In addition, both the protein residue titration
and the fluorine substitution may reduce the barrier for proton
transfer. This study, indicating that structural perturbation
in the Schiff base region is smaller in magnitude in 13C-
BR« than in AT-BR, is in keeping with the proposal of
insufficient change in the relativeKp of the donor and
acceptor groups in the photocycle of 13C-BR.
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