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ABSTRACT. Archaeal rhodopsins possess a retinal molecule as their chromophores, and their light energy
and light signal conversions are triggered by all-trans to 13-cis isomerization of the retinal chromophore.
Relaxation through structural changes of the protein then leads to functional processes, proton pump in
bacteriorhodopsin and transducer activation in sensory rhodopsins. In the present paper, low-temperature
Fourier transform infrared spectroscopy is applied to phoborhodopsinNatmonobacterium pharaonis

(pPR), a photoreceptor for the negative phototaxis of the bacteria, and infrared spectral changes before
and after photoisomerization are compared with those of bacteriorhodopsin (BR) at 77 K. Spectral
comparison of the €C stretching vibrations of the retinal chromophore shows that chromophore
conformation of the polyene chain is similar betwg@mR and BR. This fact implies that the unique
chromophore-protein interaction irppR, such as the blue-shifted absorption spectrum with vibrational
fine structure, originates from both ends, théonone ring and the Schiff base regions. In fact, less
planer ring structure and stronger hydrogen bond of the Schiff base were suggespp® f@&imilar
frequency changes upon photoisomerization are observed for=tih sfretch of the retinal Schiff base

and the stretch of the neighboring threonine side chain (Thrppkhand Thr89 in BR), suggesting that
photoisomerization ippR is driven by the motion of the Schiff base like BR. Nevertheless, the structure

of the K state after photoisomerization is different betwppR and BR. In BR, chromophore distortion

is localized in the Schiff base region, as shown in its hydrogen out-of-plane vibrations. In contrast, more
extended structural changes take placepR in view of chromophore distortion and protein structural
changes. Such structure of the K intermediatppR is probably correlated with its high thermal stability.

In fact, almost identical infrared spectra are obtained between 77 and 17fpRirUnique chromophore

protein interaction and photoisomerization processegpiR are discussed on the basis of the present
infrared spectral comparison with BR.

Halobacteria contain four retinal proteins (archaeal rhodop- bacterium, which act for attractant and repellent responses
sins): bacteriorhodopsin (bR{1, 2), halorhodopsin (hR) in phototaxis, respectively’(10). These four retinal proteins
(3, 4), sensory rhodopsin (sRp{7), and phoborhodopsin  have similar structures; seven helices constitute the trans-
(pRY (8, 9). bR and hR are light-driven ion pumps, which membrane portion of protein, and a retinal chromophore is
act as an outward proton pump and an inward @ump, bound to a lysine residue of the seventh helix via a protonated
respectively 1, 2, 4). sR and pR are photoreceptors of this Schiff base linkage. Thus, functional differences presumably

originate from the refined structural modification among

them.
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1 Abbreviations: bR, bacteriorhodopsin; hR, halorhodopsin; sR, : - L
sensory rhodopsin; pR, phoborhodopgpR, pharaonisphoborhodop- having proton pump activity) and proton pathways in its

sin; BR, light-adapted bacteriorhodopsin that ladistrans-retinal as pumping haye been established, and deta”eq strU(_;turaI
its chromophore; BR K intermediate of BR; BR L intermediate of changes during the proton pump processes are investigated
BR; BRv, M intermediate of BRppR«, K intermediate ofpharaonis by various techniquesl( 2, 11—14). Structures of photo-

phoborhodopsinppR., L intermediate ofpharaonisphoborhodopsin; . .
pPRv, M intermediate ofpharaonisphoborhodopsinppRo, O inter- intermediate states are also reported fokBE5), BR. (16),

mediate of pharaonis phoborhodopsin; FTIR, Fourier transform and BRy (17—19). In contrast, understanding of sensory
infrared; DM, n-dodecylj-D-maltoside; PCi-a-phosphatidylcholine;  rhodopsins such as sR and pR has been far behind.

OG, octyl glucoside; HOOP, hydrogen out of plane. . -
2'sR and pR are also called sensory rhodopsin-I (sR-I) and sensory PR has unique characteristics among the four archaeal

rhodopsin-1l (sR-1l), respectively. rhodopsins. The absorption wavelength is=B@ nm blue
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shifted from other archaeal rhodopsins, so that pR looks 4 °C. After centrifugation of the solubilized membranes
orange 20—23). The absorption spectrum has a characteristic (10000@) for 1.5 h at 4°C, the supernatant was incubated
vibrational featureZ2), whose mechanism has not been well with Ni—NTA agarose (Qiagen) fd. h atroom temperature
understood. Although studies on pR had been difficult, with gentle stirring. The NiNTA resin was filled into a

successful purification of a pR-like protein fronatrono- chromatography column and washed extensively with buffer
bacterium pharaonisa halophilic alkaliphilic bacterium, W (0.1% DM, 300 mM NaCl, 50 mM MES, 50 mM
opened a new stage of investigatio®4,( 25). Like pR, imidazole, pH 6.5) to remove unspecifically bound proteins.

