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ABSTRACT. Archaeal-type rhodopsins can accommodate eithdraails- or 13-cis, 15-synretinal in their
chromophore binding site in the dark, but only the former isomer is functionally important. In contrast,
Anabaenasensory rhodopsin (ASR), an archaeal-type rhodopsin found in eubacteria, exhibits a
photochromic interconversion of both forms, suggesting that ASR functions as a photosensor which interacts
with its 14 kDa soluble transducer differently in the ltns and 13eis,15-synforms. In this study, we
applied low-temperature Fourier transform infrared (FTIR) spectroscopy to thes,13-syn form of

ASR (13C-ASR) at 77 K and compared the local structure around the chromophore and its structural
changes upon retinal photoisomerization with those of theratis form (AT-ASR) [Furutani, Y.,
Kawanabe, A., Jung, K. H., and Kandori, H. (20@®chemistry 4412287-12296]. By use of {-*°N]-
lysine-labeled ASR, we identified the-ND stretching vibrations of the Schiff base (in®) at 2165

cmt for 13C-ASR and at 2163 and 2125 chfor AT-ASR. The frequencies indicate strong hydrogen
bonds of the Schiff base with a water molecule for both 13C-ASR and AT-ASR. In contrast,tbe N
stretching vibration appears at 2351 ©nand at 2483 cmt for the K states of 13C-ASR (13C-AS&R

and AT-ASR (AT-ASR), respectively, indicating that the Schiff base still forms a hydrogen bond in
13C-ASR«. Rotational motion of the Schiff base upon retinal isomerization is probably smaller for 13C-
ASR than for AT-ASR, the latter altering hydrogen bonding of the Schiff base similar to bacteriorhodopsin
(BR), a light-driven proton pump. Appearance of several hydrogen-out-of-plane vibrations and amide |
vibrations in 13C-ASR, but not in AT-ASR, suggests that structural changes are distributed widely
along the polyene chain for 13C-ASR. On the other hand, retinal photoisomerization in AT-ASR breaks
the hydrogen bond of the Schiff base, and localized structural changes in the Schiff base region are induced.

Four archaeal-type rhodopsins [bacteriorhodopsin (BR), attractant or repellent phototaxis, respectively. They have
halorhodopsin (HR), sensory rhodopsin (SR) (also called been extensively studied as model systems converting light
sensory rhodopsin 1), and phoborhodopsin (pR) (also called energy into electrochemical potential or relaying environ-
sensory rhodopsin Il)] were discovered in the cytoplasmic mental signal into the cytoplasm. Although such rhodopsins
membrane oHalobacterium salinarung1—4). The former were believed to exist only in Archaea, genome sequencing
two rhodopsins (BR and HR) function as light-driven proton projects and environmental genomics have recently revealed
and chloride pumps, respectively, while the latter two that archaeal-like rhodopsins also exist in Eukarya and
rhodopsins (SR and pR) act as photosensors responsible foEubacteria. In eucaryotes, archaeal rhodopsins were found
in fungi (5), green algaeq, 7), dinoflagellates &), and
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for the Promotion of Science for Young Scientists to Y.F. 7 .
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. 2;%%’? Institute of Technology. 261 residues (26 kDa), and a small gene encoding a soluble
I Sogang'University. protein of 125 residues (14 kDa) are under the same promoter

! Abbreviations: BR, bacteriorhodopsin; HR, halorhodopsin; SR, in a single operon1(3). The opsin gene was expressed

sensory rhodopsin; pR, phoborhodopsin; ASRjabaenasensory  heterologously irEscherichia coliand upon binding of all-
rhodopsinAmax, Maximum absorption wavelength; AT-ASRpabaena g y P 9

sensory rhodopsin possessingtedirsretinal as the chromophore; 13C- transretinal form?d a pink pigmen%ax 549 n_m in the dark-
ASR, Anabaenasensory rhodopsin possessing digetinal as the adapted form) with a photochemical reaction cycle of 110
chromophore; HPLC, high-performance liquid chromatography; DM, ms half-life (pH 6.8, 18C) (13). The previous study reported

n-dodecylf-p-maltoside; PCL-o-phosphatidylcholineppR, pharaonis -~ that coexpression with the 14 kDa protein accelerated the
phoborhodopsinNatronomonas pharaonsensory rhodopsin I1); 13C-

ASRy, the K intermediate of 13C-ASR; AT-ASRthe K intermediate ph(_)tocycle, indicating physical interaction with ASR3. _
of AT-ASR; HOOP, hydrogen-out-of-plane vibration. This fact suggested that ASR has a photosensory function
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rather than a bioenergetic one. According to the recent X-ray by removing the detergent with Bio-Beads, where the molar

crystal structure, ASR accommodates bothralis-and 13-

cis, 15-synretinal in the ground state, which can be inter-
converted by illumination with blue (480 nm) or orange (590
nm) light (14). Such photochromic behavior is never

ratio of the added PC to ASR was 50:1. The liposomes were
washed three times with a buffer [2 mM sodium phosphate
(pH 7.0)]. A 60uL aliquot was deposited on a Bawindow

of 18 mm diameter and dried in a glass vessel that was

observed in BR, HR, SR, and pR. These results might suggesevacuated by an aspiratof-{°N]Lysine-labeled ASR was

that ASR is a photochromic color sensor.
To understand the details of light-induced structural

prepared as was done foZ-{°N]lysine-labeledpharaonis
phoborhodopsinpgpR) (19).

