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Abstract: Anabaenasensoryrhodopsin (ASR) is armarchaeattype rhodopsin found in
eubacteriaThe gene encoding ASR forms a singlpeson with ASRT (ASR transducer)
whichis a 14 kDa soluble proteisuggesting that ASR functions as a photochromic sensor
by activating the soluble transducefhis article reviews the detailed phoéaction
processes 0ofASR, which were studiedy low-tenperature Fouriertransform infrared
(FTIR) and UV-visible spectroscopy The former researchreveals thatthe retinal
isomerizationis similar to bacteriorhodopsin (BR), but the hydrogeonding network
aroundthe Schiff base and cytoplasmic region is diffiet. The latter study showthe stable
photoproduct of the atrans form is 100% 1cis, and that of the 18is form is 100%
all-trans These results suggest thtite structuralchanges of ASRn the cytoplasmic
domainplay important roles in the actitan of the transducer proteiand photochromic
reaction is optimized for its sensor function

Keywords: photcsensor; rhodopsin; photochromism; FTIR spectroscopy UV-visible
spectroscopy

1. Introduction

Photosynthesis is one of the most important cbaimieactions in living cells because almost all
erergy spent by living things ondgh originates from itPhotosynthesis mainliakes placan the
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chloroplasts of plants, wher@ photoinduced electron transfer reaction first stores light energy, but
evertually a proton gradient is formed across the membrartee proton gradient is used for the
synthesis of ATP, because it is a driving force of an enzyme-gyhthaseSome bacteria directly
convert light energy int@ proton gradient through a proton puntpght sensing is also important
Plants musavoid ultraviolet (UV) light, because it capossiblydamagetheir genes. In addition,they
have to senserange or red light, gzhotosynthesis imoreefficiencyundertheselights.

Four archaeal type rhodsips [Bacteriorhodopsi(BR), Halorhodopsin (HR), Sensory rhodopsin |
(SRI), and Sensory rhodopsin Il (SRII); also called phoborhodopsin (pR)] were discovered in the
cytoplasmic membrane défalobacterium salinarunj1-4]. The former two (BR and HR) functioss
light-driven proton and chloride pumps, respectively, while the latter two (SRI and SRIl) are
responsible for attractive and repellehbpotaxis, respectively (Figur. They have a retinal molecule
as a chromophore, which forms a Schiff base linkaugie a lysine residue of the 7th heli&n dl-trans
form (altrans 15anti) is the functional form in BR, HR, SRI and SRII, and absorption of leguds
to isomerization to the 18is, 15anti form, which triggers protein structural changes for fuorctin
the case of BR, a cyclic reaction comprises the series of intermediatds, M, N, and O
(Figure 2) [5,6]. During the photocycle, a protors transporéd from the cytoplasmic tothe
extracellular sideThey have been extensively studied as maystems converting light enerdg
chemical potential or environmental sigiallthough such archaeal type rhodopsins were considered to
exist only in Archaeaguring the last decadbe variousgenome sequencing projects have revealed that
archaeal rhodusins alscexist in Eukaryota and Bacterim eucaryotes, archaeal rhodopdiase been
found in fungi B], green algae9,10], dinoflagellates 11], and cryptomonadsLp).

Figure 1. The bacteriorhodopsirphotocycle(PDB code: 1C3W]7]. The reaction stés
with light andreturns tatheinitial state through the various intermedgéthin 10 ms.
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Figure 2. There are four archaeal rhodopsins idalobacterium salinarum
bacteriorhodopsin, halorhodopsin, sensory rhodopsin | and Il. All of them have seven
transmembrane helices and arti@hsretinal as a chromophore.
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Eubacterial rhodopsins were found botlgirand a-proteobacterig13,14] as well as inrAnabaena
(Notstog sp. PCC7120, a freshwater cyanobacteridl, which was calledAnabaenaSensory
Rhodopsin (ASR)The gene encoding ASR, which is a membrane protein of 261 residues (26 kDa), and
a smaller gee encoding a soluble protein of 125 residues (14 Kkidajch is called ASRT (ASR
transducer)are under the same promoter in a single opgtéh The opsin expressed heterologously
in Escherichia colimembranedbinds all-trans retinal to form a pink pigent ( max = 549 nm) with a
photochemical reaction cyclalf-life of 110 ms (pH 6.8, 18C) [15]. The previous study revealed that
co-expression WittASRT increased the rate of the photocycle, indicating physical interaction with ASR
and the possibility that AS works as a photosensor protein (Fig8rgl5]. It should be noted that SRI
and SRII activate transmembeatransducer proteins (Figuig. In this sense, ASR is closer to visual
rhodopsins that activate solublepBoteins.

According to the Xray crystalstructure of ASRFigure4), it is similar to those obther archaeal
type rhodopsinsASR accommodates both-athnsand 13cis retinal in the ground state, which can be
interconverted by illumination with blue (480 nm) or orange (590 nm) light (Figune.6]. Such
photochromic behavior has never been observed in other archaeal rhodopsins such as BR, HR, SRI ar
SRII, being characteristic to ASR. These results suggested that ASR could be a photochromic color
sensor, whereas nothimgaswell-known abouthe structuralchanges and scheme itsf photochromic
reactionsvhen we started the study.
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Figure 3. Proposed function ofAnabaenasensory rhodopsin (1XIQ6]). ASR is
interconverted into two isomeric states, which have different interactions ASIRT
(2119) [17]. ASRT maybe controb the expression level of phycobilisome proteins
(phycocyanin and phycoerythrifd5]. Phycobilisome graphic is from Grossnetral [18]

Anabaena sensory rhodopsin

Thylacoid

Figure 4. (Left) X-ray crystallographic structuid ASR (1X1([16]). Purpleribbors, geen
spheres, yellow and white sticksrrespondo helices, watemolecules retinal and amino
acid residues, respectivel{fRight) The Schiff base region of ASBnd BR (translucent
structure, 1C3W[7]), respectively Each retinal moleculbetween ASR an@R is fitted to
compare the hydrogdmonding networks by using SwigklbViewer[19]. Top and bottom
regions correspond to the cytapimic and extracellular sides. Theen sphere (Water 402)
represerg a water molecule which forms a hydrogen bond leridgtween the prototed
Schiff base and its counten, Asp75. Hydrogetfbonds (blue dashed lines) anéerredfrom
the structure and the numbers are the hydrdogperdl distances iA. This figure isadapted
with permissiorfrom Furutaniet al [20]. Copyright 2005 American Chemical Society.
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Amino acid sequenceomparison between ASR and BR reveals that some important residues for
pumping protons are replaced in ASR. The proton donor to the Schiff base (Asp96 in BR) and one of
proton release groups (Glul94 BR) are replacetby serine residues, Ser86 and Serl88, respectively
(Figureb).

Figure 5. Comparison of amino acid sequences of ASR and BR. The transmembrane
topology is based on the crystallographic thidéeensional structes. The sequence
alignment was done using CLUSTAL Y21] with the default settings. Single letters in a
circle denote residues common to ASR and BR. The residues that are different in ASR and
BR are denoted at the top and bottom of the circles, respgcilivie residues forming the
retinal binding site within A of the chromophore are shown by bold or filled circlEsis

figure is repinted with permissionfrom Furutaniet al [20]. Copyright 2005 American
Chemical Society.

Ten amino acid residues oait twenty-five which constitute the retinal binding site are different from
thoseof BR, probablyaccounting for thalifferent absorption maximum and photochromic behavior of
ASR. Among them, the most characteristic replacement is Pro20&tbaathe paition of Asp212 in
BR, which is one of the couniens of the Schiff base and a well conserved amino acid residue in
archaeal type rhodopsins (Fig8e The influence of Pro206 on the hydrogen bonds around the Schiff
base should be studied precisely éucidating the difference in the structural changes of retinal and
protein between ASR and BR upon their activation.

As shown above, ASR is a unique archdagaé rhodopsinHowever, the molecular properties
particularlythe natureof its photochromicbehavior were much less knownrhus, inthelag five years
we have studied various properties of ASRainly by use of spectroscopic techniqugsice ASR
possesses visible absorption, WKible spectroscopy is the basic technique to study the pregeft
this moleculeLow-temperature UWisible spectroscopy was used to study the photochromism of ASR
describedin Section4. In the photochromic reactiothe isomeric states of the retinal chromophore
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play animportant role, and HPLC analysis is theedir method to determine the isomeric composition
of the retinal chromophoré/ie usedthis method in the work describaa Section3. On the other
hand in our studieswe have mostly used lowemperature Fouridgransform infrared (FTIR)
spectroscopy22,23]. Infrared frequencies cover thedD8Gi 100 cni region, which corresposdo the
molecular vibration®f interest, sonfrared spectroscopy isparticularly suitable experimental tool to
study structural changes in proteiin this review article Se¢ions 2 and 3coverthe local structural
analysisof retinal photoisomerization (77 K) of the-adans and 13cis forms of ASR, respectively,
while Section5 describegytoplasmic surfacstructural perturbation of affansASR at 170 K.

Figure 6. The 25amino acid sequence of archagglde rhodopsin around retinal. First,
second, third, fourth and fifth categoriespresentthe families of bacteriorhodopsin,
halorhodopsin, sensory rhodopsin |, sensory rhodopsin Il and other artipeeal
rhodopsins, resetively. positim3S: nearthe Schiff base, P: neathe polyene chai, b:
aroundtheb-ionon ring.
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2. FTIR Spectroscopy of the All-trans Form of AnabaenaSensory Rhodogin at 77 K: Hydrogen
Bond of a Water between the SchiffBase ard Asp75

As mentioned, amparison oflie amino acid sequences of ASR and BR shows that some important
residues for the proton pump in BR are replaced in ASR (FiglreThe most characteristic
replacement is Pro206 at the corresponding position of Asp212 in BR, Asp212 counterions a
counterioncomplex of the Schiff base in BR, and the aspartate is highly conserved among archaeal
rhodopsins. How is the hydrogen bonding network around the Schiff base modified in ASR by the
presence of Pro206?

We haveusedlow-temperature Fourier transform infrar@€llIR) spectroscopy to deteahd study
X-H and XD (X = O, N) stretching vibrations in the midfrared region (900 1,800 cnt) [22,23].

These vibrations are direct indications of the hydrogen bonding network, including internal water
molecules.In fad, comparison of the K intermediate (BRminus BR difference spectra between
hydration with BO and R'°0 in the XD stretching region (Z00' 1,800 cnt) enabled us to assign the
O-D stretching vibrations of water molecules not only with a weak hydroged gt >2500 cn') but

also with a strong hydrogen bond (at,4@0 cni). A mutation study showed that one of theDO
stretches (A71 cnl) originates from a bridgg water molecule between the Schiff base and its
counterion (Asp85)25]. Hydration swith of the water plays an important role in the proton transfer
reaction in BR[26]. In addition and interestingly, comprehensive studies of BR mutants and other
rhodopsins have revealed that strongly hydrelg@mded water molecules are only found in thetgins
exhibiting proton pump activitie27]. This suggests that a strongly hydrogen bonded water molecule
that bridges the Schiff base and its counterion is essential for proton putming terms of this idea,

our FTIR study of ASR is intriguing, becise ASR possesses a bridged waterBiRe[16], but does

not pump protongls].

Here we applied lowtemperature FTIR spectroscopy to thet@hs form of ASR, and compared
the difference spectra at 77 K with those of BRe K intermediate minus ASRffdirence spectra show
that the retinal isomerizes from the-tainsto the distorted 1-8is form, like BR. The N-D stretching
of the Schiff base was observed at6&1) and 21251 ) cmi’, while the GD stretchings of water
molecules were observed in thegion>2,500 cn'. These results indicate that the protonated Schiff
base forms a strong hydrogen bond with a water molecule, which is connected to Asp75 with a weak
hydrogen bondThis result supports our working hypothesis about the strong correlationedn the
proton pump activity and the existence of strongly hydrogen bonded water molecules in archaeal
rhodopsinsWe shalldiscussn some detaithe structural reasomwhy thebridged water molecule does
not form a strong hydrogen bond in ASR.

