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Water and Peptide Backbone Structure in the Active Center of Bovine Rhodopsin
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aBsTRACT. Difference FTIR spectra in the conversion of rhodopsin or isorhodopsin to bathorhodopsin
were recorded for recombinant wild-type and E113Q bovine rhodopsins. Differences in various vibrational
modes between E113Q and the wild-type proteins whose Schiff bases interact with chloride and Glu113,
respectively, were analyzed. Water molecules in rhodopsin that change upon formation of bathorhodopsin
are detected by a change in frequency of theHDstretching vibration from 3538 to 3525 cf This

change in the wild-type protein is absent in E113Q. One or a few water molecules are therefore suggested
to be located in the proximity of Glu113, the counterion of the Schiff base. Another water vibration at
3564 cn1l, which is shifted to 3542 crt in bathorhodopsin in the wild type, persists in E113Q but with
~5-cnr! shift toward higher frequency. This is due to water molecules that may be located at a site
somewhat more remote from Glu113. Structural changes of some peptide carbonyls and amides are also
absentin E113Q. On the other hand, the E113Q protein shows shifts ofthe ktretching vibrational

band, that is probably due to the protonated Schiff base, upon conversion of rhodopsin to bathorhodopsin.
No corresponding changes were observed in the wild type. We propose a model in which a water molecule
interacts with Glul13, the protonated Schiff base, and peptide carbonyls, and amides. These residues
undergo structural changes upon formation of bathorhodopsin.

One of the most important steps in visual transduction is from model studies with synthetic compounds (Gat &
the activation of transducin on the surface of a rhodopsin Sheves, 1993), energetics of a model system (Scheiner &
molecule after light reception. In the bovine system, the Duan, 1991; Beppu et al., 1992), and theoretical studies based
activation is carried out by one of the photointermediates, on the NMR data (Han et al., 1993) and on other aspects
metarhodopsin Il (Meta Il). Meta Il is characterized by two  (Harosi & Sandorfy, 1995). However, none has provided
features, proton transfer from the Schiff base to Glull3 direct evidence for the presence of water. Recent studies
(Jager et al., 1994) at the site close to the intradiscal surface, on the kinetics of the deuterium exchange reaction of bovine
and Structural Changes Of the Cyt0p|asmiC IOOpS tha.t interactrhodopsin Strong'y Suggest the presence Of water C|Ose to
Resek et al., 1994; Nishimura et al., 1996). Hence, therenfrared (FTIR) spectroscopy of bacteriorhodopsin first
should be a pathway to transmit information of the Schiff q\ealed the presence of the water molecules (Maeda et al.,
base deprotonation event across the membrane from thej9g7) that undergo structural changes in the functional
intradiscal side to the cytoplasmic side in Meta Il. However, rocess. Subsequently, similar water molecules were de-
structural changes have already spread in the membrane fronfected in the process of ’the formation of Lumi. Meta I. and
the site of the interaction between the Schiff base and its ;.- I in bovine thodopsin also (Maeda et al.,, 1993)_’ For

counterion, GIUllS’ to th_e region containing Glu122 and bacteriorhodopsin, the locations of these water molecules
Asp83 even in the preceding intermediates with protonated : .
have been assigned by use of relevant mutant proteins

Schiff base, bathorhodopsin (Batho), lumirhodopsin (Lumi), (Maeda et al., 1994; Fischer et al., 1994; Kandori et al., 1995;

and metarhodopsin | (Meta ) (Ganter et al., 1989; Fahmy X i i
et al., 1993; Kandori & Maeda, 1995; Nishimura et al., 1995). Yamazaki et al., _1995’ 1996; Br_own etal., 1995; Hata_naka
et al., 1996). This line of experiments has not been simple