changes of ASR, we have recently applied low-temperature HPLC Analysis.HPLC analysis was performed as de-

FTIR spectroscopy to the alfansform of ASR (AT-ASR)

scribed previously 20). A high-performance liquid chro-

and compared the difference spectra at 77 K with those of matograph was equipped with a silica column (6.L50

BR (15). The K intermediate minus AT-ASR difference
spectra showed that the retinal isomerizes froniralts to
distorted 13eis form similar to BR. On the other hand, a
remarkable difference between AT-ASR and BR was re-

mm; YMC-Pack SIL). The solvent was composed of 12%
(v/v) ethyl acetate and 0.12% (v/v) ethanol in hexane, and
the flow rate was 1.0 mL/min. Extraction of retinal oxime
from the sample was carried out by hexane after denaturation

vealed in water bands. Although ASR possesses a watedy methanol and 500 mM hydroxylamine at@ (21). The
molecule between the Schiff base and its counterion Asp75 molar CompOSition of retinal isomers was calculated from

similar to BR, the G-D stretching bands of water molecules
were observed only in the 2500 cnt? region for AT-ASR
(15). We interpreted that the weak hydrogen bond of the
bridged water in ASR originates from its unique geometry.

Since ASR does not pump protons and the direction of the

proton movement is toward cytoplasmic side from the
characteristics of the photoelectric signab), the results

the areas of the peaks in the HPLC patterns. Assignment of
the peaks was performed by comparing them with the HPLC
pattern from retinal oximes of authentic &l&ns-and 13-
cisretinals. Three independent measurements were averaged.
FTIR Spectroscop¥TIR spectroscopy was performed as
described previously 18). The ASR film sample was
hydrated with 1uL of H,O, DO, or D,'®0 before the

support the working hypothesis that the existence of strongly measurements. Then, the sample was placed in a cryostat
hydrogen-bonded water molecules is essential for proton (DN-1704; Oxford) mounted in the FTIR spectrometer (FTS-

pumping activity in archaeal rhodopsinkrj.

In the present paper, we extended the low-temperature

spectroscopic study at 77 K to the &i3;15synform of ASR
(13C-ASR). HPLC analysis revealed that light-adapted ASR
with light >560 nm at £C possesses 78% 13C-ASR, while
dark-adapted ASR has AT-ASR predominantly (97%). Then,

we established the illumination conditions to measure the
t adapted ASR possesses 78%cls3and 22% alltransforms.

difference spectra between 13C-ASR and its K state withou

40; Bio-Rad). The cryostat was equipped with a temperature
controller (ITC-4; Oxford), and the temperature was regulated
with 0.1 K precision. To accumulate 13C-ASR, we estab-
lished the following conditions for the light adaptation.
Hydrated films were illuminated with 560 nm light (O-58
cutoff filter; Toshiba) fran a 1 kWhalogen-tungsten lamp

for 1 min at 4°C. HPLC analysis showed that the light-

subtracting the difference between AT-ASR and its K state. | € Sample was cooled for 3 min after the light adaptation

Spectral comparison between 13C-ASR and AT-ASR pro-

vided useful information on structure and structural changes

upon retinal photoisomerization in ASR. In particular,
previous X-ray crystallographic study of ASR reported the
same protein structure for 13C-ASR and AT-ASER4)

whereas the present FTIR study revealed that protein
structural changes upon retinal photoisomerization were

significantly different between 13C-ASR and AT-ASR. The
differences were seen for HOOP modes of the retinal
chromophore, amide I, cysteine-8l stretch, the Schiff base
N—D stretch, and water ©D stretch modes. These must
trigger different global protein structural changes in each

photoreaction cycle leading to the observed photochromic

behavior.

MATERIALS AND METHODS

Sample PreparatiorSamples for the present spectroscopic
analysis were prepared as described previousBs (8).
Briefly, E. coli strain BL21 (Stratagene) was transformed
by introducing pMS107-derivative plasmidl3), which
encodes theéAnabaenaopsin, and was grown inx2 YT
medium in the presence of ampicillin (3@/mL) at 38°C.
Three hours after IPTG induction with addition of L&
all-transretinal, pink-colored cells were harvested, sonicated,
solubilized by 1% DM, and purified by a Ri-NTA column.