In spectoscopic studies of archaeal rhodopsins, it is importamtisiinguish between theeparate
the photocydtation productsf the alitrans from the 13cis forms. In the case of BR, a wetihown
light adaptation procedure leads to a completdratis form. On the other hand, Vogelest al
reported that ASR has a maximal amount of therafis form in the dark (>75%), while light
adaptation rather decreases #mount of the altrans form [16]. This was reproduced in this study,
and hencewe used the d&-adapted ASR samplé&he absorption maximum of the -&lans enriched
ASR was located at 549 nm, which widi® same valu@reviouslyreported[16]. Low-temperature
UV-visible spectroscopy of ASR showed that the-skifted intermediate (ASR is formedat 77 K.
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The difference absorption maximum was located at 593 nmyarektimated the absolute absorption
maximum of ASR at 589 nm (data not shown).

2.1. Comparison of the Difference Infrared Spectra Obtained by the Photoreactiohsabiena
Sensory Rodopsin (ASR) at 77 K with Those of Bacteriorhodopsin (BR).

Figure 7 shows the ASR minus ASR (a) and BRminus BR spectra (b), which were measured
at 77 Kupon hydration with HO (solid lines) and BD (dotted lines).Unlike those of BR, the
difference spectra of ASR contain a mixturef photoproducts of the alfans and 13cis form.
However,we estimatedy use of the marker band,{¥8 cnt) that thel3-cis form contributionunder
our illumination conditionss less than 20% (see belovdimost dl vibrational bands described in this
chapter originate from the photoreaction of theralhsform.

Figure 7. The ASR minus ASR (a) and the BR minus BR (b) spectra in
the 1,800 850 cni region measured at pH 7 and 77 K upon hydration with {olid ling
and DO (dotted line), respectivelyn the hydrated film, ASR molecules are oriented
randomly, while BR molecules are highly orient&pectrum in(b) is reproduced from
Kandoriet al [28], where the sample window is tilted by 53.0ne division of he yaxis
corresponds to 0.005 absorbance unliBis figure is reprinted with permissiorfrom
Furutaniet al [20]. Copyright 2005 American Chemical Society.
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The negative band at,387 cm' corresponds to the ethylenic stretching vibration of thérais
chromophore in ASR, which exhibits an absorption maximum at 54@L6ImThe frequency is in good
agreement with the wellnown linear correlation between the ethylenic stretching frequencies
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and absorption maxima for various retinal proteif9]. In the case of BR, the bands
at 1,530()/1,514 (+) cn correspond to the ethylenic stretching vibrations of the unphotolyzed and K
intermediate (BR) states, respectivelyFigure 7b). On the other hand, two positive bands appeared
at 1545 and 1523 cni for ASR (Figure 7a). According to theethylenic stretching frequencies and
absorption maximaorrelationwe predicted the ethylenic stretch of ASEE89 nm) to be at,$25 cnf.
Therefore, the 523 cm band is likely to be thdatter, and the band at,345 cni can possibly be
assigned to the amide Il mode.similar observation wamadefor halorhodopsir{30], where the K
intermediate exhibits two positive bands &3B and 1514 cnt with a negative band at325 cni.

Remarkable spectral differencbstween ASR and BR were seen in th&00i 1,450 cni region.
Two negative bands at467 and }451 cni and a positive band at471 cm* were observed for ASR
(Figure7a). Among these three bands, thd37 cni band is insensitive to 49 exchange, whersahe
bands at %71 and 451 cni arereduce to the halfthe intensity in RO. On the other hand, such
strong bands are absent for BRigure 7b). This frequency region corresponds to the imide Il
vibrations of proline

2.2.Comparison of the Vibratiai Bands of the Retinal Chromophore between ASR and BR

The C-C stretching vibrations of retinal in the2@0i 1,100 cni® region are sensitive to the local
structure of the chromophorm Figure8b, the negative bands aR17, 1169, 1254, and 203 cni'
were assigned to the €&, C10C11, C12C13, and C14C15 stretching vibrations of BR,
respectively[31]. These frequencies are characteristic of theradfls retinal protonated Schiff base,
though the frequencies are higher because of the charge dekimalof the retinal molecule in BR.
Upon formation of BR, retinal isomerizes to the 43s form, resulting in the appearance of a strong
positive band at ,194 cn, which is assigned to C4011 and C14C15 stretching vibrationg32].

A more complex gectral feature was observed for ASR in th290-1,100 cni* region Eigure 8a).
One reason is that the photoreaction of thei$3orm to its photoproduct contributes to these spectra.
It is known that a positive band at,380 cnt is a marker band ofish a reaction in BR33]. Similarly,

in this study for ASRwe found that the bands at1B3( )/1,178+) cmi* increase in intensity when
illumination wavelengths are changedhus, we interpreted that tlse bands originate from the
photoreaction of the 18is form in ASR as well as in BRIn other words,we established the
illumination conditiongo maximaly reduce the bands at1B3()/1,178(+) cni in this study.

In the case of the dltansform of ASR, the negative bands g218, 1174 (and/or 1167), 1249,
and 1196 cm' were tentatively assigned to the -C8, C10C11, C12C13, and C14C15 stretching
vibrations, respectivelyHigure 8a). These frequencies are similar to those of BR (each frequency
difference is <10 cf), supporting the fact that the retinal configuration of ASR in the-ddgpted
state is aftrans However, the relativgllarge difference in CXZ13 (6 cnit) and C14C15 (7 cri)
stretching vibrations suggests that the retinal structure near the Schiff base region is somehow differen
in ASR and BRIn addition, the intensity of the band g218 cnt is threetimes largetthan that of BR,
which also suggests different retinal structure around th€€8ond.Upon formation of ASR, the
retinal molecule is considered to isomerize to thei$3orm in analogy to the case of BRowever,
unlike BR, there are three positivartals at 1199, 1189, and 1149 cm'. The 1199 cni* band is not
sensitive to HD exchange, suggesting the origin as-& Gtretching vibration in the polyene chain of
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the retinal moleculeThe bands at,189 and 1149 cmi are upshifted upon hydration WitD,O,
suggesting that they are influenced by the Schiff base vibratien1,189 cn band can be assigned to
the C14C15 stretching vibration, while the, 149 cni band is difficult to identify at present.he
downshift of the C14C15 stretching vibradin from 1196 to 1189 cni upon formation of ASR
suggests that the retinal configuration iscl8in ASR«. Splitting into two negative bands at, 1174
and 1167 cnmi may suggest the presence of a positive banglatlicnt, which can be assigned to the
C10-C11 stretching vibration.

Figure 8. The ASR minus ASR (a) and the BR minus BR (b) spectra in
the 12901 1,100 cn region, which correspond to-C stretching vibrations and -N
in-plane bending vibrations of the retinal chromophore. The sampléydasted with HO
(solid lines) or DO (dotted lines). One division of the-axis corresponds to 0.004
absorbance unitsThis figure is reprinted with permissiorirom Furutaniet al [20].
Copyright 2005 American Chemical Society.
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The HD exchangeabléand at 255 cnt* was assighed to one of the modes containing tié N
in-plane bending vibration of the Schiff base of BB4], while similar negative bands appear
at 1,249 cnt in the spectra of ASRThe band disappearing upon hydration witlOxan beassigned to
the modes of the Schiff bas&@he neighboring negative band af37 cni is also sensitive to
deuteration and seen only in ASR, but its origin remains unkndwe. result suggests that the
hydrogen bonding environment of the Schiff base oRASsimilar to that of BR.

The difference spectra in the ;1100890 cm' region are expanded inFigure 9.
Hydrogenout-of-plane (HOOP), ND in-plane bending, and methyl rocking vibrations are observed
here, and the presence of strong HOOP modes représendgstortion of the retinal molecule at the
corresponding positionThe most intense HOOP band in the (BRinus BR difference spectra
(Figure 9b) was observed at 957 ¢nfin H,O) and 951 cm (in D,O), which were assigned to the
C15H HOOP vibrationof BRk [34]. The origins of the bands at 941, 962, and 974 cemain
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unknown, but theynay be assigned to HOOP vibratior@n the other hand, the weak negative band

at 911 cnit was assigned to the G5 and NH HOOP vibrations of the original state oRE35].

These results have been interpreted as an increase in the retinal distortion around the Schiff base upc
the retinal isomerization in BRn the case of ASR, similar but slightly upshifted bands were observed.
The positive bands atd01, 973, 968and 957 cri of ASR« (Figure9a) possibly correspond to those

at 974, 962, 957, and 941 ¢nof BR«, respectively Figure 9b). The negative bands at 932

and 927 cil have probably the same origin as that at 911 ionBR, which was assigned to the GHI5

and NH HOOP vibrationg35].

The negative band at 976 ¢rand the positive band at 969 ¢trm Figure 9b were assigned to the
N-D in-plane bending vibrations of BR and BRespectivelj34]. The 1009 cni" band is insensitive to
H-D exchange and waassigned to themethyl rocking vibration of the retinal in BRThe band
at 1,006 cn in Figure9a can also be assigned to the methyl rocking vibration in ASR similmlyhe
other hand, the bandg 1,088( ), 1,080(+), and 1025i) cmi' are highly cheacteristic of the ASR
minus ASR difference spectra, and never observed in other arty@eahodopsins such as BhR,
and NR[34,36,37]. According to the literature, the antisymmetric \&retchings of tertiary amines
appear in the 2501 1,000 cnt region[38]. Thus, these bands may originate from the skeletal vibrations
of Pro206 as well as those a8#71(+), 1,457( ), and 1451() cmi' (Figure7a).

Figure 9. The ASR minus ASR (a) and the BR minus BR (b) spectrain
the 1,110/ 890 cnt region, wheh correspond to hydrogenut-of-plane (HOOP) vibrations
of the retinal chromophore. The sample was hydrated wi@ k$olid lines) or RO
(dotted lines). One division of theaxis corresponds to 0.002 absorbance uhls figure
is reprinted with permssion from Furutani et al [20]. Copyright 2005 American
Chemical Society.
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C=N stretching vibrations of the protonated retinal Schiff base are observed 85811600 cnt'
region Figure10). The C=N stretching vibrations are sensitive t®Hexchange, and the difference in
frequency has been considered as the probe for its hydrogen bonding §88/Adih that is,the larger
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the difference is, the stronger the hydrogen bon@ihie. C=NH and C=ND stretching vibrations of BR
were observed at,d41 and 1628 cnv, while those of BR were at 1608 and 1606 cnf,
respectivelyf41]. The former difference in frequency is 13gnand the latter is 2 ¢ suggesting that
the protonated Schiff base forms a hydrogen bond irHaiRs broken upon retiddgsomerization.The
C=N stretcles were observed at,@842 (C=NH) and 624 cn’ (C=ND) in ASR, and its difference
is 18 cnT, suggesting that the hydrogen bonding strength is stronger than that ©hBRe other hand,
it is difficult to assign the posite bands because of the more complicated spectral fealumere are
two sets of candidates for the C=N stretching vibrations ofASRe set is the bands §621 (C=NH)
and 1610 cni' (C=ND), while another set is the bands ®&0D (C=NH) and B95 cnmi' (C=ND). The
differences in frequency are 11 and 5'cfor the former and latter, respectivelf.the former is the
case, the hydrogen bond may not be broken upon retinal isomerization irCag&usive assignment
of the C=N stretching of ASRneeds &ble isotope labeling on the Schiff base, whicshiswn in next
chapter On the other hand, the-N stretching vibration of the Schiff base indprovides more direct
information about the hydrogen bond of the Schiff basedescribed below.

Figure 10. The ASR minus ASR (a) and the BR minus BR (b) spectra in

the 17601 1,570 cni region, most of which are ascribable for vibratoof the protein
moiety. The underlined peaks are C=N stretching vibrations of the chromophore. The
sample was hydrated WitH,O (solid lines) or RO (dotted lines). One division of theaxis
corresponds to 0.003 absorbance unfikis figure isreprinted with permissionfrom
Furutaniet al [20]. Copyright 2005 American Chemical Society.
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2.3. Comparison of the C=0 Streticly Vibrations of Carboxylate, Carbonyl, and Amide Groups of
the Protein Moiety between ASR and BR

In the BRx minus BR difference spectr&i@ure 10b), the bands at,742 and 733 cni were
assigned to the C=0 stretching vibrations of the protonated 1Aspdhich are downshifted upon
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hydration with BO [42]. In contrast, there is no band in the same frequency region of the ASR spectra
(Figure 10a), implying that Asp and Glu residues are located far from the retinal molecule even if they
are protonatedASR has a glutamine residue at the corresponding position of Asp115 in BR, whose
vibrational bands are probably observed ,60&i) and 1694(+) cni* (Figure10a). Similar bands were
also observed at,104(i ) and 170Q(+) cri* in the difference spectra ppR, which has an asparagine
residue at the corresponding positipf8]. These observations suggest that the structural changes
around Aspl15 in BR are similar among ASR, BR, jppid.