Depletion of water causes disturbance in the process fromto anoly to rhodonsin because only limited amounts of mutant
Meta | to Meta Il (Nishimura et al., 1995). The presence of pply P y .
water molecules close to the Schiff base has been inferredPrOteIns are available and because of the photobleaching

property of rhodopsin. A way to overcome these problems
was opened by successful recordings of the water signals in
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to Batho of the wild type with the E113Q mutant protein . . T
supplemented with chloride as the counterion (Zhukovsky
& Oprian, 1989; Sakmar et al., 1989, 1991; Nathans 1990). o204 @ -
Previous FTIR studies with the mutants of Glu113 focused
on the protonated state of Glul13 in the Meta Il formation
(Jager et al., 1994; Fahmy et al., 1994). This paper provides
the first analysis of the mutant protein of bovine rhodopsin 0.104 ™
by FTIR spectra in the frequency region, where the stretching
vibrations of functionally important ©H and N-H bands

appear. The results give information so far unavailable on

[}
structural changes of water and-Nl bonds, as well as the 2 o000
peptide carbonyls, around the site for the interaction of the 8
Schiff base with the counterion in the photochemical process 6 ' ‘ '
. . 0N
to form the Batho intermediate. 8 )
< 20 L

MATERIALS AND METHODS

DNA. Synthesized bovine rhodopsin cDNA which has
Hindlll and EcaRlI sites at the 5and 3 ends, respectively,
was cloned into a pHE vector derived from pBluescript II
KS+ (Stratagene). Point mutation (Glul13-Gln) was
introduced by a phosphorothioate method using Sculptor
(Amersham). The mutant gene was sequenced by the S
dideoxy termination method with Sequenase (Amersham). 200 00 500
The wild-type and mutant genes were recloned into the Wavelength (nm)

expression vector pUSR(Kayada et al., 1995). . . - .
Rhodopsin. The recombinant proteins of wild-tvoe bovine FIGURE 1. Absorption spectra in the visible region of the hydrated
hodopsin. P yp films at 77 K for wild type (a) and E113Q (b). The spectra produced
opsin and its mutant E113Q were expressed in 293S cellspy jllumination with>610 nm light (1, solid lines) are rich in Rho.

(Nathans et al., 1989), and reconstituted to rhodopsin by The spectra upon illumination with 500 nm light (2, dotted lines)
mixing the membrane fraction in the disrupted cell lysate are rich in Batho. The spectra upon illumination witt520 nm
with 11-cisretinal (Kojima et al., 1996). All procedures light I(3, dﬁs_hed Imes)dare rich in Iso. Increases toward shorter
below were carried out under dim red light af@ unless wavelength in () are due to scattering.

otherwise specified. Rhodopsin was extracted in 1% dodecyl
maltoside (DM) in buffer P (0.05 M HEPES, 0.14 M NaCl,
pH 6.5). The supernatant fraction was obtained after 2 h
incubation by centrifugation at 600§®@r 30 min in a TL-
100.3 rotor (Beckman). It was diluted 2-fold in buffer P to
bring the final concentration of DM to 0.5%, and then
incubated with rho 1D4 antibody (Molday & MacKenzie,
1983) that was linked to agarose beads (Affigel HZ, Bio-
Rad) overnight. The beads were washed with 0.02% DM
in buffer P. Rhodopsin was eluted in the same solution
containing the C-terminal octadecapeptide of rhodopsin at
room temperature (Oprian et al., 1987), supplemented with
a 100-fold molar excess of phosphatidylcholine from egg
yolk (Sigma type XI-E) dissolved in 0.75% 3-[3-(cholami-
dopropyl)dimethylammonio]-1-propanesulfonate, and dia-
lyzed to 0.2 M NaCl in 1 mM phosphate buffer (pH 5.7) for
3—4 days. The visible spectrum at this stage shows the

maximum absorbance at 499 nm for both the wild-type and
warmed to room temperature. The same procedures were

E113Q rhodopsingjndicating that the pigments have native : : ' i
conformation. Rhodopsins were collected by centrifugation rHeese(z)ited with the same film after the hydration wiCror
2 .

at 5000@ for 45 min. The amount of the pigments in the

Figure 1 shows visible spectra at 77 K recorded for the
supernatant was less than 10% of the total. The pellets were . L
suspended in 40L of 5 mM NaCl in 1 mM phosphate buffer photo-steady-states enriched by Rho (solid lines), Iso (dashed