to allow for the complete decay of photoproducts.
Light-adapted ASR contains both athns and 13eis
forms, thus, its photoreactions strongly depend on the
illumination wavelength. In this study, we established the
following illumination conditions to obtain the K intermedi-
ate of 13C-ASR (13C-ASK minus 13C-ASR spectra at 77
K. Hlumination with 501 nm light for 1 min first converted
13C-ASR to 13C-ASRtogether with the conversion of AT-
ASR to the K intermediate of AT-ASR (AT-ASR. Nev-
ertheless, subsequent illumination~g&60 nm (O-58 cutoff
filter; Toshiba) reverted only 13C-ASRto 13C-ASR,
whereas no photoreversion was found for AT-ASRi the
previous study for AT-ASR, we illuminated AT-A%Rat
>590 nm for the photoreversion to AT-ASRLY). The
present result indicates that illumination @660 nm does
not change the photoequilibrium between AT-ASR and AT-
ASRk. Subsequent illuminations by 501 nm light an860
nm light do not induce the spectral features of AT-ASR
minus AT-ASR. Each difference spectrum was calculated
from the two spectra constructed from 128 interferograms
taken before and after the illumination. Twenty-four,(H
and DO) or forty-eight (B'%0) difference spectra were
obtained and averaged to produce the 13C-ABitus 13C-
ASR spectrum. ASR molecules are randomly oriented in the
liposome film as confirmed by linear dichroism experiments,
so we did not apply dichroic measurements using an IR

The purified ASR was then reconstituted into PC liposomes polarizer.
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Ficure 2: Difference FTIR spectrain the 1240130 cnt! region
measured at 77 K (in ¥D), where the spectra before illumination
T T T T T were subtracted from those after illumination. Light-adapted ASR
9.0 10.0 11.0 that contains 13C-ASR (78%) and AT-ASR (22%) was first

illuminated with 501 nm light for 1 min (a). Then, illumination at
>560 nm for 1 min converted a part of the photoproducts in (a) to
the original state [dotted line in (b)]. Subsequent illumination with
501 nm light yields the difference spectrum [solid line in (b)], which
is a mirror image of the dotted spectrum. Repeated illuminations
at>560 nm and at 501 nm yield the identical spectra. (c) The AT-
ASR¢ minus AT-ASR spectra are reproduced from Furutani et al.
(15). One division of they-axis corresponds to 0.005 absorbance
unit.

Retention Time (min)

Ficure 1: HPLC of chromophores extracted from ASR in DM
micelles (a) and in PC liposomes (b). The detection beam was set
at 360 nm. After the extraction, retinal oxime exists insh&and
15-anti forms. In the range of retention times shown, only the 15-
synform appears. We used the area of bothsyB-and 15anti
forms for calculation of isomeric ratios. Dark-adapted ASR (solid
lines) is in the allransform predominantly [AT-ASR; 95.5% 0.8%
in (&) and 97.1+ 0.1% in (b)], while light-adapted ASR (dotted
lines) possesses more of the di3form [13C-ASR; 78.1+ 1.2%
in (@) and 77.9+ 1.7% in (b)]. 1178 @) cmr %, suggesting the involvement of the photore-
RESULTS action of 13C-ASR. In the previous study for AT-ASR, we
illuminated AT-ASR at >590 nm for the photoreversion

Dark-adapted ASR is predominantly in the ainsform, to AT-ASR (15). In the present study, subsequent illumina-
while the light adaptation process increases concentrationtions at >560 and 501 nm yielded the spectra shown in
of the 13€isform (14, 22). This is in contrast to the case of Figure 2b (dotted and solid lines, respectively). Lack of the
BR, where light adaptation leads to a complete conversion bands at 1218, 1199, 1196, and 1189 &éstrongly suggests
into the alltransform (23). In this study, we attempted to  that the spectra do not contain the photoreaction of AT-ASR.
establish the illumination conditions to accumulate the 13- In other words, the solid line in Figure 2b corresponds to
cis form for DM-solubilized and PC-liposome-based ASR the 13C-ASR minus 13C-ASR spectrum. In fact, the
samples, using HPLC column chromatography. Panels a andspectrum of Figure 2a is well constructed from the solid lines
b of Figure 1 show that the dark-adapted ASR (solid lines) in Figure 2b,c (data not shown). In this way, we obtained
possesses 95.5% and 97.1% tedins form for the DM- the 13C-ASR minus 13C-ASR difference FTIR spectra
solubilized and PC-liposome-based samples, respectively. Onwithout any subtraction of spectral contribution from AT-
the other hand, illumination of ASR with560 nm light for ASR. Itis likely that the photoequilibrium between AT-ASR
1 min at 4°C results in accumulation of 13C-ASR. HPLC and AT-ASK is not changed between illuminations at 501
analysis showed that the light-adapted ASR possesses 78.1%m and at>560 nm, so that further illumination with 501
and 77.9% of the 18is form for the DM-solubilized and  nm and>560 nm in Figure 2b yielded the difference spectra
PC-liposome-based samples, respectively. Thus, the isomeribetween 13C-ASR and 13C-AgR
composition was not influenced by the reconstitution. Dark  Comparison of the Difference Infrared Spectra of the
adaptation was a slow process, with half-timé h at 4°C Photoreactions of 13C-ASR and AT-ASR at 77 K in the
(data not shown). 1770-870 cm! Region Figure 3 shows the 13C-ASR