The band pairs at,@68()/1,664+) cm' and at 1623(+)/1617(i) cm® were assigned to the
amide 1C=0 stretching vibrationsThe former was assigned to the amide lkagpfhelix [44] and the
latter to the amide | of Val4pi5]. In the case oASR, a band pair at,879( )/1,673+) cm’ could be
similar in oigin to the bandsat 1,668()/1,664(+) cni® in BR. It should be noted that the spectral
changes of amide | vibrations at,880 cni* are much smaller in ASR than in BR, which is clearly seen
in D,O. This suggests that the structural changes of the peptide backbone irupd8Rretinal
isomerizationare very smallOn the other hand, the structural perturbation of Pro206 was suggested
for ASR.

2.4.Comparison of the )0 Stretching Vibrations between ASR and BR

X-D stretching vibrations of protein and water molecules apjpetire 27501 1,950 cni' region
(Figure11). A spectral comparison between the samples hydrated w@habd B'°0 identifies GD
stretching vibrations of water molecules which change their frequencies upon retinal photoisomerization.
Greenlabeled bandsiiFigure11 can be assigned to the@stretching vibrations of water because of
the isotope shiftln BR, six negative peaks at6®0, 2636, 2599, 2321, 2292, and 2171 cni were
earlier assigned to vibrations of water moleculggyre 11b) [26,46]. The bands are widely distributed
over the possible frequency range for stretching vibrations of watece the frequencies of the
negative peaks at@1, 2292, and 2171 cn' are much lower than those of fully hydrated tetrahedral
water moleculeg46], the hydrogen bonds of those water molecules must be very strong, possibly
indicating their association with negative chardedeed,we assigned the,271 cni band to the €D
group of a water molecule associated with deprotonated AR5 This watermolecule, called
water 402 in the crystal structure of BR (PDB entry 1C3W), is located between the Schiff base and
Asp85 (Figured). A previous QM/MM calculation of the Schiff base region of BR also supported the
existence of an extremely strong hydrodpemd between water 402 and Asg&%]. Water stretching
vibrations of BR tend to be higher in frequency, implying that the overall hydrogen bonding becomes
weaker upon photoisomerization.

In contrast, interestinglgnly three negative peaks 690, 2640, and 2608 cni could be assigned
to the QOD stretching vibrations of water in ASRFiQure 119. The bands at ,201, 2653,
and 2573 cm' were assigned as water stretching vibrations of A3Rshould be emphasized that
there are no water bands ireth2400 cni region, which is a significant difference from the published
results for BR angpR. In the case oppR, two pairs of peaks were observed in thgl€@ cmt' region,
located at B69(+)/2307(i) cm® and at 274(+)2,215(i) cm* [47]. Since ASR has a bridged water
molecule between the Schiff base and Asp75 (Figuees well as BR angpR, one may expect similar
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water bands at <200 cnt. However, that is not the case for AS®/e will discuss the structural
reason for the lack of strongly hygiyen bonded water molecules below.

The frequency region shown kigure 11 also contains D stretching vibrations other than water
molecules.n the BRc minusBR spectrum, the bands aBa7( )/2,466(+) cni* labeled in purple and
the underlined bands &466(+), 2171(i), and 2124(i) cm* were assigned to the-D stretching
vibrations of Thr89 48,49] (the corresponding residue in ASR is Thr79) and th® Ntretching
vibrations of theretinal Schiff base41], respectivelyThus, the negative,271 cni band contains both
the GD stretch of water and the-N stretch of the Schiff basén the ASR minus ASR spectrum,
there are 10 bands other than water band@et@ '), 2,537+), 2508(), 247001 ), 2446+), 2383(+),
2,336(), 22580 ), 2.1631), and 2125(i) cni'. The bands at,847()/2,537(+) cm" are attributed to
the HD unexchangeable-8 stretching vibration of a cysteine residue as described b&lbgvbands
at 2508()/2,470(+) cmi* can be assigned to the@stretching vibrations of Thr79 @analogy to BR.
The OD frequencies of Thr79 in ASR and AgR,508 and 2470 cnt) are almost identical to those
of Thr89 in BR and BR (2,507 and 266 cni), respectively, indicating that the strength of hydrogen
bonding between Thr79 and Asp75 is ideaitio that between Thr89 and Asp85 in BR.

Figure 11. Comparisorof the difference infrared spectad ASR (a) and BR (b) ldrated
with D;O (red lines) or B®0 (blue lines) in the ,230-1,950 cnt region Greenlabeled
frequencies correspond to thosenid@ed as water stretching vibrations. Purfabeled
frequencies are O stretthies of Thr8948,49], while the underlined frequencies areDN
stretches of the Schiff ba§él]. Spectrumn (b) is reproduced from Tanimotet al [26],
where the sample wiow is tilted by 53.% One division of the Jaxis corresponds
to 0.0007 absorbance unifhis figure isreprinted with permissiorfrom Furutaniet al
[20]. Copyright 2005 American Chemical Society.
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Though not assigned directly by use of the labglextein, the bands at 163 and 2125 cni are
likely to originate from ND stretching of the Schiff base, whose frequencies are very similar to those in
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BR (2171 and 2124 cnt). This fact indicates similar hydrogen bonding strengths between ASR and
BR. The slightly lower frequency of the strong bandl@3 cnt in ASR and 2171 cnt in BR) may
correspond to the results obtained for the C=N stretching vibrations as shown Bgfore 10. The
analysis of the C=N stretching vibrations of ASstiggestedwo possibilities for the hydrogen bonding
strength of the Schiff baséigure 10a clearly shows the presence of the negative bandsl@8 2

and 2125 cnt, implying that the ND stretch is upshifted in ASR We infer that one of the bands

at 2470, 2446, and 2383 cm' can be assigned to the-IN stretch in ASR. Thus, we can safely
conclude that the hydrogen bond of the Schiff base in ASR becomes much weaker upon retinal
photoisomerization as well as in BR.

2.5.SH Stretching Vibrations of the CysteifResidues

Figure 12 shows the ASR minus ASR spectra in the ,3802,500 cm' (top panel)
and 1890 1,800 cnt (bottom panel) regions, which correspond téi @ind SD stretching vibrations
of cysteine residues, respectivellhere are a negative band a?,547 cni and a positive band
at 2538cmi’, while no band is observed in theDSstretching upon hydration with,D.

Figure 12. The ASR minus ASR spectra in the,590/ 2,500 cni (the upper panel)
and 1890-1,800 cn (the lower panel) region, whictoorespond to &1 and SD stretching
vibrations of cysteine residues, respectively. The sample was hydrated,@itfs¢lid lines)

or D,O (dotted lines). One division of theaxis corresponds to 0.0001 absorbance units.
This figure is repiinted with permisionfrom Furutaniet al [20]. Copyright 2005 American
Chemical Society.
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In fact, SH stretching vibrations in D are observed iRigurella (2547 and 537 cnt). The SH
stretching frequency of cysteine appears in tf8@ 2,525 cni region. Thus, the frequency change
from 2,547 to 2538 cnt suggests that the cysteine forms a considerably strong hydrogen bond upon
retinal isomerizationThe non H-D-exchangeable nature of the cysteinél §roup presumablyesults
from either the hydrophobic enviroment or the strong hydrogen bond.
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The lowerfrequency shift in ASR is the opposite of the cysteine signal in the INIRus NR
spectrd 37]. In addition, the HD exchange is different between ASR and NRese facts suggest that
the cysteine residues dozated in different environments and their hydrogen bonds change differently.
There are three cysteine residues in ASR, Cys134 and Cys137 in helix E and Cys203 inNetidlG.
of them are conserved in archaggde rhodopsin, but Cys134 and Cys137 laeated at a position
similar to that of Cys170 in NR, which is conserved in halorhodop$ia. X-ray crystal structure of
ASR also revealed that only therFsgroup of Cys203 is directed to the inside of the protémm
these results, the observed baad be assigned to theHstretching of Cys203.

2.6.Unique Structure of #n All-trans Formof ASR

In this study,we measured the ASRminus ASR spectra by means of lkd@mperature FTIR
spectroscopy.For this purpose ASR was expressed igk. coli, and he wildtype protein was
reconstituted into PC liposomeK. is noted that the ASR molecule is not embedded in the native
membrane, which could modify the FTIR spectFar instance, HD exchangecould be different
between PC liposomes and the native mambja fact thasshould be elucidated in the fututéowever,
this study focuseson the structural changes near the retinal upon photoisomerization, and the
light-induced difference FTIR spectra are not significantly affected by different lipid envirteimen

Despite the presence of the-d8 form, the obtained spectraare predominantlydue to the
photoreaction of the altans form, and the spectra were compared with those of BiRse results
clearly show that the altansto 13-cis photoisomerizatiortakes place in ASR like in BR, though the
C-C stretching and HOOP vibrations are somehow diffefEm. protonated Schiff base forms a strong
hydrogen bond in ASRpresumably with the bridged water (Figu#g and the hydrogen bond is
cleaved by the rotmtn of the NH (N-D) group, as in BRWe also observed-8l stretches of a cysteine
residue which is insensitive to hydration with We observed smalhmide Ibands and large bands
that can be ascribed to imide Il 4¥1(+), 1457(), and 1451() cm' and NG [1,088()
and 1080(+) cni] stretchings of proline residueA. previous resonance Raman spectroscopic study
showed that the imide Il vibration of the o bond appears at aroundd0 cni [50]. BR has three
Pro residues in the transmembraneiaegPro50, Pro91, and Prol186 (Figiie The previous FTIR
study suggested that the environment around these proline residues changes upon retinal isomerizatic
via observation of the isotope effect éiN]proline in the 14501 1,420 cn' region[51]. It should be
noted that spectral changes are much smaller in BR than in ASR in this frequencylretfiercase of
ASR, thereare additional three Pro residues (Figusg It is Pro206, a corresponding residue of
Asp212 in BR (Figuret). Figure 4 shows thathe peptide C=0 group of Pro206 forms a hydrogen
bond with the peptide amide {N group) of Lys210, which connects a retinal chromophorel hus,
retinal photoisomerization strongly perturbs the peptids Gond of Pro206 in ASR, presumably
leading to tle appearance of these unusually intense bands in30@& 1,450 cn' region.It should be
noted, however, thatve can conclude this argument only when these bands are assigned by use
of [*°*N] proline-labekd ASR

A significant differencebetween ASR an@8R was seen for water bandd/e have so far observed
the OD stretching vibrations of water molecules under strongly hydrogen bonded conditions inkthe BR
minus BR andpR« minusppR difference spectri26,36,46]. The X-ray crystal structures of BR and



Sensor009 9 9757

ppR reported the presence of a bridged water molecule between the Schiff base and its counterior
(Asp85 in BR and Asp75 ippR) [7,52,53]. Therefore, the hydrogen bond of the water is expected to
be strong, and such strongly hydrogen bonded water molecetesolvserved in the FTIR studi@e
water molecules possessDstretches at,200 2,100 cni in D,O [23,27]. Since ASR has a bridged
water molecule between the Schiff base and Asp75 (F§uas well as BR angpR, one may expect
similar water bands at2,400 cn. However, that was not the case for ASRerefore, the structural
reason for the lack of strongly hydrogen bonded water molecules has to be explained on the basis of th
structural backgroundSince both structures of ASR and BR are knowigufé 4), we will try to
explain the reason here.