: lines), and Batho (dotted lines), respectively, of the wild type
H 5.7). The whole suspensions were placed on a;BaF o
\(/\I/Dindow)(18 mm in diamepter) and dried Iio a film under (@) and E113Q (b). These spectral shapes indicate the
vacuum by an aspirator. The films were humidifiedbg absence of any species with the absorption band around 380
: i1 . nm and also that the red shift due to the formation of Batho
uL of either FO, D0, or FO, sealed by a second window in E113Q occurs in a similar extent to that in the wild type.
They indicate that (1) no unstable intermediates are ac-

® The nucleotide sequences of the synthesized rhodopsin gene andymy|ated in the photo-steady-state enriched with Iso at 77
the multicloning site of the vector will be published elsewhere.

3 Sakmar et al. (1991) observed the maximum absorbance at 496K, and (2) the sample of E113Q is completely converted to
nm for E113Q in 0.1% DM in the presence of 0.1 M NacCl. the form with the protonated Schiff base. The concentration

0.10

0.00

and a silicon rubber O-ring, and mounted in a brass cell
holder in an Oxford cryostat (DN1704). The temperature
was controlled by an Oxford ITC-4 temperature controller.

SpectroscopyDifference FTIR spectra in the conversion
of Rho and Iso to Batho were recorded in a Bio-Rad
FTS60A/896 spectrometer, as described by Kandori and
Maeda (1995). The sample film that was hydrated witdH
was illuminated with 500 nm light to produce the photo-
steady-state enriched by Batho. The subsequent illumination
with >610 nm light reverts it largely to Rho. These
procedures allowed measuring the difference spectrum
between the states enriched with Batho and Rho. The
difference spectrum between the states enriched with Batho
and Iso was obtained by alternate illuminations with 500 nm
and >520 nm light. All these procedures were repeated 9
times. Finally, the whole products were converted to Iso
by illumination with >520 nm light. The film was then
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Ficure 2: Batho minus Rho spectra of the wild type (a) and E113Q
(b), and Batho minus Iso spectra of the wild type (c) and E113Q
(d) in the 1806-900-cnT! region in HO. The amplitudes were
adjusted by the HOOP bands at 96%70 cnt?! for (a) and (b),
and at 921 cmt for (a) and (c), and at 923 crhfor (b) and (d).
The length of the ordinate from the top border to the bottom
corresponds to 0.027 (a), 0.012 (b), 0.029 (c), and 0.021 (d)
absorbance units.

of chloride in the films is high enough for the complete
protonation of the Schiff base.

RESULTS

Batho minus Rho and Batho minus Iso Specifae Batho
minus Rho and Batho minus Iso spectra of the recombinant
wild-type pigment in chloride were recorded by the previ-

ously described procedures (Kandori & Maeda, 1995). These

spectra (not shown) were not pure, as judged from the

presence of the vibrational bands characteristic for Iso at 959

cm™! and for Rho at 1192 and 967 cf The fraction of
the contaminated Batho minus Iso spectrum in the Batho

minus Rho spectrum was estimated to be 17%, and the

fraction of the Batho minus Rho spectrum in the Batho minus

Iso to be 3%, when the amplitudes of these spectra were®

adjusted by the 921-cmh band. The spectra containing

contaminations were subtracted from each other, so as to

eliminate the 959-cmt band from the Batho minus Rho
spectrum, and the 1192-cband from the Batho minus
Iso spectrum. Figure 2 shows the resulting pure Batho minus
Rho (a) and Batho minus Iso (c) spectra of the wild type.
They are identical to those of the recombinant wild-type
protein in the absence of chloride except for slight differences
in the amplitudes in some chromophore bands (not shown).
The spectra are also coincident with those of native rhodopsin

Nagata et al.

from the rod outer segments (not shown), and with published
spectra of rhodopsin in the rod outer segments in the $800
800-cnm! region (Siebert et al., 1983; Bagley et al., 1985;
DeGrip et al., 1988; Sasaki et al., 1992) as well as in the
3700-800-cnT? region (Kandori & Maeda, 1995).