A hydrated film of ASR in PC liposomes was light-adapted minus 13C-ASR (a) and the AT-ASRminus AT-ASR
as described above and then cooled to 77 K, followed by spectra (b), which were measured at 77 K upon hydration
illumination at 501 nm. Figure 2a shows the light minus dark with H,O (solid lines) and BO (dotted lines). In Figure 3a,
difference FTIR spectra of the light-adapted ASR. Vibrational the negative band at 1539 circorresponds to the ethylenic
bands at 1218-), 1199 (), 1196 (), and 1189 ¢) cm™* stretching vibration of the 18is chromophore in ASR, which
also appear in the AT-ASRminus AT-ASR (Figure 2c) exhibits the absorption maximum at 537 nrbd). The
(15), indicating that the conversion of AT-ASR to AT-A&RR  frequency is in good agreement with the well-known linear
is involved in the spectrum of Figure 2a. On the other hand, correlation between the ethylenic stretching frequencies and
Figure 2a possesses additional strong peaks at +184rn(d absorption maxima for various retinal proteing4). II-
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FIGURE4: The 13C-ASR minus 13C-ASR (a) and the AT-ASR
minus AT-ASR (b) spectra (pH 7) in the 1750550 cnt? region,
mostly representing vibrations of the protein moiety. The sample
was hydrated with KD (solid lines) or DO (dotted lines). One
division of they-axis corresponds to 0.0025 absorbance unit.

Wavenumber (cm'1)

Ficure 3: The 13C-ASR minus 13C-ASR (a) and the AT-ASR
minus AT-ASR (b) spectra (pH 7) in the 177870 cnt? region
measured at 77 K upon hydration with®l (solid line) and RO
(dotted line), respectively. The spectra in panel b are reproduced
from Furutani et al.15). One division of they-axis corresponds to

0.007 absorbance unit the chromophore of 13C-ASRs more distorted along the

L . . _ polyene chain than that of AT-ASR
e o s o 1527 " Fgure & shows he 13C ASAnu 13C-ASR (&) and
ASRO) the AT-ASR« minus AT-ASR spectra (b) in the 1750550
) o o cm™ region. Amide | vibrations appear in this frequency

C—C stretching vibrations of the retinal inthe 1360150 regjon together with the €N stretching vibration of the
cm* region are sensitive to the local structure of the protonated retinal Schiff base. In general, the former is
chromophore. In the 13C-ASRminus 13C-ASR spectrum  insensitive to the HD exchange, whereas the latter exhibits
in H;0, peaks are observed at 127%)( 1258 (-), 1204 downshift in 3O. In the case of AT-ASR, a prominent peak
(+), 1184 (), 1178 (t), and 1161 ¢) cm* (Figure 3a,  paijr at 1642 ) and 1621 ¢) cm™! is assignable to the
solid line). In the case of the 1dsform of BR, appearance  c=N stretchings of AT-ASR and AT-ASR respectively,
of a peak pair at 1185+) and 1177 ¢) cm * was regarded  pecause of the spectral shifts to 1624 and 1610 ¢) cm-2
as a marker of the formation of the atns photoproduct iy p,O (Figure 4b). In fact, we observed the downshift of
(25). Similar bands at 1184+) and 1178 ¢) cm*for 13C- the bands at 1642-) and 1621 4) cm® by 10 cn? for
ASR strongly suggest that 13C-AgRossesses the dlians  [z-15N]lysine-labeled ASR, indicating that they originate from
chromophore produced by photoisomerization of the<€13  the G=N stretching vibrations (data not shown). It should
C14 bond. As in the case of BR, the 1184)(1178 (t) be noted that the spectral changes of amide | vibrations at
cm ! bands are insensitive to the+D exchange (Figure  1660-1630 cnt? are small in AT-ASR minus AT-ASR,
3_51, dqtted line), being thu_s_assignable to €011 stretching which is clearly seen in ED (Figure 4b, dotted line),
vibration 5). Strong positive peaks at 1277 and 1204€m  gyggesting that no structural changes of the peptide backbone
13-<is form of BR, where positive peaks at 1205 thin The spectral features are quite different for 13C-ASR.
H,O and at 1234 cmt in D,O were assigned to be C14 Figure 4a shows the presence of the-Bl exchange-
C15 stretching vibrations2f). Therefore, corresponding independent bands in the 1660630 cn! region, located
peaks at 1204 cm in H,O and at 1231 cmt in D,O are at 1669 (), 1662 (), 1655 (), 1649 (), 1644 (+), 1634
assignable to the.C.HClS stretching vibration of .13C—_ (-), and 1628 ¢) cm L. This suggests perturbation of the
ASR. Spectral coincidence between BR and ASR implies peptide backbone upon retinal photoisomerization of 13C-
similar chromophore structures of their t& forms and ASR. In particular, the peaks at 1662, 1655, and 1649'cm
respective K states. are ascribable to the amide | vibrations of théelix. Helical