Our analysis of the Schiff base mode (C=N stretch ard biretch) in ASR showed that the
hydrogen bonding strength of the Schiff base is similar in ASR andTBR.observation is consistent
with the simibr distance between the Schiff base nitrogen and water oxygen (2.6 A for ASR and 2.9 A
for BR). A slightly stronger hydrogen bond in ASR than in BR is also consistent with the distance that
is shorter in ASRIn contrast, water bands in ASR were entiraffetent from those in BR, although
the distance between the water oxygen and the oxygen of the counterion are similar (2.7 A for ASR
and 2.6 A for BR).The OD stretch of the bridged water in BR is located 472 cni (Figure 11b),
whereas that in ASR probably one of the bands §620, 2640, and 508 cni (Figure11a). How is
such difference observed between ASR and BRfay be explained by the difference in the geometry
of the hydrogen bondrigure 13 shows that the M,aerOasprs (the Schiffbase nitrogen, the water
oxygen, and the oxygen of Asp75, respectively) angle in ASR isT8&’ corresponding MDyater Oaspss
angle in BR is 106°Figure 13). As the consequence, if the water oxygen fully accepts the hydrogen
bond of the Schiff base, tH@-H group of water points toward the oxygen of Asp85 in BR, but not
toward that of Asp75 in ASRF{gure 13). Such a small difference in angle possibly determines the
hydrogen bonding strength of water molecules.

Figure 13. Schematic drawing of hydrogentms of the water molecule locating between
the protonated Schiff base and its counterion. A part -@faadlk retinalis depicted b-ionon

ring and ethylenic part from C6 to C12 are omitted. The numbers are the angle of the
N-O-O atoms derived from the ygtal structures of ASR and BR (PDB entries are 1XIO
and 1C3W, respectively). Hydrogen bonds are indicated by the dashed lines with their
strength.This figure is repnted with permissiofrom Furutaniet al [20]. Copyright 2005
American Chemical Society
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On the basis of our FTIR studies of BR mutants and other rhodop&igve found an interesting
correlation between strongly hydrogen bonded water molecules and proton pump atnotygy
various BR mutant proteinse have studied, only D85N and D2N lack strongly hydrogen bonded
water moleculesOther BR mutants possess theiDOstretches at <200 cnit, which include T46V,
R82Q, R82Q/D212N, T89A, D96N, D115N, Y185F, and E2(0%4). Among these mutants, only
D85N and D212N do not pump protonEherefore, strongly hydrogen bonded water molecules are
only found in the proteins exhibiting proton pumping activiti&he correlation between proton
pumping activity and strongly hydrogen bonded water molecules is true not only for BR mutants but
also forvarious rhodopsinsWhether rhodopsins possess strongly hydrogen bonded water molecules
has been examined systematicalje found that BR angbharaonisphoborhodopsii26,36,46], both
of which pump protons, possess such water moleculd® $@etch at <200 cnt in D,O). In contrast,
strongly hydrogen bonded water molecules were not observed for halorho@sfjsilNeurospora
rhodopsin[37], and bovine rhodopsif56]. It is known that none of them pumps protossich
comprehensive studies of archaeal amial rhodopsins have thus revealed that strongly hydrogen
bonded water molecules are only found in the proteins exhibiting proton pumping activaties
together, these results for ASR suggest that the strong hydrogen bonds of water moleculés and the
transient weakening may be essential for the proton pumping function of rhodopsins.

3. FTIR Study of the Photoisomerization Processein the 13cisand All-trans Forms of Anabaena
Sensoy Rhodopsin at 77 K

We thenextended the lowwemperature spectsoopic study at 77 K to the 43s, 15synform of
ASR (13CASR). HPLC analysis revealed that ligatlapted ASR with >560 nriight at 4 €
possesses 78% 13&SR, while darkadapted ASR has ARSR predominantly (97%)Then, we
established the illuminatioconditions to measure the difference spectra betweerABRC and its K
state without subtracting the difference between-A#8R and its K stateSpectral comparison
between 13€ASR and AFASR provided useful information on structure and structural chamgas
retinal photoisomerization in ASR particular, previous Xay crystallographic study of ASR reported
the same protein structure for 1:2GR and AFASR [16], whereas the present FTIR study revealed
that protein structural changes upon retinal plsotoerization were significantly different
between 13€ASR and ATFASR. The differences were seen for HOOP modes of the retinal
chromophore, amide I, cysteinetSstretch, the Schiff base-N stretch, and water-O stretch modes.
These must trigger differéglobal protein structural changes in each photoreaction cycle leading to the
observed photochromic behavior.

Dark-adapted ASR is predominantly in the-tadins form, while the light adaptation process
increases concentration of the-di8 form [16,57]. This is in contrast to the case of BR, where light
adaptation leads to a complete conversion into thaals form [58]. In this study,we attempted to
establish the illumination conditions to accumulate theci$3form for DM-solubilized and
PCliposone-based ASR samples, using HPLC column chromatogrdpdmyels a and b dfigure 14
show that the darkdapted ASR (solid lines) possesses 95.5% and 97.1fraralform for the
DM-solubilized and Pdiposomebased samples, respectivedn the other handjumination of ASR
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with >560 nm light for 1 min at 4 € results in accumulationldC-ASR. HPLC analysis showed that
the lightadapted ASR possesses 78.1% and 77.9% of tr@sX8rm for the DMsolubilized and
PCliposomebased samples, respectivelhus, the isomeric composition was not influenced by the
reconstitution.Dark adaptation was a slow process, with-tiale >1 h at 4 € (data not shown}t
should be noted th&neshcheko\et al. estimated the ratio of altansand 13cis formto be67:33 in
thedark-adaptedASR and20:80 inthe light-adaptedASR [57]. The different valuein the dark-adapted
state may originate fromme lipids for reconstitution|.coli membranen [57]).

Figure 14. HPLC of chromophores extracted from ASR in DM nlee(a) and in PC
liposomes (b). The detection beam was set at 360 nm. After the extraetioal oxime
exists in 15synand 15anti form. In the shown range of retention times, only thesyid
form appears. We used area of bothsyband 15anti forms far calculation of isomeric
ratios. Darkadapted ASR (solid lines) is in the-alhns form predominantly AT-ASR;
955 + 0.8 in (a) and 97.1 £ 0.2 in (b)], while lightadapted ASR (dotted lines)
possesses more of the-&i8 form [13GASR; 78.1 £1.2% in §) and 77.9 £1.% in (b)].
This figure isreprinted with permissiorfrom Kawanabeet al [59]. Copyright 2006
American Chemical Society.
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A hydrated film of ASR in PC liposomes was lighdapted as described above and then cooled
to 77 K, followed by llumination at 501 nmFigure 15a shows the light minus dark difference FTIR
spectra of the lightdapted ASRVibrational bands at,218( ), 1,199+), 1,196(i ), and 1189(+)cm’*
also appear in the ARSR« minus AT-ASR (Figurel5sc) [20], indicating that lhe conversion of AT
ASR to AT-ASR is includedin the spectrum of Figurg5a. On the other hand, Figuba possesses
additional strong peaks at,1B4 () and 1178 (+) cni, suggesting the involvement of the
photoreaction of 13@&SR. In the previous studfor AT-ASR, we illuminated ATASR« at >590 nm
for the photoreversion to ARSR [20]. In the present study, subsequent illuminations at >560
and 501 nm yielded the spectra shown in Fidible (dotted and solid lines, respectiveliack of the
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bands at 218, 1199, 1196, and 1189 cnm' strongly suggests that the specttemuldnot contain the
photoreaction of ATASR. In other words, the solid line in Figuléb corresponds to the 13&8SRx
minus 13CASR spectrumln fact, the spectrum of Figufesa is wel constructedrom the solid lines in
Figure 1%,c (data not shown)n this way, we obtained the 13&€SR< minus 13CASR difference
FTIR spectra without any subtraction of spectral contribution fromASR.

Figure 15. Difference FTIR spectra in the,240i 1,130 cni region measured at 77 K

(in HxO), where the spectra before illumination were subtracted from those after
illumination. Lightadapté ASR that contains 138SR (78%) and ATASR (226) was

first illuminated with 501 nm light for 1 miga). Then, llumination 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 spectx Repeated illuminations at >560 nm and
at 501 nm vyield the identical spectra. (Ehe AT-ASR« minus AT-ASR spectra are
reproduced from Furutaneét al [20]. This figure is repiinted with permissionfrom
Kawanabeet al [59]. Copyright 2006 American Chacal Society.
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It is likely that the photoequilibrium between AISR and AFASR« is not changed between
illuminations at 501 nm and at >560 nm, so that further illumination with 50&anth®»>560 nm yielded
the difference spectra between 1B8SR and 13CASR«. In this way, we obtained the 13%SRg
minus 13CASR difference FTIR spectra without any subtraction of spectral contribution frofSR.

3.1. Comparison of the Difference Infrared Spectra of the Photoreactions cAS¥Cand AJASR at
77 K in the 1770/ 870 cn1 Region

Figure 16 shows the 13@\SR«x minus 13CASR (a) and the AJASR« minus AT-ASR spectra (b),
which were measured at 77 K upon hydration witfOH(solid lines) and BD (dotted lines).
In Figure 16a, the negative band at5B9 cni correspnds to the ethylenic stretching vibration of
the 13cischromophore in ASR, which exhibits the absorption maximum at 537L6mThe frequency
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is in good agreement with the w&lhown linear correlation between the ethylenic stretching
frequencies andbsorption maxima for various retinal protei29][ lllumination results in the spectral
downshift to 1527 cn, indicating formation of the reshifted K intermediate (13BSR).

C-C stretching vibrations of the retinal in the3Q0i 1,150 cn' region ae sensitive to the local
structure of the chromophore. In the 2BSR« minus 13GASR spectrum in kD, peaks are observed
at 1,277(+), 1,258(i ), 1,204(+), 1,184(i), 1,178+), and 1161(i ) cm" (Figure16a, solid line).

In the case of the 18is form of BR, appearance of a peak pair at85i) and 1177(+) cn' was
regarded as a marker of the formation of theratis photoproduct33]. Similar bands at ,184(i)
and 1178+) cm® for 13GASR strongly suggest that 13&€SR« possesses the -athns
chromophoe produced by photoisomerization of the C13=C14 bohsl. in the case of BR,
the 1184()/1,178(+) cnmt bands are insensitive to theHexchange Rigure 16a, dotted line), being
thus assignable to CA011 stretching vibratiof33]. Strong positive peakat 1,277 and 1204 cni in
H,O and at 1231 cni in D,O were also observed for the-& form of BR, where positive peaks
at 1,205 cnt in H,O and at 1234 cnt in D,O were assigned to be GTAS5 stretching vibrationg33].
Therefore, corresponding peads 1,204 cni' in H,O and at 231 cni' in D,O are assignable to the
C14C15 stretching vibration of 138SR«. Spectral coincidence between BR and ASR implies similar
chromophore structures of their-t® forms and respective K staté$ydrogenout-of-plane (HOOP),
N-D in-plane bending, and methyl rocking vibrations are observed in 1h€-890 cn region, and the
presence of strong HOOP modes represents distortions of the retinal mp&}ulEhe AT-ASR«
minus AT-ASR spectra exhibit two strong peak9&8 and 957 cih(Figure16b).

Figure 16. The 13GASR« minus 13CGASR (a) and the AFASR< minus AT-ASR (b)
spectra (pH 7) in the,8001 800 cni region measured at 77 K upon hydration witsOH
(solid line) and RO (dotted line), respectively. The spedmgyanel b are rapduced from
Furutaniet al [20]. One division of the yaxis corresponds to 0.007 absorbance uilis
figure isrepiinted with permissiorfrom Kawanabeet al [59]. Copyright 2006 American
Chemical Society.
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In contrast, many positvbands were observed in the 186R« minus 13GASR spectra, whose
frequencies are atd02, 991, 981, 971, 965, and 957 cfRigure16g. This observation suggests that
the chromophore of 13BSR« is more distorted along the polyene chain than that cASR«.

Figure17 shows the 13@\SR« minus 13CASR (a) and the AJASR« minus AT-ASR spectra (b) in
the 1,750/ 1,550 cn' region.Amide | vibrations appear in this frequency region together with the C=N
stretching vibration of the protonated retinal Schééé.In general, the former is insensitive to thebH
exchange, whereas the latter exhibits downshift,@.0Dn the case of AJASR, a prominent peak pair
at 16421) and 1621(+) cmi' is assignable to the C=N stretchings of -ABR and ATFASR,
respectivel, becaus®f the spectral shifts t0,824(i) and 1610(+) cnt in DO (Figure 17b). In fact,
we observed the downshift of the bands a642() and 1621(+) cnt by 10 cmi for [z-N]
lysine-labeled ASR, indicating that they originate from the C=N stretching vibrations (data not shown).
It should be noted that the spectral changes of amide | vibration§6d 1,630 cni* are small in
AT-ASR« minus AT-ASR, which is clearly seeim D,O (Figure 17b, dotted line), suggesting that no
structural changes of the peptide backbone occur WASR upon retinal isomerizatio.he spectral
features are quite different for 13&SR. Figure 1A shows the presence of theDHexchange
independenbands in the 6601 1,630 cn' region, located at ,669(+), 1662(), 1,655(), 1,649(),
1,644(+), 1634(1) and 1628(+) cni. This suggests perturbation of the peptide backbone upon retinal
photoisomerization of 13@SR. In particular, the peaks a2, 1,655, and 1649 cni are ascribable
to the amide | vibrations of the-helix. Helical perturbation may be correlated with many peaks of the
HOOP vibrations in 13ASR«.