The spectrum obtained after illumination of E113Q under
the same conditions as used for the Batho minus Rho
spectrum of the wild type exhibited two hydrogen out-of-
plane (HOOP) bands at 959 and 950 épin addition to
the 970-cm? band of Rho (not shown). The bands at 959
and 950 cm* appeared in the Batho minus Iso spectrum of
E113Q. The fraction of the Batho minus Iso spectrum to
be removed from the Batho minus Rho spectrum was
estimated to be 45%by adjusting the amplitudes of both
spectra by the 923-cmh band. A 16% fraction of Batho
minus Rho spectrum had also to be removed from the Batho
minus Iso spectrum estimated from the intensity of the 1192-
cm ! band. The subtractions were done so as to remove
these bands, as in the case of the wild type. Figure 2 shows
the pure Batho minus Rho (b) and Batho minus Iso (d)
spectra.

Characteristic Bands of Batho.The G=C stretching
vibrational frequency of Batho of the wild type is at 1536
cm*(aand c). The corresponding band of E113Q is present
at 1530 cm? (b and d). From an empirical relation to the
wavelength for the maximum absorbance in the visible region
(Aton et al., 1977), Batho of E113Q is thus more red-shifted
than that of the wild type. The=€C stretching bands of
Rho and Iso of the wild type at 1558 (a) and 1557 (c)y ém
are clearly different from those at 1546 and 1550 &m
observed in the resonance Raman spectra (Palings et al.,
1987), respectively. Probably, different modes of tre
stretching vibrations acquired larger intensities in the infrared
and Raman spectra. Nevertheless, theSstretching band
of Rho in E113Q shows a similar lower frequency shift to
1546 cn1? (b) relative to the wild type (a). This tendency
was observed in resonance Raman spectra of E113Q in DM
(Lin etal., 1992). However, the corresponding bands of Iso
at 1557 cm? for the wild type (c) are almost the same as
1558 cn! for E113Q (d). The 1542-cnt band of Iso in
E113Q (d) is due to a different mode because it is abolished
in D,O (not shown). The visible spectra of E113Q in Figure
1 are skewed toward longer wavelength more than the wild
type.

The HOOP band of the wild-type Batho at a frequency as
low as 921 cm? (a, c) has been attributed to a;HOOP
mode uncoupled from G&HOOP (Palings et al., 1989). This
uncoupling is assumed to be caused by perturbation from
the closely located negative charge of Glu113 (Han & Smith,
1995). The present FTIR spectrum of E113Q exhibits a 923-
m~! band as the main band for Batho and the 933%m
band as a shoulder (b, d). A previous resonance Raman
study on Batho of E113Q had shown a single band at 935
cmt (Lin et al., 1992), and attributed it to the;&HOOP
mode. However, the 923-crhband can be ascribed to the
C.11-HOOP mode if this band is inactive in the Raman

4 A larger fractional amount of Iso in the Batho minus Rho spectra
may result from the higher quantum yield in the photoreaction of Batho
to Iso for E113Q than in the wild type. A large fraction of Iso was
also observed in the pumprobe resonance Raman spectrum of E113Q
(Lin et al., 1992). No striking augmentation in the fractional amount

prepared by the same extraction and purification proceduresof Rho is expected by changing the illumination conditions.
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spectrum due to the absence of the twist around The T T | T