Hydrogen-out-of-plane (HOOP),ND in-plane bending, perturbation may be correlated with many peaks of the
and methyl rocking vibrations are observed in the 110 HOOP vibrations in 13C-ASR
890 cm! region, and the presence of strong HOOP modes Unlike in AT-ASR (Figure 4b), the 13C-ASRmninus 13C-
represents distortions of the retinal molec26)( The AT- ASR spectra (Figure 4a) do not show—B exchange-
ASRx minus AT-ASR spectra exhibit two strong peaks at dependent bands clearly. This indicates that theNC
968 and 957 cm' (Figure 3b). In contrast, many positive stretching vibrations are not clearly observed in the spectra.
bands were observed in the 13C-ASRiinus 13C-ASR Reproducible differences betweep®and DO samples in
spectra, whose frequencies are at 1002, 991, 981, 971, 965Figure 4a suggest that the=®! stretching vibrations are
and 957 cm® (Figure 3a). This observation suggests that present in this frequency region. In fact, bands at 1640
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as an important marker, because the difference in frequencyg,gure 6: The 13C-ASR minus 13C-ASR (a) and the AT-ASR
between HO and DO samples probes hydrogen-bonding minus AT-ASR (c) spectra (pH 7) in the 275@000 cnt? region
strength of the Schiff baseT, 28). In the present study, for [¢-**N]lysine-labeled (dotted line) and unlabeled (solid line)
however, we discuss the hydrogen-bonding strength of theASR. Double difference spectra in (a) and (c) (solid line minus

. oo dotted line) are shown in (b) and (d), respectively. The samples
Schiff base by use of the-AD stretching in QO (see below), were hydrated with BD, and spectra were measured at 77 K. One

which is the more direct prob&9). _ division of they-axis corresponds to 0.0007 absorbance unit.
In the carboxylic GO stretching frequency regior (L700

cm™), there are no bands for 13C- and AT-ASHFigures all-trans isomerization in ASR does not alter the local

3 and 4). This implies that Asp and Glu residues are located structure of cysteines (Figure 5a). There are three cysteine
far from the retinal even if they are protonated. In thekBR residues in ASR, Cys134 and Cys137 in helix E and Cys203
minus BR difference spectra, the bands at 174pand 1733 in helix G. None of them is conserved in archaeal-type
(+) cm™* were assigned to the=€0 stretching vibrations  rhodopsins. The cysteines were replaced by alanines, produc-
of the protonated Asp1130). ASR has a glutamine residue ing proteins with absorption maxima at 546 nm for the wild
(GIn109) at the corresponding position, whose vibrational type, 548 nm for C134A, 546 nm for C137A, and 553 nm
bands are probably observed at 1698 &nd 1693 ¢) cm™® for C203A (measured for DM-solubilzed ASR at pH 7.0;
for AT-ASR (Figure 4b). Similar bands were also observed unpublished data). The X-ray crystal structure of ASR also
at 1704 () and 1700 ¢) cmt in the difference spectra of  revealed that only the-SH group of Cys203 points to the
pPpPR, which has an asparagine residue at the correspondingnside of the protein in the Schiff base region consistent with
position @1). Therefore, it can be suggested that the structural the fact that the mutation at this position influences the
changes occurring around Asp115 in BR are common for absorption maximum. We suggested previously that the
ASR, BR, andppR. Figure 4a shows the bands at 1694 (  observed vibrational bands may be assignable to thEl S
and 1692 ) cm ! for 13C-ASR, which can be assigned to stretching of Cys2031(5).

21637

the C=0 stretch of GIn109. It is likely that the €0 Assignment of the ND Stretching Vibrations in 13C-ASR
stretching vibrations of Asp115 in BR are dependent on the and AT-ASRX—D stretching vibrations of protein and water
isomeric form as well. molecules appear in the 2752000 cnt? region for the films

S—H Stretching Vibrations of Cysteine ResiduEgure hydrated with DO (Figure 6). The solid line of Figure 6¢
5 shows the 13C-ASRminus 13C-ASR (upper panel) and shows the AT-ASR minus AT-ASR spectrum reported
AT-ASRx minus AT-ASR (lower panel) spectra in the earlier (L5). On the other hand, the 13C-AgRninus 13C-
2580-2500 cn1? region, which corresponds to-$i stretch- ASR spectrum (solid line of Figure 6a) is obtained for the
ing vibration of cysteine. As we already reported, there is a first time. Since the N-D stretching vibrations of the Schiff
negative band at 2547 cthand a positive band at 2538 cfn base should be present in this frequency region, we then
for AT-ASR (Figure 5b). In contrast, no spectral changes attempted to assign them by use of théiN]lysine-labeled
were observed for 13C-ASR, indicating that the ci8to ASR sample.
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Figure 6a compares the 13C-AgRninus 13C-ASR
spectra between (f**N]lysine-labeled (dotted line) and
unlabeled (solid line) ASR. Clear isotope-induced spectral
downshift was observed for intense positive and negative
bands at 2376 and 2165 ctrespectively. Other bands are
identical between{d-'N]lysine-labeled and unlabeled 13C-
ASR. Thus, we are able to conclude that thestretching
vibrations of the Schiff base are present in this frequency
region. It should however be noted that the strong positive
peak at 2376 cnt probably contains other vibrations because
the isotope effect was observed in the broad range of 2370
2320 cm? (Figure 6a). In fact, the AT-ASRminus AT-
ASR spectra contain such peak at 2383 tas well (Figure
6c¢), which may originate from amide A vibrations. By use
of double difference spectra from the data shown in Figure
6a, we determined that theND stretching vibration of the
Schiff base in 13C-ASRis located at 2351 cni (Figure
6b).