Figure 17. The 13CASR« minus 13CASR (a) and the ATASR« minus AT-ASR (b)
spectrapH 7) in the 17500 1,550 cni region, mostly representing vibrations of the protein
moiety. The sample was hydrated withbH(solid lines) or RO (dotted lines). One division
of the yaxis corresponds to 0.0025 absorbance uriitss figure is reprinted with
permissiorfrom Kawanabeet al. [59]. Copyright 2006 American Chemical Society.
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Unlike in AT-ASR (Figurel7b), the 13GASR« minus 13GASR spectra (Figuré7a) do not show
H-D exchange dependent bands clearly. This indicates that the C=N stretbhatigns are not clearly
observed in the spectra. Reproducible differences betwg@raktd DO samples in Figuré7a suggest
that the C=N stretching vibrations are present in this frequency region. In fact, bands
at 1,640 1,620 cni* were sensitive tozF™°N]lysine labeling (not shown). However, the absence of clear
peaks of the C=N stretch requests spectral analysis using double difference spectra. The C=N stretchin
vibrations have been regarded as an important marker, because the difference in fizzuwerasy HO
and DO samples probes hydrogbonding strength of the Schiff basgd[40Q]. In the present study,
however, we discuss the hydrogeonding strength of the Schiff base by use of thB Btretching in
D0 (see below), which is the more direcbipe §B1].

In the carboxylic C=0 stretching frequency region, 78D cni), there are no bands for 13@nd
AT-ASR« (Figures16 and17). This implies that Asp and Glu residues are located far from the retinal
even if they are protonatebh the BRc minusBR difference spectra, the bands at4R() and 1733(+)
cm' were assigned to the C=0O stretching vibrations of the protonated A$g2]L5ASR has a
glutamine residue (GIn109) at the corresponding position, whose vibrational bands are probably
observed 01,698-) and 1693+) cm' for AT-ASR (Figure 17b). Similar bands were also observed
at 1,704() and 1700(+) cm' in the difference spectra ppR, which has an asparagine residue at the
corresponding positiof43]. Therefore, it can be suggested tthe structural changes occurring around
Aspll5 in BR are common for ASR, BR, appgR. Figure 17a shows the bands at694(+)
and 1692() cm* for 13GASR, which can be assigned to the C=0 stretch of GInlt@$.likely that
the C=0 stretching vibratieof Asp115 in BR are dependent on the isomeric form as well.

Figure 18 The 13CASR« minus 13CASR (a) and the ATASR« minus AT-ASR (b)

spectra (pH 7) in the ,8802,500 cni region, which correspond to-I$ stretching
vibrations of cysteine residues. Thample was hydrated with,@8. One division of the
y-axis corresponds to 0.0003 absorbance uhiiss. figure isreprinted with permissiofrom

Kawanabeet al. [59]. Copyright 2006 American Chemical Society.
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3.2.SH Stretching Vibrations of Cysteifesidues

Figure 18 shows the 13@ASR« minus 13CASR (upper panel) and AASR< minus AT-ASR
(lower panel) spectra in the5B0G 2,500 cni region, which corresponds tekb stretching vibration of
cysteine. As we already reported, there is a negative bar/547 cni and a positive band
at 2538 cnt for AT-ASR (Figure18b). In contrast, no spectral changes were observed forABI
indicating that the 1-8isto alltransisomerization in ASR does not alter the local structure of cysteines
(Figure18a). We suggested that the observed vibrational bands may be assignable-té stet8hing
of Cys203in previoussection[20].

3.3.Assignment of the-B Stretching Vibrations in 13@SR and ATJASR

X-D stretching vibrations of protein and water moleculgsear in the Z50i 2,000 cni' region for
the films hydrated with BD (Figure 19). The solid line ofFigure 19c shows the ATJASR«x minus
AT-ASR spectrum reported earlig20]. On the other hand, the 13&SR« minus 13GASR spectrum
(solid line ofFigure19a) is alsoobtainedpreviously[59].

Figure 19. The 13GASR« minus 13CGASR (a) and the ATASR« minus AT-ASR (c)
spectra (pH 7) in the, 250/ 2,000 cni region for g-°N]lysine-labeled (dotted line) and
unlabeled (solid line) ASR. Double difference speatréai) and (c) (solid line minus dotted
line) are shown in (b) and (d), respectively. The samplese vinydrated with BD, and
spectra were measured at 77 K. One division of thexiy corresponds to 0.0007
absorbance unitd hesefigures are repiinted with permissionfrom Kawanabeet al. [59].
Copyright 2006 American Chemical Society.
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Since the ND stretching vibrations of the Schiff base should be present in this frequency wegion,
then attempted to assign them by use of hEN]lysine-labeled ASR sample. FigurE9a compares
the 13GASR« minus 13GASR spectra betweerz{°N]lysine-labeled (dotted line) and unlabeled
(solid line) ASR. Clear isotopmduced spectral downshift was observed for intense positive and
negative bads at 2376 and 2165 cnt, respectively. Other bands are identical betweeriN]lysine-
labeled and unlabeled 13&€SR. Thus, we @ able to conclude that the-D stretching vibrations of the
Schiff base are present in this frequency region. It shouleeer be noted that the strong positive
peak at B76 cni probably contains other vibrations because the isotope effect was observed in the
broad range of 370 2,320 cn (Figure19a).

In fact, the AFASR« minus AT-ASR spectra contain such peak 8288 cmi* as well (Figurel9c),
which may originate from amide A vibratiorBy use of double difference spectra from the data shown
in Figure 19a, we determined that the-IN stretching vibration of th&chiff base in 13€ASR« is
located at B51 e (Figure19b).

Figure 19c compares the ARSR« minus AT-ASR spectra betweerz{°N]lysine-labeled (dotted
line) and unlabeled (solid line) ASRlear isotopanduced spectral downshift was observed for the two
negative bands at,’63 and 2125 cn, indicating th& the bands originate from-B stretching
vibrations of the Schiff base in ARSR. Additionally, the positive spectral feature ag20 cni
exhibits isotope shift fromzf*°N]lysine labeling as wellBy use of double difference spectra from the
data showrin Figure19c, we determined that the-D stretching vibration of the Schiff base in AT
ASR« is located at 283 cnt (Figure 19d). The positive peak at,£70 cni probably contains other
vibrations such as the-D stretching vibrations of Thr79n BR, the OD frequencies of Thr89, the
homologue of Thr79 in ASR, are5D7 and 266 cni for BR and BR, respectively 49]. A similar
positive band was also observed @75 cni for 13GASR (Figure19a).

Thus, by use ofZ-"N]lysine-labeled ASR, we identified the-N stretching vibrations of the Schiff
base at 263 and 2125 cni for AT-ASR and at 265 cni' for 13GASR. This indicates that the
hydrogerbonding strength is very similar for the two isomeric forms, beiightly stronger in
AT-ASR. The X-ray crystallographic structure reported the presence of a water molecule in contact
with the Schiff base, making it a good candidate for the hydrbgeding acceptorg)]. Similarity of
the hydrogen bonding in ARSR and13G-ASR is consistent with the-¥ay structure.

We also identified the ND stretching vibration of the Schiff base a#@3 cni' for AT-ASR« and
at 2351 cm' for 13GASR«. Upshifted ND frequencies indicate that retinal isomerization weakens the
hydrogen bond of the Schiff base for both AASR and 13CASR. Nevertheless, unlike in the
unphotolyzed states, the difference in frequencies for the K states implies the different isomerization
outcomes for ATASR and 13EGASR. In case of ATASR, the upshift ofte frequency is >300 ¢
indicating that the hydrogen bond is significantly weakened (or broken) #\SHk, presumably
because of the rotational motion of the Schiff bdsecontrast, the upshift of the frequency is
about 200 crm for 13GASR. This fact suggests that the rotational motion of the Schiff base that
accompanies retinal isomerization is smaller in-KXR than in AFASR.
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3.4.0-D Stretching Vibrations of Water in 13&8SR and AFASR

A spectral comparison between the samples hydratédis® and R0 identifies GD stretching
vibrations of water molecules which change their frequencies upon retinal photoisomeridéion.
showedthe absence of the waterstretch at <500 cni for AT-ASR in previoussection[20]. This
observation waentirely different from the case of BR, being consistent with the correlation between
strongly hydrogetbonded water molecules and proton pumping actiity.

In this studywe also looked for the water bands in the 188R« minus 13CGASR spectrum, buto
water bands were found at 820 cnt similar to AT-ASR (data not shownYhis fact indicates that the
bridged water molecule between the protonated Schiff base and Asp75 forms a weak hydrogen bond fo
both the alitrans and 13cis form. Figure 20 showsdifference FTIR spectra in the750i 2,520 cnt'
region, where weakly hydrogdionded water molecules are observ@ckentagged bands iRigure20
are assignable to the-D stretching vibrations of water because of the isotope $iftire 20b shows
that three negative peaks at620, 2640, and B08 cnmi' were assignable to the-D stretching
vibrations of water in ATASR, while the bands atZD1, 2653, and 573 cni" were assigned as water
stretching vibrations of ATASR«. The bands at ,347(i)/2,537(+) cmi* are attributed to the 4B
unexchangeable-B stretching vibration of a cysteine residue as showhRigure 18b. Figure 20a
shows that the bands a80Q(i) and 2645 (+) cnt exhibit isotope shift of wateldn addition, clear
isotope shift was sedar the positive band at,289 cni. The negative band at353 cni also contains
water QD stretch, though the small downshift suggests the presence of vibrations other than that of
water. Therefore, two positive and two negative peaks can be assign€Dastretches of water
in 13GASR.

Figure 20. The 13CASR« minus 1X-ASR (a) and the AJASR« minus AT-ASR (b)
spectra (pH 7) in the, 2500 2,520 cni region measured at 77 K. Sample was hydrated with
D,O (red line) or B'0 (blue line). Greetmbeled fequencies correspond to those identified
as water stretching vibrations. One division of thexig corresponds to 0.0004 absorbance
units. This figure isrepiinted with permissiorirom Kawanabeet al [59]. Copyright 2006
American Chemical Society.
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3.5. Unique Structure of the 1&8s Form of ASR

In this section we compared the 13@SR« minus 13CGASR and AFASR« minus AT-ASR spectra
obtained by means of letemperature FTIR spectroscopyhe HPLC analysis revealed that the
dark-adapted ASR is predonaintly in the AFASR form (97%).Then, the optimal conditions of light
adaptation to accumulate 13GR were established, resulting in accumulation of 78% of theisl3
form. This unique property of ASR raises several questions on how ASR relays thasigeASRT
and the nature of the signaling state of ASRhere is a structural difference between 188R and
AT-ASR in the ground state, it might result in different binding affinity of AIBRT for 13GASR and
AT-ASR. But we cannot exclude a generakchanism in which the M state would be the signaling state
as in other sensory rhodopsimfSthough the lightadapted ASR contains AASR, the appropriate
illumination regime allowed us to obtain the 1ASR< minus 13CASR spectra without any
subtractionof the contribution of the atransform (Figure 15). The spectral comparison of 13{SR
and AT-ASR upon the retinal isomerization at 77 K led to detection of the structural changes specific
for each isomenn addition,we revealed the hydrogdmonding srengths of the Schiff base in each state
using -"N]lysine-labeled ASR.