HOOP band in the resonance Raman spectrum has been

proposed to arise from a twisting of the chromophore (Eyring 3309

et al., 1980). Differences in HOOP bands could be due to

differences in conformation between the chromophores of @ 3s8g 5% ) A

the wild type and E113Q, as envisaged from the ’AA e b e

stretching vibrational modes. Irrespective of the assignments \VaIR4 \/ ViV

of HOOP bands, the £—H and G,—H coupling is very | 8837 |

low and the G, is perturbed also in Batho of E113Q. w08

Though outside the present scope, the assignment by isotope ® 35|44 \ 3462

labeling is a prerequisite to drawing firm conclusions in these _a

arguments. e PN e
While the HOOP band of Rho at 967 cin(a) persists

nearly intact in E113Q at 970 crh(b), the 959-cm! band

of Iso of the wild type (c) is accompanied by the 950-¢m

band in E113Q (d). These two bands present in the same © b p

ratio in the photo-steady-states with the illumination=20 A/\ A /’\/\ 7 /\

nm (d) and>610 nm light (not shown) suggest that a single VARY v

species of Iso is responsible for these two bands. The 950- | 3536

cm! band was thus completely removed from the Batho 3564 —3479

minus Rho spectrum in the subtraction process (b). The e

presence of two bands with the same mode was observed () N

for the 947-cm! band with its shoulder at the lower . /\ ; '/”\Wmmw

frequency in Lumi (Ohkita et al., 1995). The absence of \f’35|29 \/\/ )

intermediates like Lumi and Meta | in the spectra of Batho asso |

or Rho is further assured by the absence of bands around 3478

950 cm? characteristic for these intermediates (Ohkita et A A | I

al.,, 1995). The 950-cm band in the Batho minus Rho 3700 3600 3500 3400 3300 3200

spectrum could not be due to Lumi or Meta | because the Wavenumber (cm™)

photo-steady-state enriched with Iso did not show the pgyre3: Batho minus Rho spectra of the wild type (a) and E113Q

absorbance band around 380 nm upon warming to room (b), and Batho minus Iso spectra of the wild type (c) and E113Q

temperature as described under Materials and Methods.  (d) in the 3706-3200-cnT* region. The spectra in 4D are shown
Peptide Carbonyls.We examined the amide I regions in by solid lines and those in O by dashed lines. The length of

. o the ordinate from the top border to the bottom corresponds to 0.0095
Figure 2 further. The positive bands at 1688, 1669, and 1656(a), 0.0042 (b), 0.0102 (c), and 0.0073 (d) absorbance units for the

cm* and the negative smaller bands at 1695, 1681, 1664, spectra in HO (solid lines) and 0.0095 (a), 0.0051 (b), 0.0097 (c),
and 1642 cm! in the Batho minus Rho spectrum of the wild and 0.0089 (d) for the spectra in,¥0.
type (a) all persisted in D (not shown). These bands are
thus assigned to amide | (mainly composed of the stretchingfrom the absence of the cancelling negative band which
mode of peptide €0). Similar bands at 1693, 1688 appears as a small negative band at 3537*dmthe wild
(+), 1668 (), 1658 (+), and 1642 ) cm™* are seen in  type (a). According to this scheme, a bilobe in E113Q with
the Batho minus Iso spectrum of the wild type (c). All of the bands at 3569) and 3544 {) cm? (b) is present in
them are absent in the spectra of E113Q (b and d). Thethe wild type at lower frequencies by4 cm? (a), and
1650-cntt band of E113Q (b) has a different mode because another bilobe with the positive band at 3522 ¢nand a
it disappears in BD (not shown). The intensities of these negative band that cancels the positive band around 3540
amide bands roughly correspond to single residues. Thecm™ is present in the wild type (a), but absent in E113Q
changes of the peptide backbone thus arise from changes in(b).
the strength of local H-bonding without gross conformational ~ As described previously (Kandori & Maeda, 1995), the
changes. spectrum in this region contains smaller bands that do not
Water Structural ChangesFigure 3 shows the Batho shiftin D;O. Further analysis by curve fitting was therefore
minus Rho spectra in the 3786@200-cn? region for the conducted on the spectra corrected for th©Ensensitive
wild type (a) and E113Q (b) in #D (solid lines) and KO fraction. Figure 4 shows spectra in® (solid lines in a
(dashed lines). The spectra of the wild type in the 3700 and d) and in DO (dotted lines in a and d) for the wild type
3430-cm! region (a) are completely identical to those (a) and E113Q (d) in the 362B500-cm* region, respec-
described previously (Kandori & Maeda, 1995). All the tively. The spectra after subtraction of the@insensitive
bands above 3500 crhare shifted in H'®O, containing the  fraction are shown by solid lines for the wild type (b) with
O—H stretching vibration of water. In E113Q, a negative bands at 3590+), 3566 (), 3548 (+), 3537 (), and 3523
band appears at 3569 cin(b) that is at a slightly higher  (+) cm™* and for E113Q (e) with bands at 357%)(and
frequency than the wild type at 3565 cha). The positive 3545 (+) cm . According to the idea described above, the
band of E113Q at 3544 crh(b) appears to be a band shifted Batho minus Rho spectrum of the wild type (b) was resolved
upward from 3522 cmt of the wild type (a). However, this  into six Gaussian curves (c), the sum of which (dotted line
idea does not account for the shift on the small bilobe featurein b) reproduced the original spectrum (solid line in b). The
at 3545 () and 3537 ) cm! of the wild type (a). More bands at 3564-) and 3542 ¢) were then combined with
likely, the positive band at 3544 crhin E113Q (b) originates  the smaller bands at 359%) and 3573 ) cm™t in (c).