Figure 6¢c compares the AT-ARRninus AT-ASR spectra
between {-1*N]lysine-labeled (dotted line) and unlabeled
(solid line) ASR. Clear isotope-induced spectral downshift
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FIGURE 7: The 13C-ASR minus 13C-ASR (a) and the AT-AS&R
minus AT-ASR (b) spectra (pH 7) in the 2752520 cn! region

was observed for the two negative bands at 2163 and 2125Mmeasured at 77 K. The sample was hydrated wi red line)

cm%, indicating that the bands originate from-i stretch-
ing vibrations of the Schiff base in AT-ASR. Additionally,
the positive spectral feature at 2470 énexhibits isotope
shift from [¢-1°N]lysine labeling as well. By use of double
difference spectra from the data shown in Figure 6c, we
determined that the ND stretching vibration of the Schiff
base in AT-ASR is located at 2483 cmi (Figure 6d). The
positive peak at 2470 crh probably contains other vibrations
such as the ©D stretching vibrations of Thr79. In BR, the
O—D frequencies of Thr89, the homologue of Thr79 in ASR,
are 2507 and 2466 crhfor BR and BR,, respectively 32).

A similar positive band was also observed at 2476 tfar
13C-ASR (Figure 5a).

Thus, by use ofd-**N]lysine-labeled ASR, we identified
the N-D stretching vibrations of the Schiff base at 2163
and 2125 cm? for AT-ASR and at 2165 ci for 13C-ASR.
This indicates that the hydrogen-bonding strength is very
similar for the two isomeric forms, being slightly stronger
in AT-ASR. The X-ray crystallographic structure reported
the presence of a water molecule in contact with the Schiff

or D80 (blue line). Frequencies labeled in green correspond to
those identified as water stretching vibrations. One division of the
y-axis corresponds to 0.0004 absorbance unit.

with D,O and B0 identifies O-D stretching vibrations

of water molecules which change their frequencies upon
retinal photoisomerization. We previously reported the
absence of the water-D stretch at<2500 cnt? for AT-
ASR (15). This observation was entirely different from the
case of BR, being consistent with the correlation between
strongly hydrogen-bonded water molecules and proton-
pumping activity (7).

In this study, we also looked for the water bands in the
13C-ASR minus 13C-ASR spectrum, but no water bands
were found at<2500 cn1? similar to AT-ASR (data not
shown). This fact indicates that the bridged water molecule
between the protonated Schiff base and Asp75 forms a weak
hydrogen bond for both the allansand 13eisform. Figure
7 shows difference FTIR spectra in the 2751520 cn1?
region, where weakly hydrogen-bonded water molecules are
observed. Green-tagged bands in Figure 7 are assignable to

base, making it a good candidate for the hydrogen-bonding the O-D stretching vibrations of water because of the isotope

acceptor 14). Similarity of the hydrogen bonding in AT-
ASR and 13C-ASR is consistent with the X-ray structure.
We also identified the ND stretching vibration of the
Schiff base at 2483 cmi for AT-ASRx and at 2351 cmt
for 13C-ASR. Upshifted N-D frequencies indicate that
retinal isomerization weakens the hydrogen bond of the
Schiff base for both AT-ASR and 13C-ASR. Nevertheless,
unlike in the unphotolyzed states, the difference in frequen-
cies for the K states implies the different isomerization
outcomes for AT-ASR and 13C-ASR. In case of AT-ASR,
the upshift of the frequency is 300 cnT?, indicating that
the hydrogen bond is significantly weakened (or broken) in
AT-ASRg, presumably because of the rotational motion of
the Schiff base. In contrast, the upshift of the frequency is
about 200 cm! for 13C-ASR. This fact suggests that the
rotational motion of the Schiff base that accompanies retinal
isomerization is smaller in 13C-ASR than in AT-ASR.
O—D Stretching Vibrations of Water in 13C-ASR and AT-

shift. Figure 7b shows that three negative peaks at 2690,
2640, and 2608 cnt were assignable to the-D stretching
vibrations of water in AT-ASR, while the bands at 2701,
2653, and 2573 cnt were assigned as water stretching
vibrations of AT-ASR. The bands at 2547)/ 2537 ()
cm! are attributed to the HD unexchangeable -H
stretching vibration of a cysteine residue as shown in Figure
5b. Figure 7a shows that the bands at 266) énd 2645

(+) cm™! exhibit isotope shift of water. In addition, clear
isotope shift was seen for the positive band at 2589'cm
The negative band at 2553 cfalso contains water ©D
stretch, though the small downshift suggests the presence
of vibrations other than that of water. Therefore, two positive
and two negative peaks can be assigned aPQtretches

of water in 13C-ASR.