3.6.Unphotolyzed State of 1238SR

We identified the ND stretching vibration of the Schiff base atl@ cni for 13GASR
(Figure 19a). We also identified the ND stretching vibration of the Schiff base a1&3 and 2125 cnt'
for AT-ASR. The similar frequencies in 138SR and AFASR indicate that the hydrogdionding
strength of the Schiff base is nearly identical, baiightly stronger in ATASR. In the case of BR, the
N-D stretching vibrations of the Schiff base were dabeed to be at, 271 and 2124 cni [41]. X-ray
crystallographic structures of ASR and BR reported the presence of a water molecule in contact with
the Schiff bas¢7,16]. Therefore, similar hydrogebonding strength for 138SR, AT-ASR, and BR
suggestshat the water molecule is a good hydrogemding acceptor for the protonated Schiff base.

Interestingly, two peaks were observed for theDNstretch of the Schiff base of AASR
(Figure19c) and BR[20], while only one peak was observed for that of K&R (Figure19a). Origins
of the two peaks in BRgpR, and AFASR have not been well understoddultiple vibrational modes
or structural heterogeneity is a possible source of the tvil dfretchesA single peak of the 18is
form in ASR may be useful famnderstanding of the nature of this mode.

We previously found that water vibrations are entirely different betweerA8R and BR, though
both possess a water molecule between the Schiff base and its counterion (Asp75 for ASR or Asp85 fol
BR) [7,16]. Namdy, the N-Oyatell Ocounterion (the Schiff base nitrogen, water oxygen, and oxygen of the
counterion) angle is 83°and 106°in ASR and BR, respectiveis the consequence, if the water
oxygen fully accepts a hydrogen bond of the Schiff base, the goup d water points toward the
oxygen of Asp85 in BR, but not toward that of Asp75 in ASRch a small difference in the angle can
possibly determine the hydrogéonding strength of water moleculéd/e did not observe strongly
hydrogerbonded water moleculdsr 13GASR in this study Figure 20a). This is consistent with the
above argument, because thaay crystal structure of ASR provides a similar position of the Schiff
base, the water, and Asp75 for both isomers at 2.0 A reso[ut@n
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We observed wate O-D stretches of 13@SR at 2660 and 553 cni (Figure 20a), which
correspond to @ stretches at,392 and 3181 cnt, respectively, from the spectral analysis of the
O-H stretching vibrations in ¥ (not shown).The OH stretches of AJASR correspoding to the
O-D stretches at,890, 2640, and 508 cn1 in Figure20b are found at 836, 3558, and $30 cnf,
respectively. Since only the water bridging the Schiff base and Asp75 is located close to the
chromophore, it is a reasonable postulaticat tivo water bands of ASR originate fromOD(O-H)
stretches of this water moleculén general, a water molecule has tweHOgroups, and their
frequencies are distributed in the wideZ@-2,700 cni region depending on their coupling and
hydrogerbonding strength[61]. Gaseous water exhibits asymmetric and symmetric stretching modes
at 3755 and 357 cnt, respectively, and the stretching frequency is lowered as its hydrogen bonding
becomes strongdf2]. It must be noted that the hydrogen bonding sjites of the two €H groups
are probably not equivalent in the restricted protein environment, which breakstypeCsymmetry.

In such G-type symmetry, one ®l is hydrogen bonded and the otheiHOs unbonded, and their
frequencies are widely splithat is the case for the bridged water of BR, where such decoupling of the
two stretching modes occufs4]. Consequently, one D stretch of water is at,271 cn, while
another GD stretch of water is at,@36 cnm'. We suggested that the former points &mev Asp85,
while the latter points toward Asp2134]. Nonsymmetrical bonding of the water molecule in BR is
presumably important for the functi¢3,26].

Figure 21. (Left) The X-ray structure around retinal Schiff bad®llow retinal is alitrans
form and blue retinal is 18is form. (Right) The diagram of the ASRminus ASR infrared
spectra in XD vibration regionlt shows only ND stretch of the Schiff bas&his figure is
reptinted with permissiorfrom TOC of Kawanabet al [59]. Copyright 2006 Amecan
Chemical Society.

Retinal photoisomerization breaks the Schiff base H-bond in all-trans ASR, but not in
13-cis ASR, where structural changes are distributed widely along the polyene chain.
i | i 1 i

Lys210 p ’ < InnnnnnnenEnEIEnnNnm) i
ye ) 4 § weak ‘ H-bond strong
[av]
Thr79/1 _ £ N
Jf\ > < Va:-ASR
.‘3.!: 8 K
b
W 5
/e J Pro N-D stretch of the Schiff base AT-ASR
J‘ Asp75 y T y T T
2400 2200 2000

Wavenumber (cm'1}

In the case of 13@SR, the frequency difference between thdGtretches is about 100 ¢m
Corresponding @H stretches are also about 100 cdifferent, being comparable to the gaseous water.
Therefore, stretching vibrations the water molecule are presumably coupled in-ABR, where
anti-symmetric and symmetric -D stretches are located a680 and 553 cnt, respectively. The
situation is probably similar for ARSR, where two out of the three bands a69D, 2640,
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ard 2,608 cnt originate from the @D stretches of the bridging water. The presence of the additional
water band indicates involvement of more distant water upon formation-&SR (Figure21).

3.7.Photoisomerization Process of 1-3GR in Comparison vitthat of AFASR

Upon light absorption in 13@SR, photoisomerization probably takes place at the C13=C14
(double) bond, leading from the -£85, 15-synto the alitrans 15-synform. It is generally accepted that
the primary K intermediate is a higimegy state for retinal protein€hromophore distortion is one of
the characteristic features of such high energy state, and HOOP vibrations monitor the chromophore
distortion. The appearance of numerous HOOP modes in-ASR« vs. just two in AT-ASRg
(Figure 16) implies that the chromophore distortion in 2BSRx is distributed more widely along the
polyene chainin other words, chromophore distortion is more localized in the Schiff base region for
AT-ASR«. Such difference in HOOP modes is presumably catedl with the other observations
including amide 1, cysteine-B stretch, the Schiff base-N stretch, and water -O stretch modes, as
discussed below.

Amide | vibrations of thea-helix were clearly observed for the transition from i188R
to 13GASR« asshown by the negative bands a6@2, 1655, and 649 cnt in Figure 17a. This is
reasonable because the retinal chromophore is surroundesthijices. In addition, the bands
at 1,634(1)/1,628+) cm" are also ascribable to amide | vibratiém.contrast, fewer structural changes
reported by amide | vibrations were observed for the transition frorABR to AT-ASR« aswe
showed previously2Q]. Instead, it was suggested that imide | vibration, possibly due to Pro206, was
greatly altered20]. Several amde | changes observed only for 2GR are consistent with the picture
obtained from the HOOP analysis, suggesting that extensive structural changes take plag&SRJ13C

No structural perturbation was observed fad §roups of cysteines in 138SR, whereas there is a
negative band at,247 cni and a positive band at538 cnt for AT-ASR (Figure 18. This indicates
that only the altransto 13cisisomerization leads to the alteration of the local structure of a cysteine
in ASR. We previously suggeed that among the three cysteines of ASR, Cys203 in helix G is the most
likely candidate for this bandCys203 is near Pro206 and close to the Schiff base reepiacement
of Cys203 by Ala results in a reghifted| max(553 nm) relative to the wildtype ASR (unpublished data).
This suggests that the Schiff base region is more perturbed-SRk than in 13GASR«. The ND
stretching frequency of the Schiff base in 188R« (2,351 cnt) is lower than that in ATASR«
(2,483 cnt), though they are similar between 1SR and AFASR. We thus assume that the
hydrogen bond of the Schiff base is broken in-ASR¢ but not in 13GASR«. Consequently, the
hydrogerbonding network is destabilized in AASR«, and protein structat 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 FASRe, where
the structural changes aretdlsuted more widely.

The number of observed water bands was two forAS® and three for AJASR (Figure 20). As
discussed above, the two water bands in-ABR are assignable to the water molecule in the Schiff
base regionThe presence of an additionehter band indicates involvement of more distant water upon
formation of AT-ASR«. The second nearest water molecule in theXstructure is located 8.3 A from
the Schiff base nitrogen in the structure of-ABR and 8.0 A in the structure of 13€SR [16]. That
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water is located between Trpl76 and Phe213 in the cytoplasmic rddienthird nearest water
molecule in the Xay 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 13€SR [16]. That water is located near Arg72 in the
extracellular regionNo water molecules are present near the polyene chairs, water signals may
also be consistent with the above view that the chromophore oASB is distorted more widely
along the polyene chathan that of ATASRk, which has larger changes in the Schiff base region.

In conclusion, ASR accommodates bothtahs and 13cis, 15syn retinal in the ground state
according to the Xay crystal structurgl6]. On the other hand, the present FTIRdst revealed that
protein structural changes upon retinal photoisomerization were significantly different
between 13€ASR and ATFASR. They must trigger global protein structural changes in each
photoreaction cycle, resulting in the photochromic behavibe. photochromic signaling mechanism of
ASR has not been found, bwe should be able to reveal such mechanism if theASR and 13€ASR
states differ in the binding affinity of thASRT. The other possibility is that the M state from the
photocycle of AFASR, which is conformationally changed, would be the signaling state similar to other
sensory rhodopsins

4. Photochromism of Anabaera Sensory Rhod@sin

Rhodopsins convert light into signal or energy, and retingtheir chromophore molecu[&2-64].

The retinal forms a protonated Schiff base linkage (CONWith a lysine at the seventh helx
original state

It is welkknown that the protein environment of rhodopsins accommodates the retinal chromophore
optimally to its functions. For example, th@exific chromophorgrotein interaction leads wide color
tuning in human visual pigments with a common chromophoreiglrktinal) [65], and protein controls
the highly efficient photoisomerization from-tisto the alitransform in visual rhodopsinssp].

Specific control of retinal photochemistry by protein can be also seen in rhodopsins from halophilic
archaebacteria such as the liginiven proton pump bacteriorhodopsin (BF,4,64. Unlike visual
rhodopsins, BR accommodates the retinal chromoplesethe altransl5anti (AT; BRar)
and 13cis, 15-syn(13C; BRsc) forms (Figure22a) [67]. BRar and BR3sc are in equilibrium in the dark,
while only BRyr possesses protggump activity (Figure22b). Absorption of light by BR- yields
isomerization to ta 13cis, 15anti form, which triggers a cyclic reaction that comprises the series of
intermediates, intermediates, K, L, M, N, and 66]. During the photocycle, one proton is
translocated from the cytoplasmic to extracellualr side.

Photoexcitation of Bysc partially convertsitto B, whi ch i adapllag d afisoi, g hot
not converted into BRc photochemically. Photocycle of BRwith 100% vyield is advantageous for
repeating the protepumping cycle. This is also the case for other prggomps found in eubacteria
(proteorhodopsin) 4] and eucaryotesLgéptosphaeriarhodopsin) 68]. In addition, haloarchaeal
sensory rhodopsins possess only the AT chromophore in the dark, indicating that its photocycle is
important also for lightignal conersion B9,70]. Thus, the photocycle of the AT form with 100%
yield has been the common mechanism for the functional processes of microbial rhodopsins.
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Figure 22. (a). The structure of the retinal chromophore of microbial rhodopsins in the dark.
(b). Phdo and thermal reaction scheme in a lightven proton pump bacteriorhodopsin
(BR). Only BRyr possesses protggump activity, and the reaction of BRis 100 % cyclic
without any branching reaction into B Dotted arrows represent thermal reactiorhm t
dark. (c). Phat and thermal reaction schemeAinabaenasensory rhodopsin (ASR). While
ASRar is a predominant species in the dark (dotted arrow), photoexcitation ofrABR
ASRysc yields the reaction of each species, either cyclic or branchingndgadi the
photocycle or photochromism, respectively. x and y are the branching ratio from ASR

ASRy 3¢, respectivelyThese figures are rapted with permissiofrom Kawanabest al[71].
Copyright 2007 American Chemical Society.
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Recently, a microbi rhodopsin has been discoveredAnabaena(Nostoc) PCC7120, which is
believed to function as a photoreceptor for chromatic adaptdtidh In fact, the expected
photochromism was found between the AT and 13C formariabaenaensory rhodopsin (ASR»7].
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These findings imply strongly branching reactions, from ASIR ASRisc and from ASRsc to ASRar
(Figure 22c), in striking contrast to what is known for microbial rhodopsidsally, the conversion
ratios should be unity for photochromic reactions=(y = 1 in Figure 22c), but this is exactly the
opposite of the properties of pump rhodopsins, such asXBfy crystal structures reported similar
chromophore structures and protein environments for A3R6] and BRr [7]. Do photochromic
reactions inded take place for ASRand ASRsc? In this chapterye determined the branching ratios

(x and y values) for ASR and ASRs:c by means of lowtemperature UWisible spectroscopy.
Surprisingly, the obtained x and y values were unity, indicating that thn@actions of ASR and
ASRy3c are completely photochromidhe complete photochromic reactions are highly advantageous
for the chromatic sensor function of ASR.