Diff. Absorbance
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FiGURe 4: Batho minus Rho spectra in the 3628600-cnT? region. ave ( )

Those in BO [dotted line in (a) for the wild type and (d) for E113Q] FIGURES: Batho minus Rho spectra of the wild type (a) and E113Q
were subtracted from the corresponding spectra @ f$olid line (b), and Batho minus Iso spectra of the wild type (c) and E113Q
in (a) for the wild type and (d) for E113Q]. The spectra thus (d) in the 3208-1800-cnT? region. The spectra in 4@ are shown
obtained are shown as solid lines in (b) for the wild type and (e) with solid lines and those in £ with dashed lines. Features in
for E113Q. The spectrum of the wild type was resolved into six the 2406-2300-cnt? region are due to CO The length of the
Gaussian curves (c). The sum of all of them is shown by a dotted ordinate from the top border to the bottom corresponds to 0.0085
line in (b). The reconstituted spectrum of E113Q, as described in (a), 0.0038 (b), 0.0091 (c), and 0.0065 (d) absorbance units for the
the text, is shown with a dotted line in (e). The dashed line in (e) spectra in HO (solid lines) and 0.0069 (a), 0.0038 (b), 0.0083 (c),
is the sum of the abolished bilobe in E113Q. The length of the and 0.0066 (d) for the spectra inO.

ordinate from the top border to the bottom corresponds to 0.0048
(a) and 0.0021 (d) :fbsorbance units for the spec?razm folid higher frequency (not shown). The bilobe at 353§ @nd
lines) and 0.0039 (a) and 0.0022 (d) for the spectra i0.D 3525 +) cm ! (not shown) is missing in E113Q as the Batho
minus Rho spectrum.
Their sum (dotted line in e) nicely reproduced the spectrum N—H Stretching Vibrations.Figure 3 also shows bands
of E113Q (solid line in e) if one shifted the 3545-chband that do not belong to water. A bilobe at 348%F)(and 3462
by about 3 cm?, the 3571-cm? band by 5 cm?, and 3599- (=) cmtin the Batho minus Rho spectrum of the wild type
cm! band by 7 cm* toward the lower frequencies. These (a) could be attributed to the-N\H stretching vibration of
pictures explain why the bilobe that consists of the bands at Batho and Rho, respectively. Iso exhibits it at 3479°&¢m
3525 () and 3538 ) cm™! (c) is absent in E113Q as (c), distinct from 3462 cm! of Rho (Kandori & Maeda,
shown by the dashed line in (e), and the bilobe with bands 1995). These were conserved in E113Q (b and d) except
at 3542 ¢+) and 3564 ) cm™ (c) in the wild type appears  for a slight shift of the 3487-cnt band of Batho to 3491
with slightly higher frequency shifts in E113Q. These bands cm™. It should be noticed that the 3479-chband of Iso,
correspond to one or a few molecules of water involved in which had been present in the raw Batho minus Rho
the reaction of rhodopsin for an observed absorbance changepectrum before the corrections (not shown), was completely
of 0.0002-0.0004 compared with the molar extinction of removed by the subtraction procedure described above (see
~100 in the same frequency region (Glew & Rath, 1971). Figure 2b). The positive bands at 3309 ¢nin the Batho
The same procedures were applied to the Batho minus Isominus Rho (a in Figure 3) and at 3306 and 3277 tin
spectra (Figure 3c,d). The spectrum of the wild type was the Batho minus Iso (c) spectra were insensitive 1@ &and
divided into two large bilobes at 3536-f and 3525 {) are ascribed to amide A (stretching vibrational mode of
cm ! and 3569 {) and 3542 ¢) cm™1, along with a small peptide N-H) (Kandori & Maeda, 1995). Although some
bilobe at 3555 ) and 3590 ¢) cm™! (not shown). These accompanying negative bands are present in this region, the
are similar to those obtained with the Batho minus Rho intensities are much larger in the positive side of Batho.
spectra (Figure 2c) except for the small negative band at These bands are abolished in E113Q (b and d). This may
3555 cnT!. The Batho minus Iso spectrum of E113Q then be correlated with the abolition of amide | bands in E113Q
can be reproduced by summing the bilobes at 3568and (see above and Figure 2).
3542 (+) cm™* and at 3555 ) and 3590 ¢) cm™* (not N—H* Stretching Vibrations.Figure 5 shows the spectra
shown) and moving the summed spectrum by 4 troward in the 3200-1800-cm?! region for the Batho minus Rho
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spectrum of the wild type (a) and E113Q (b) and the Batho
minus Iso spectrum of the wild type (c) and E113Q (d) in
H,0 (solid lines) and BO (dashed lines). Complex bands
that are not present in the spectra of the wild type (a and c)
are noted for E113Q in both the Batho minus Rho (b) and
Batho minus Iso (d) spectra. The bilobe feature marked by
| (+; 3040-2880 cml) and Il (—; 2880-2740 cm?) is
shifted in DO to that marked by’ I(+; 2240-2200 cn1?)