DISCUSSION
In this study, we compared the 13C-AgRinus 13C-

ASR.A spectral comparison between the samples hydratedASR and AT-ASR minus AT-ASR spectra obtained by
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means of low-temperature FTIR spectroscopy. The presenthydrogen-bonding strength of water molecules. We did not
HPLC analysis revealed that the dark-adapted ASR is observe strongly hydrogen-bonded water molecules for 13C-
predominantly in the AT-ASR form (97%). Then, the optimal ASR in this study (Figure 7a). This is consistent with the

conditions of light adaptation to accumulate 13C-ASR were above argument, because the X-ray crystal structure of ASR

established, resulting in accumulation of 78% of thecis3-

provides a similar position of the Schiff base, the water, and

form. This unique property of ASR raises several questions Asp75 for both isomers at 2.0 A resolutioh¥.

on how ASR relays the signal to its 14kDa transducer and We observed water ©D stretches of 13C-ASR at 2660
the nature of the signaling state of ASR. If there is a structural and 2553 cm! (Figure 7a), which correspond to -
difference between 13C-ASR and AT-ASR in the ground stretches at 3592 and 3481 cinrespectively, from the

state, it might result in different binding affinity of the 14

spectral analysis of the -€H stretching vibrations in kD

kDa transducer for 13C-ASR and AT-ASR. But we cannot (not shown). The ©H stretches of AT-ASR corresponding
exclude a general mechanism in which the M state would to the O-D stretches at 2690, 2640, and 2608 ¢iin Figure
be the signaling state as in other sensory rhodopsins.7b are found at 3636, 3558, and 3530 ¢énrespectively.

Although the light-adapted ASR contains AT-ASR, the

appropriate illumination regime allowed us to obtain the 13C-

ASR« minus 13C-ASR spectra without any subtraction of
the contribution of the altransform (Figure 2). The spectral

comparison of 13C-ASR and AT-ASR upon the retinal
isomerization at 77 K led to detection of the structural

Since only the water bridging the Schiff base and Asp75 is
located close to the chromophore, it is a reasonable postula-
tion that two water bands of ASR originate from-O (O—

H) stretches of this water molecule. In general, a water
molecule has two ©H groups, and their frequencies are
distributed in the wide 37062700 cnt? region depending

changes specific for each isomer. In addition, we revealed on their coupling and hydrogen-bonding streng)(
the hydrogen-bonding strengths of the Schiff base in each Gaseous water exhibits asymmetric and symmetric stretching

state using §-'°N]lysine-labeled ASR.

Unphotolyzed State of 13C-ASRe identified the N-D
stretching vibration of the Schiff base at 2165 ¢rfor 13C-
ASR (Figure 6a). We also identified the-ND stretching
vibration of the Schiff base at 2163 and 2125%¢rfor AT-
ASR. The similar frequencies in 13C-ASR and AT-ASR

modes at 3755 and 3657 cf respectively, and the
stretching frequency is lowered as its hydrogen bonding
becomes strongeB). It must be noted that the hydrogen-
bonding strengths of the two-€H groups are probably not
equivalent in the restricted protein environment, which breaks
the C,,-type symmetry. In such &ype symmetry, one ©H

indicate that the hydrogen-bonding strength of the Schiff baseis hydrogen bonded and the other-8 is unbonded, and

is nearly identical, being slightly stronger in AT-ASR. In
the case of BR, the ND stretching vibrations of the Schiff
base were determined to be at 2171 and 2124q29).

their frequencies are widely split. That is the case for the
bridged water of BR, where such decoupling of the two
stretching modes occurs3). Consequently, one €D

X-ray crystallographic structures of ASR and BR reported stretch of water is at 2171 crh while another G-D stretch
the presence of a water molecule in contact with the Schiff of water is at 2636 cmt. We suggested that the former points

base 14, 33). Therefore, similar hydrogen-bonding strength

toward Asp85, while the latter points toward Asp2RBB)(

for 13C-ASR, AT-ASR, and BR suggests that the water Nonsymmetrical bonding of the water molecule in BR is
molecule is a good hydrogen-bonding acceptor for the presumably important for the functio89, 40).

protonated Schiff base.

Interestingly, two peaks were observed for the-IN
stretch of the Schiff base of AT-ASR (Figure 6¢) and BR
(15), while only one peak was observed for that of 13C-
ASR (Figure 6a). Origins of the two peaks in BgpR, and
AT-ASR have not been well understood. Multiple vibrational

In the case of 13C-ASR, the frequency difference between
the O-D stretches is about 100 cth Corresponding ©H
stretches are also about 100 ¢rdifferent, being comparable
to the gaseous water. Therefore, stretching vibrations of the
water molecule are presumably coupled in 13C-ASR, where
anti-symmetric and symmetric ©D stretches are located

modes or structural heterogeneity is a possible source of theat 2660 and 2553 cm, respectively. The situation is

two N—D stretches. A single peak of the t&form in ASR

probably similar for AT-ASR, where two out of the three

may be useful for understanding of the nature of this mode. bands at 2690, 2640, and 2608 ¢roriginate from the G-D

The study of the 18is,15synform of BR is also in progress.
We previously found that water vibrations are entirely

stretches of the bridging water. The presence of the additional
water band indicates involvement of a more distant water

different between AT-ASR and BR, though both possess a upon formation of AT-ASR.

water molecule between the Schiff base and its counterion

(Asp75 for ASR or Asp85 for BR)1(4, 33). In the case of
BR, we observed water-€D stretches at 27662150 cnt?