4.1.Photoconversion of AQR(1) Photoreaction at 170 K

We first examined the branchingtio of ASRyr (x value inFigure 22c) because previous HPLC
analysis revealed that the daadlapted ASR in PC liposomes contains predominantly (97%)
ASRar [59]. Dark-adapted ASR was illuminated at 170 K, and then warmed to 277hi.
photoconversion yidl of ASRyr to its intermediates was calculated using the spectra at 170 K, which
was compared with the conversion of ASR ASRiscat 277 K.

The black line in Figur&3a shows the absorption spectrum of the dgatéapted ASR at 170 K
(I max= 554 nm). lllumination at >580 nm (red line) or 501 nm (blue line) resulted in reduction of the
peak absorbance and increase of the shorter or longer wavelength talil, indicating the formation of the L
and K photointermediates, respectively. FigdBb shows the corresponding difference spectra, and
positive peaks at 474 and 605 nm are characteristic absorption of the L and K intermediates,
respectively. On the other hand, no positive band at about 400 nm indicates that the M intermediate is
not formedat 170 K.

Since the red and blue spectra in FigR8p contain contribution of the L and K intermediates, we
next obtained the K minus AQRand L minus ASR: spectra. The L minus ASR spectrum was
obtained by subtracting the blue spectrum from the redim Figure23b, so that the spectral shape at
about 600 nm coincides with that of the absolute spectrum of theadagked ASR (black line in
Figure 23a). The red spectrum in FiguB3c represents the L minus AgRspectrum thus obtained.
Then, the L mius ASRr spectrum was subtracted from the blue spectrum in FigBeso as to
resemble that at 130 K (black dotted line in Fig@Re), where theonly photoproduct is the K
intermediate. The blue spectrum in Figt8 represents the resulting K minus RS spectrum.
Isosbestic points are at 520 nm between ASHRd L, and at 575 nm between ASRnd K.

We then determined the absorption spectra of the K and L intermediates qf ABR70 K.
Absorption spectrum of the K intermediate can be obtained fiteenK minus ASRr difference
spectrum (blue line in Figure32) and photoconversion ratio from AgRto the K intermediate.
Absorption spectrum of the L intermediate can be obtained from the L minugr ABfiRrence
spectrum (red line in Figur23c) and plotoconversion ratio from ASR to the L intermediateFive
colored lines in Figur24a or b correspond to the calculated spectra of the K intermediate af AR
the L intermediate of ASR at various percentages of conversit0D0-17% from orange to
blue; 326 for the red linerespectively.
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Figure 23. (Left). (a). Absorption spectra of the daddapted ASR (black line), illuminated
with >580 nm (red line) and 501 nm (blue line) light at 170 K. It should be noted that the
dark-adapted ASR corresponds ASR.r, because it contains negligible amount of AR
(2.9%) in the present sample conditiofa®]. (b). Lightminusdark difference absorption
spectra of ASR with >580 nm (red line) and 501 nm (blue line) light at 170 KL (@)aus
ASRar (red line) ad K minus ASRr (blue line) difference absorption spectra at 170 K.
Black broken line corresponds to the K minus AsBpectrum at 130 K, where only the K
intermediate is formed. See tdat detail. One division of the-gixis corresponds to I(a)

and 005(b,c)absorbance unit3-hese figures are peinted with permissiofrom Kawanabe

et al [71]. Copyright 2007 American Chemical Society.
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Figure 24. Determination of the absorption spectra of the K and L intermediates offASR
at 170 K. (ab) Black soid line represents absorption spectrum of ASBRt 170 K. (c)
Second derivatives of absorption spectra in Figdte where the corresponding spectra are
shown by the same color. (dBbsorption spectra of ASR (black line), the K intermediate
(blue line) and the L intermediate (red line) at 170 K. The spectra of the K and L
intermediates are reproduced from the red spectra in Fiaeand b, respectively. One
division of the yaxis corresponds to D.(a,b,d) and 0.0002 (@bsorbance unitsThese
figures are regnted with permissiofrom Kawanabest al [71]. Copyright 2007 American
Chemical Society.
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The broken black line in Figurd4a represents the absorption spectrum of the K intermediate of
ASRxr at 130 K, which was determined by illuminating ASRat two wavelengths as described in
Figure25. Since the red spectruim Figure 24acoincided well with the black broken line, we regard the
red one as the absorption spectrum of the K intermediate of/A&RL70 K.On the other hand, the
absorption speoum of the L intermediate was determined from the spectral analysis of the second
derivatives of the absorption spectra in Figdb. The second derivatives in Figutéc show that the
red spectrum coincides with the zero line at >588 Wa. assume thahe L intermediate does not
contain spectral component in the second derivative at >588 nm. Consequently, we regarded the re
one in Figure24b as the absorption spectrum of the L intermediate ofsAGR170 K.Blue and red
spectra in Figur@4d correspod to the absolute spectra of the K and L intermediates, respectively.

Figure 25 shows theetiermination of the absorption spectra of the K intermediates ohA&RI
ASRy3c at 130 K. These spectra were calculated for each illumination wavelengths frospéb&a in
Figure 2% and d by taking account of the isomeric cosifians of the darladapted (9% ASRar
and 36 ASRi3¢) and lightadapted (220 ASR.ar and 786 ASRi3c) ASR. The dmost identical spectria
Figure 2% and e indicate that the daaklapted ste can be regarded as AQRIn Figure 25¢g to
determine absorption spectrum of an intermedidte,photoconversion ratio from the unphotolyzed
state to the intermediatsust be obtained. Sucla ratio can be obtained by illuminations at two
wavelengths ifthe quantum vyields are independent of wavelergt]. For instance, ASR is
illuminated at 480 nm or 577 nmder photoequilibrium conditions:

(17 X1) Abs(ASRxr, 480 nm) = x f Abs(ASRxr(K), 480 nm)
(17 X2) Abs(ASRxr, 577 nm) = x f Abs(ASRxr(K), 577 nm)

where x and % are relative amount of ASRK) in the photosteady state mixturg,is the relative

guantum vyield of ASR(K) to ASRar. Abs(ASRyr, 480 nm) and Abs(ASR(K), 480 nm) are the
absorbance of ASR and the K intermediate at 480 nm, respa&iyivOn the other hand, the following
eqguations are derived from the difference spectra before and after illumination:

DAbs(480 nm) = x(Abs(ASRar(K), 480 nm)i Abs(ASRyr, 480 nm))
DAbs(577 nm) = x(Abs(ASRar(K), 577 nm)i Abs(ASRyr, 577 nm))

whereDAbs@80 nm) andAbs(577 nm) are the difference absorbances at 480 and 577 nm, respectively.
From the blue (480 nm) and red (577 nm) spectrdigure 2%, absorption spectrum of the K
intermediate of ASR- can be determined by obtaining and % values (redsolid line inFigure 2%).

Red dotted line corresponds to the spectrum of the K intermediate of ABRiined from the green

(548 nm) and red (577 nm) spectrarigure 2%. Red solid and dotted spectraigure 2% are almost
identical, implying that gantum yields are wavelength independent.
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Figure 25. Determination of the absorption spectra of the K intermediates ohASRI
ASRy3c at 130 K.Black solid line representtie absorption spectra of the daaklapted (a)

and lightadapted (b) ASR at 13K. Blue, green, and red spectra are those by illumination
with a 480, 548, and 577 nm light through interference filters (sharp colored peaks in the
figure), respectively. (c) and (d). Lightinusdark difference absorption spectra of the
darkadapted (cand lightadapted (d) ASR by illumination with 480 (blue), 548 (green),
and 577 (red) nm lights at 130 K. (e) and (fnmhusASRar (€) and KminusASR;sc (f)
differene absorption spectra by illumination with 480 (blue), 548 (green), and 577 (red) nm
lights at 130 K. Blue solid, dotted, and broken lines represent the spectra of the K
intermediate of ASRc obtained from the blue and red, green and red, and blue and green
spectra in f. We regarded the red and blue solid lines as the spectra of thari€diasrs

of ASRar and ASRjc, respectively.One division of the yaxis corresponds t0.2 (a,b),

0.04 (c,d,e,f) an@.1 (g) absorbance unit3.hese figures are rapted with permissiofrom
Kawanabeet al. [71]. Copyright 2007 American Chemical Society.
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4.2.Photoconversion of AQR(2) ThermalRelaxationby warming theSamplefrom 170 K to 277 K

We reconstituted the experimentally obtained spectra (dotted black lines insR2@arand c) by
use of the spectra in Figu24d. For the illumination at580 nm, the dotted black spectrum in
Figure 26a coincideswell with the sum of 78% ASR, 5% K, and 17% L (green line in Fidi6a),
indicating the 22 (£)% conversion to intermediates at 170 K. On the other hand, for the illumination
at 501 nm, the dogtd black spectrum in Figur26c is well coincident with the sum of 68% ASR,
18% K, and 14% L (green line in Figuéc), indicating the 32 (35)% conversion at 170 We then
warmed these states from 170 to 277 K so as to complete the thermal readienk ahd L states to
their end products, and calculated the conversion yield from the spectra. Dotted black lines 1 Figure
26b and d represent the spectra at 277 K after illumination at >580 and 501 nm, respectively, at 170 K.

Figure 26. (a) and (c). Asorption spectra of the daddapted ASR before (black solid
lines) and after (black dotted lines) illuminations with >580 nmai@p01l nm (c) light

at 170 K. Green lines represent 8pectrareconstitutedusingthose in Figure24d. Under

the presentlumination conditions, 22 (£2)and 32 (£5P6 portion were converted into the
intermediates in a and c, respectively. (b) and (d). Black solid lines represent absorption
spectra of the darkdapted ASR at 277 K. Red and blue lines correspond to theatattul
absorption spectra of AQRand ASRsc at 277 K, respectively, which were obtained from
those of dark and lightadapted ASR and the HPLC analyp#®]. Black dotted lines
represent absorption spectra at 277 K after illuminations with >580 nor 891 nm (d)

light at 170 K. Under the present illuminatiomddions, 23 (x2) and 34 (x4 portion

were converted from ASR to ASR;3c at 277 K in b and d, respectively. Frordathe
branching ratio (x in Figur€2c) is obtained to be 1.02 +0.13 and Q.% 0.09 for
illuminations at >580 nm and 501 nm, respectively, indicating complete branching reactions
from ASRar for both illumination conditionsOne division of the yaxis corresponds to D.
absorbance unitd hese figures are rapted with permissiorirom Kawanabeet al [71].
Copyright 2007 American Chemical Society.
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Usingthe absorption spectra of AgRand ASRsc, the percentages of conversiware calculated to
be 23 (#2)% and 34 ()% in Figuse26b and d, respectively. The branching ratioan(Figure 22)
were thus determined to be 1.02 +0.13 and 1.10 + 0.09 for illuminations at >580 and 501 nm,
respectively. These values demonstrate that the K and L intermediates formed fron s8R
completely converted into ASR without regaining the itial state in a photocyclic reaction.