and Il (—; 2200-2140 cn1l). These bands are located in
the regions of the NH* and N-H," stretching vibrations
(Bellamy, 1954; Nakanishi et al., 1990). Although histidine
N—H" could be a candidate (Lin-Vien et al., 1991), it would
be absent in the intramembrane domain. The only likely
candidate for it in rhodopsin is the protonated Schiff base,
which would change the strength of H-bonding with chloride
upon Batho formation in E113Q (b, d) and not in the wild
type (a, c). These two can be distinguished definitelynNF
labeling of either the lysine or the histidine side chains
becomes possible in future studies. Argininelis located
above 3000 cm, characteristic of free imine (Nakanishi et
al., 1990).

DISCUSSION

The present studies aim at revealing the role and location
of internal water molecules in relation to the structural
features around the Schiff base in rhodopsin. For this
purpose, FTIR spectral changes observed upon Batho forma:
tion (Kandori & Maeda, 1995) were analyzed for the mutant
protein E113Q, in which the regular counterion of Glu113
was replaced by chloride. The water changes in the Batho
minus Rho spectrum of the wild type can be reconstructed
satisfactorily from three bilobe bands (Figure 4). In E113Q,
a bilobe at 3564+) and 3542 ¢) cm! is shifted by 3-5
cm* toward higher frequencies, and another at 3538 (
and 3525 ) cmtis absent. Besides these, a small bilobe
at 3591 (+) and 3573 {) cm! is shifted toward higher
frequencies in E113Q. The bilobe at 3538)(and 3525
(+) cm™* must originate from one or a few water molecules
located close to Glu113, and the bilobe at 3563 &nd 3542
(+) cmt may be due to other water molecules in the
intramembrane region, which are influenced by the replace-
ment of Glu113. These water molecules, with-B stretch-
ing vibrations at 3564 and 3538 cfin the unphotolyzed
state, have a structural role in forming stronger H-bonding
upon Batho formation.