(34—36), whereas AT-ASR possesses water@stretches
only at 2706-2600 cn® (Figure 7b) (5). We interpreted

Photoisomerization Process of 13C-ASR in Comparison
with That of AT-ASRUpon light absorption in 13C-ASR,
photoisomerization probably takes place at the €C34
(double) bond, leading from the 13s,15synto the all-
trans15-synform. It is generally accepted that the primary

the absence of bands of strongly bound water molecules byK intermediate is a high-energy state for retinal proteins.
the difference in geometry of the hydrogen bond. Namely, Chromophore distortion is one of the characteristic features

the N—Ouwater— Ocounterion (the Schiff base nitrogen, water
oxygen, and oxygen of the counterion) angle i$ &3d 106

of such high energy state, and HOOP vibrations monitor the
chromophore distortion. The appearance of numerous HOOP

in ASR and BR, respectively. As the consequence, if the modes in 13C-ASR vs just two in AT-ASR (Figure 3)
water oxygen fully accepts a hydrogen bond of the Schiff implies that the chromophore distortion in 13C-ASR

base, the ©H group of water points toward the oxygen of
Asp85 in BR, but not toward that of Asp75 in ASR. Such a

distributed more widely along the polyene chain. In other
words, chromophore distortion is more localized in the Schiff

small difference in the angle can possibly determine the base region for AT-ASR Such difference in HOOP modes



K States of 13is and All-trans Forms of ASR

is presumably correlated with the other observations includ-
ing amide |, cysteine SH stretch, the Schiff base A\D
stretch, and water ©D stretch modes, as discussed below.

Amide | vibrations of thea-helix were clearly observed
for the transition from 13C-ASR to 13C-A&Ris shown by
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In conclusion, ASR accommodates bothtedlns-and 13-
cis,15synretinal in the ground state according to the X-ray
crystal structure14). On the other hand, the present FTIR
study revealed that protein structural changes upon retinal
photoisomerization were significantly different between 13C-

the negative bands at 1662, 1655, and 1649'dmFigure ~ ASR and AT-ASR. They must trigger global protein
4a. This is reasonable because the retinal chromophore isStructural changes in each photoreaction cycle, resulting in

surrounded byx-helices. In addition, the bands at 1634)( the pho.tochromic behavior. The photochromic signaling
1628 (+) cm are also ascribable to amide | vibration. In mechanism of ASR has not been found, but we should be

contrast, fewer structural changes reported by amide |able to reveal such mechanism if the AT-ASR and 13C-
vibrations were observed for the transition from AT-ASR ASR states differ in the binding affinity of the 14 kDa
to AT-ASRx as we reported previouslyt§). Instead, it was transducer. The other possibility is that the M state from the
suggested that imide | vibration, possibly due to Pro206, was Photocycle of AT-ASR, which is conformationally changed,
greatly altered{5). Several amide | changes observed only Would be the signaling state similar to other sensory

for 13C-ASR are consistent with the picture obtained from
the HOOP analysis, suggesting that extensive structural
changes take place in 13C-AgR

No structural perturbation was observed fort$ groups
of cysteines in 13C-ASR, whereas there is a negative band
at 2547 cm?® and a positive band at 2538 cinfor AT-
ASR (Figure 5). This indicates that only the atknsto 13-
cisisomerization leads to the alteration of the local structure
of a cysteine in ASR. We previously suggested that among
the three cysteines of ASR, Cys203 in helix G is the most
likely candidate for this band. Cys203 is near Pro206 and
close to the Schiff base region. Replacement of Cys203 by
Ala results in a red-shiftedinax (553 nm) relative to the wild-
type ASR (unpublished data). This suggests that the Schiff
base region is more perturbed in AT-AgRhan in 13C-
ASRk.

The N-D stretching frequency of the Schiff base in 13C-
ASR« (2351 cn1?) is lower than that in AT-ASR (2483
cm™1), though they are similar between 13C-ASR and AT-
ASR. We thus assume that the hydrogen bond of the Schiff
base is broken in AT-ASRbut not in 13C-ASR. Conse-
quently, the hydrogen-bonding network is destabilized in AT-
ASRg, and protein structural changes proceed through the
network, where the L, M (deprotonation of the Schiff base),
and O states can be produced from AT-ASR. In contrast,
structural perturbation of the Schiff base region is smaller
in 13C-ASR, where the structural changes are distributed
more widely.

The number of observed water bands was two for 13C-
ASR and three for AT-ASR (Figure 7). As discussed above,
the two water bands in 13C-ASR are assignable to the water
molecule in the Schiff base region. The presence of an
additional water band indicates involvement of a more distant
water upon formation of AT-ASR The second nearest water
molecule in the X-ray structure is located 8.3 A from the
Schiff base nitrogen in the structure of AT-ASR and 8.0 A
in the structure of 13C-ASR14). That water is located
between Trp176 and Phe213 in the cytoplasmic region. The
third nearest water molecule in the X-ray structure is located
9.2 A from the Schiff base nitrogen in the structure of AT-
ASR and 9.7 A in the structure of 13C-ASR4). That water
is located near Arg72 in the extracellular region. No water
molecules are present near the polyene chain. Thus, wate
signals may also be consistent with the above view that the
chromophore of 13C-ASRis distorted more widely along
the polyene chain than that of AT-A&Rwhich has larger
changes in the Schiff base region.

rhodopsins.
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