By means of lowtemperature FTIR spectroscopy, we had previously suggested that the primary
photoproduct of ASR- is the 13cis, 15anti form as in BR (Figure27) [20]. In BR, thermal
isomerization takes place at t643= C14 bond with virtually 100% yield, recovering the original AT
state. In contrast, in ASR thermal isomerization is likely to occur at the=Cli5bond following
photoisomerization of ASR, which converts to the 13C state with 100% yield (Figife

Figure 27. Structural changes of the-eilans 15-anti chromophore during photoreactions.
The alttrans 15-anti form, either in BRr or ASRay, is first photoconverted to the IS,
15-anti form, followed by thermal isomerization at C£3C14 or C15= N position in BR
or ASR, respectively. Sudhermal relaxations lead to 1%0photocyclic and photochromic
reactions for BRr and ASRy, respectively.This figure is regnted with permissiorirom
Kawanabeet al [71]. Copyright 2007 American Chemical Setj.
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4.3.Photoconversion of ASR (1) RelativePhotoconversion Yieldsf ASRrand ASkscat 277 K

What is the branching ratio (y value kiigure 22c) from ASR3c? Unlike ASRar that is present as
nearly the only state in daddapted ASR, ASRc is present in a mixture with ASR. Therefore,we
attempted to determine the branching ratio on the basis of relative photoconversiorAymiegious
study showed that the daddapted or lightidapted ASRs in PC liposomes possess 97.1%,ASR
and 2.9% ASkc or 22.1% ASRr and 77.9% ASRc, respectively{59]. Since ASRr has greater
extinction than ASRc at 500 600 nm Figures 26b and d), illumination of the darkdapted ASR yields
an absorption decrease in this wavelength redionontrast, illuminatiorof light-adapted ASR results
in the increase adbsorption at 50600 nm, as reported previou$ho]. The isosbestic point of ASR
and ASRascis located at 496 nni{gures 26b and d).
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In Figure28, we illuminated the darladapted and lighhdapted ASRwvith a 496 nm light at 277 K,
and the changes in absorbance at 569 nm (difference absorption maximum betwgeamMISASR;c
at 277 K) were plotted as the function of illumination time.

Figure 28. Absorption changes at 569 nm of the dadapted (open mles) and light
adapted (open squares) ASR after illumination at the isosbestic point ofr AR
ASRy3c (496 nm) at 277 KAbsorption changes were fitted by single exponentials (solid and
broken lines), and the ratio of the initial slope (ligiclaptedASR/darkadapted ASR)
was 0.40:1By taking into accounts of the contents of ASRnd ASRsc in each state, the
ratio between ASRct0-ASRar and ASR-t0-ASRy3c was determined to be 0.77 (04).

This figure isrepinted with permissionfrom Kawanabeet al [71]. Copyright 2007
American Chemical Society.

Absorbance

T L} L} T I L] T L} L} L]
0 50 100
Time (s)

Thermal conversion from ASE: to ASRar is negligible, because it takes 90 minj for ASR in
PC liposomes at 277 K (data not shown). Absorbance at 569 nm decreases and increases for th
darkadated and lightadapted ASR, respectively, and both curves eventually coincide after long
illumination (Figure 28). The time courses are well fitted by single exponentials, and each
photoconversion yield can be obtained from the initial slope (t = 0). Kygtanto account the contents
of ASRar and ASRac in the darkadapted and lighddapted forms, we determined tit@otoconversion
yieldsratio between ASRct0-ASRar and ASR-t0-ASRy3c to be 0.77 (#0.04):1. [SineshchekeX al
estimated a similar photonversion yield to be 0.3:1 from the HPLC analysis of the photosteady state
mixture with white or >5261m light illumination p7]. While the accurate photoconversion yield is
determined by the present method (from the initial slope after illuminatioeiaigbsbestic point), such
a big difference (0.7#s. 0.3) should be explainedVe confirmed that the spectral analysis of
the photosteady state, not initial slope, in Fig28eg/ieldsthe ratio to be similar (0.75:1). On the other
hand, the photoconverisn yields ratio between ASRct0-ASRar and ASRr-t0-ASRi3c was
significantly reduced by illumination at longer wavelengths, which is close to the value reported by
Sineshchekovet al. [57]. Thus, the photoconversion yisldratio depends on the illuminatn
wavelength; 0.77 by the 496 nm illumination and about 0.3 by the illumination at >520/@nmfer
that under the photostationary conditions at >520 nm, the intermediate state e B$Rotoexcited,



Sensor009 9 978(

presumably forming the original ASR, while tha of ASR.xr (the M state) is not. Consequently,
ASRy3c is accumulated, and th@hotoconversionyields ratio between ASRct0-ASRar and
ASRaT-t0-ASRy3c IS apparently lowerefl.Since the sample is illuminated at the isosbestic point, the
ratio is directly orrelated with the relative photoconversion yields. Although this value apparently
shows a lower branching ratio for AGR than for ASRr (x = 1), it should be noted that the
photoisomerization quantum vyields are not taken into account in this estimatéwe
photoisomerization quantum yield of AgRmay provide a lower value for ASR, and it was indeed

the caseas shown below

4.4. Photoconversion of ASR (2) RelativePhotoisomerization Quantum Yields ASRr and ASRsc
at 130 K

We next compaed the relative quantum yields for the photoisomerization of ASRd ASR3c by
comparing the formation of their K intermediates at 13(BkKce the molar extinction coefficients of
their K intermediates are required for the calculatie, determined theabsorption spectra of the
K-intermediates of ASR and ASR3c according to the procedurekigure25.

Figure 29. (a). Red and blue broken lines correspond to the absorption spectra af ASR
and ASRjscat 130 K, respectively, which were obtained frorosth of the darkand light
adapted ASR and the HPLC analyj9]. Isosbestic point is located at 480 nm. Red and
blue solid lines represent absorption spectra of the K intermediates af ABRRASR;c at

130 K, which were obtained according to the pracedn Figure25. (b). Time-dependent
absorbance changes of the dadapted (open circles) and lighdlapted (open squares)
ASR. Each sample was illuminated at the isosbestic point at 130 K (480 nm; a), and
absorbance changes were monitored at 596 and ne®0for the darkadapted and
light-adapted ASR, respectivelyThese figures arereprinted with permission from
Kawanabeet al. [71]. Copyright 2007 American Chemical Society.
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Solid red and blue lines in Figug9a represent absorption spectra of thet€rmediates of ASR
and ASRjc, respectively. Interestingly, thabsorptionof the K stateis decreased for ASR but
increased folASR; 3¢ increased. Together with the absorption of ASBreater than that of ASR
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(broken lines in Figur@9a), this sggests that th@3Ctransform has a large absorption in the protein
pocket of ASR.

We then illuminated the daskdapted and lighddapted ASR at 480 nm, the isosbestic point of
ASRar and ASR;3c, at 130 K (Figure29a). Figure29 shows timedependent absbance changes at
eachdifference absorptiomaximum (596 and590 nm) of the daradapted and lighkbdapted ASR.
The increase of absorbance is greater for the-ighpted ASR, which contains more AR and
originates also from the larger absorbanc¢hefK intermediate of ASRc.. By considering the molar
extinction coefficients of the K intermediates, the relative quantum yield for the photoisomerization of
ASRi3c and ASRr was determined to be 0.73 (#0.07): From the data in Figur26a and c, the
branching ratio of ASksc (y in Figure 22) was therefore determined to be 1.06 +0.11. This value
demonstrates that the K intermediate formed from ASR completely converted into AaRwithout
regaining the initial state in a photocyclic reaction (FigkOe

Figure 30. The photoreaction of ASR. Both isomers (ASRnd ASR;c) convert 100%
yield to another isomer, respectiveljhis figure is repnted with permissionfrom
Kawanabeet al. [71]. Copyright 2007 American Chemical Society.

4.5. FunctionalOptimization ofPhotoconversions iRhodopsins

The present results reveal that the branching reactions take place with 100% efficiency, both from
ASRar and ASRsc. Although the present results were obtained for ASR in liposomes, not in native
membranes his characteristic is highly advantageous for a photochromic sensor. On the other hand, the
AT form of BR has 100% photocyclic efficiency (Figu2@), which is important for the proton pump.
Thus, it is concluded that ASR and BR have been optimized far fthretions, presumably during
evolution. It is intriguing that the structures of the chromophore and its binding pocket are similar
between ASR16] and BR [7], although their amino acid sequences are not highly homologous (60%).
Our FTIR study revealethat hydrogen bond of the Schiff base is similarly strong in ASR and BR, and
they are similarly cleaved after retinal photoisomerizat@j. [Replacement of aspartate (Asp212 of
BR) by proline in ASR (Pro206) is one of the structural differences. Andifierence is the hydrogen
bonding strength of the water molecule near the Schiff base. BR possesses a strongly -lnohdegn
water molecule between the Schiff base and its counterion (Asp85), which appears to be a prerequisite
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for protonpump function 27]. ASR possesses such a water molecule between the Schiff base and its
counterion (Asp75)16€], but its hydrogen bond is much weak0]. These small differences may be
determinants for distinguishing photocyclic or photochromic reactions. Recently, &wt Spudich
converted BR into a sensory receptor by mutation of three hychitmmaing residues/p]. This finding

also suggests that distinct functions are determined by small differences. In addition, the M intermediate
is formed during the photoreamti of ASRyr, like BR, but Asp75 is not protonated@3], presumably
because the proton is conducted toward the cytoplasmic doiinHurther structural analysis of
photoreaction intermediates will provide a better understanding of the mechanism fal tiedéaration

of the photoisomerized chromophore.

5. FTIR Study of the L Intermediate of AnabaenaSensory Rhodopsi: Structural Changesin the
Cytoplasmic Region

The M intermediate with the deprotonated Schiff base is an important state in protonrtrangpo
signal transductionlt has been known that the Schiff base proton is transferred to the counterion
(Asp85 in BR) if it is deprotonatedh this case, the proton transfer is toward extracellular Sldethe
other hand, the previous tiamesolved FTR study of ASR by Shet al reported the proton transfer to
Asp217 in the cytoplasmic sid&4], though Asp75 works as the counterion of the Schiff base in ASR.
No proton transfer to Asp75 was also reported by Betgal [73]. This may be reasonableedause
another aspartate (Asp212 in BR) is replaced by proline in ASR, and Asp212 plays an important role in
the proton transfer in BR3,75]. On the other hand, Sineshcheletval reported that the direction of
proton transfer was dependent on the saraphditions, where the direction is toward cytoplasmic and
extracellular side for @erminal truncated and fulbngth ASR, respectivellj76]. According to these
results, native fullength ASR inE. colicells exhibits proton transfer direction the saasen BR

Thus, the molecular mechanism of ASR activation remains yet unclethisIstudy we applied
low-temperature FTIR spectroscopy at 170 K to the-@aidpted ASR that has predominantlytadhs
retinal (97%) £9]. The obtained ASRminus ASR spctra were similar between the fldhgth and
C-terminally truncated ASR, implying similar protein structural changes for the L state. The ASR
minus ASR spectra were essentially similar to those of BR, but a unique spectral feature was observec
in the @rboxylic C=0 strathing region. The bands at722+) and 1703() cmi' were observed at
pH 5, which was reduced at pH 7 and disappeared at pH 9. The mutation study successfully assigne
the bands to the C=0 stretch of Glu36. Interestingly, Glu36 isddcat the cytoplasmic side, and the
distance from the retinal Schiff base is about 20 A (Fig8te We also observed pHependent
frequency change of a water stretching vibration, which is located near Glu36. Unique
hydrogerbonding network in the cytdgsmic domain of ASR will be discussed.
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Figure 31 X-ray crystallographic structure of the cytoplasmggion of ASR (PDB entry
1XIO [16]). Top and bottom regions correspond to the cytoplasmic surface and retinal
binding pocket, respectively. Green s@erepresent water molecules in the cytoplasmic
region. Hydroge+bonds (yellow dashed lines) are inferred from the strucithis. figure is
repinted with permissionfrom Kawanabeet al [77]. Copyright 2008 American
Chemical Society.

5.1. Comparisonof the Difference Infrared Spectra of the L Intermediate of-lemijth ASR and
Truncated ASR in the&00i 800 cnT Region

The previous photoelectric measurements showed that the direction of charge movement of full
length ASR was different from that @-terminally truncated ASR (truncated ASR) for the L and M
intermediates, whereas both charge movements were similar for the K intermégliaenis suggests
that fulFlength and truncated ASR have different structural changes in the L and M intermediate
Therefore we prepared both fullength and truncated ASR, and measured the difference FTIR spectra
for the L intermediate. Figur82 compares the fulength ASR minus ASR (solid line) and the
truncated ASRminus ASR (dotted line) spectra at 170 Konghydration with HO. As is clearly seen,
the spectrum of the fulength ASR is very similar to that of thet€minally truncated ASRThus, the
present FTIR spectra for the L intermediate showed no effects of-teemihal truncationAll data
below ae shown for the fullength ASR including the mutant proteins.should be noted thawe
confirmed similarity of the spectra at 170 K between-larigth and truncated ASR at acidic and
alkaline pH as well, though they could be different at room temjoerat