Batho formation in the wild type is accompanied also by
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C=N—H in-plane bending vibration (Rodman-Gilson et al.,
1988). In DO, this coupling is eliminated because of the
lower frequency of the €EN—D in-plane bending vibration
mode. Thus, the €N stretching vibrational frequency in
D,0 is largely affected by the structure and electrostatic
environment of the &N bond. A previous resonance
Raman spectral study (Lin et al., 1992) showed that t+C
stretching frequency is 1631 ctin E113Q, whose Schiff
base interacts with a chloride. This is almost identical with
that of the free protonated Schiff base in solution at 1632
cm! (Bagley et al., 1985; Baasov et al., 1987). The lower
value of 1624 cm! of the wild type suggests that the
interaction of the Schiff base with Glu113 is different from
a simple electrostatic interaction as observed with chloride.
The present study indicates that the interaction of the Schiff
base with Glul113 is constructed through H-bonding with
water molecules, the peptide carbonyls, and amides. This
seems to be valid for both the unphotolyzed states (Rho and
Iso) and Batho. The water molecules and the peptide
backbone participate with stronger H-bonding in Batho, while
the H-bonding strength of the protonated Schiff base in Batho
is identical with that in Rho or Iso [Figure 5; also see Deng
and Callender (1987)]. It has also been shown that water
molecules and peptide backbones are involved in the
stabilization of the protonated Schiff base in octopus acid
metarhodopsin (Nishimura et al., 1997), which is supposed
to be responsible for the activation of Gqg in analogy with

another invertebrate rhodopsin (Terakita et al., 1993).

These results can be merged into a notion that the water
molecule is the direct acceptor of H-bonding of the Schiff
base and moves together upon isomerization to Batho. This
idea has been first proposed by Deng et al. (1994) and
explains also the invariable frequency upon going to Batho
in octopus rhodopsin (Nishimura et al., 1997). The negative
band at 3538 cmt due to water G-H close to Glul13
(Figure 4c) is hardly observable in the Lumi minus Rho
spectrum (Maeda et al., 1993). This along with very weak
H-bonding of the Schiff base (Ganter et al., 1989) suggests
that this water molecule detaches from the Schiff base in
Lumi.

In order to account for resonance Raman and NMR data
(Palings et al., 1987; Han et al., 1993; Han & Smith, 1995),
they have placed one of the carboxyl oxygens of Glull3
close to the & of the retinal to compensate for the positive
electric charge and a water molecule as the acceptor of the
H-bonding of the protonated Schiff base. The present FTIR
study reveals the water molecule which forms H-bonding

frequency shifts and intensity increases for both the peptidejth Glu113 and the Schiff base. This water molecule also
carbonyls (amide 1) and amides (amide A). Most of them |inks to the peptide backbone. Another water molecule with
are absent in E113Q (Figures 2 and 3), suggesting connectiorhe O-H stretching frequency at 3564 ci(Figure 4c)

of these residues to Glull3 and its associated water|pcated in the membrane may be connected to this structure.
molecules. In this case, the amide hydrogen is protecteda chioride in place of Glu113 may be located also at a site
from exchanging with BO by forming H-bonding, presum-  ¢lose to the & in Batho and probably Rho of E113Q,
ably with a peptide carbonyl (Earnest et al., 1990). Peptide pecause the GHOOP is uncoupled from G-HOOP as the
carbonyls may participate through their polar character to wild type. Nevertheless, distribution of the negative charge
interact with water molecules. One of these, associated with in chloride and the Carboxy"c oxygen m|ght be different from
the 1688 {+) cm™* band, has been detected in the Meta Il each other and bring different interactions with the chro-
minus Rho spectrum and has been attributed to the peptidemophore, resulting in different structures as reflected in the
carbonyl close to Gly90 (Zvyaga et al., 1996). This residue HOOP, and &C and G=N stretching vibrations. The
has been proposed to be located close to the Schiff base (Ra@bsence of the water molecule at the site for the direct

et al., 1994).

The C=N stretching vibrational mode in4® is a coupled
mode of the intrinsic &N stretching vibration and the

acceptor of the protonated Schiff base in E113Q may account
for weak H-bonding of the Schiff base (Lin et al., 1992),
changes in H-bonding strength of the Schiff base upon the



6170 Biochemistry, Vol. 36, No. 20, 1997

formation of Batho (Figure 5), and the abolition of the
structural changes of the peptide backbone (Figure 2).
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