pharaonisphoborhodopsingpR) has an absorption maxi- The histidine-tagged proteins were eluted with buffer E (0.1%
mum at about 500 nm with a characteristic spectral shoulderDM, 300 mM NaCl, 50 mM Tris-HCI, 150 mM imidazole,
(24). The chromophore configuration is only all-trans in the pH 7.0).
dark state ofppR (26) as well as pR Z2) and sR 27), The purifiedppR sample was then reconstituted into PC
whereas bR and hR have both all-trans and 13-cis forms.liposome. For reconstitution efo-phosphatidylcholine (egg,
The photocycle intermediates are similar to those of BR, Avanti) lipids, 16 mg of PC lipids was dissolved in 800
forming ppR«, ppR., ppRv, andppRo, whereas the photo-  of chloroform, and a thin lipid film on the wall of a 50 mL
cycling rate ofppR is about 2 orders of magnitude longer flask was prepared by careful evaporation of the solvent.
than that of BR 28, 29). It is known thatppR_ is not trapped Five milligrams ofppR in 8.5 mL of buffer E was added,
at low temperature angpRx is highly stable 24, 30). and the suspension was gently stirred for 30 min at room
Fourier transform infrared (FTIR) spectroscopy is a temperature. The DM was removgo_l by dialysis against 10
powerful tool in studying molecular structure and structural MM phosphate buffer (pH 7) containing 200 mM NaCl. The
changes of retinal proteins, which has been proven for the reconstitution pzoteln was pelleted by ultracentrifugation at
study of BR (2, 13, 31—-33). On the other hand, application 30000@, 1 h, 4°C.
of FTIR spectroscopy to pR angpR has been much less ~ FTIR SpectroscopyTIR spectroscopy was applied as
reported so far. Engelhard et al. first reported the spectra ofdescribed previously3(). Eighty microliters of theppR
K-like and M-like species ippR and observed protonation Sample in 2 mM phosphate buffer (pH 7.0) was dried on a
of a carboxylate upon M formatior8Q). On the other hand, ~ BaF: window with a diameter of 18 mm. After hydration
Bergo et al. reported the spectra of O-like species in pR andby either HO or D;O, the sample was placed in a cell,
revealed that Asp73 in pR (Asp85 in bR and Asp7HpiR) mounted in an Oxford DN-1704 cryostat, and cooled to
is the proton acceptor of the retinal Schiff ba3d)( Despite 77 K.
such efforts, understanding of the molecular mechanism in  lllumination with 450 nm light at 77 K for 2 min converted
ppR is still behind that of bR. In this paper, we applied low- PPR to ppR«. Since theppR« completely reverted tppR
temperature FTIR spectroscopy ppR in the temperature ~ upon illumination with >560 nm light for 1 min, as
range of 77170 K, and the obtained spectra were compared €videnced by the same but inverted spectral shape, the cycles
with those of BR. On the basis of common and different Of alternative illuminations with 450 nm light arrl560 nm
spectral features, structure and structural changes uporlight were repeated a number of times. Other illumination
photoisomerization of the retinal chromophore are compared conditions tested are with 420 nm light for conversion of

betweenppR and BR. ppR to ppR« and with >520 and >600 nm light for
conversion ofppR« to ppR. The difference spectrum was
MATERIALS AND METHODS calculated from the spectra constructed with 128 interfero-

grams before and after the illumination. Twenty-four spectra
Preparation of the ppR Sampl€&he plasmid including a  obtained in this way were averaged for R« minusppR

full-length psopll with a fusing histidine tag was prepared spectrum. The identical measurement was also conducted at
by PCR. PCR was carried out using an oligonucleotide 170 K. Linear dichroism experiments revealed a random
introducing a 3Aval restriction site. The stop codon was orientation of theppR molecules in the film. Therefore, an
deleted during amplification. The PCR product was ligated IR polarizer was not used in the measurementfiRR.
into pGEM-T easy. To construct the expression plasmid, The BR; minus BR spectra were taken from Kandori et
PET/pR His, theAval fragment from this plasmid was al. (38). The same sample (2 mM phosphate buffer, pH 7.0)
ligated toAval sites of pFE/ppR. This cloning strategy results was used for the measurements of the Bitus BR spectra.
in the following N- and C-terminal peptide sequence: The hydrated bR film was illuminated with500 nm light
IMVGL...AVAD L. EHHHHHH . for 1 min at 273 K to obtain the light-adapted state of

DNA sequencing was carried out using a DNA sequencing bacteriorhodopsin (BR). The BRninus BR spectra were
kit (Applied Biosystems). All constructed plasmids were obtained by illumination with>600 nm light for 2 min at

analyzed using an automated sequencer (377 DNA sequencei 70 K (39, 40). Five spectra constructed with 128 interfero-
Applied Biosystems). grams before and after the illumination were averaged for

the BR. minus BR spectra. Since the bR molecules are highly
oriented in the film, unlikeppR, the data with a window
tilting angle of 53.5 in polarized FTIR spectroscopy were
used for comparison.

TheppR protein was expressedkischerichia colBL21-
(DES3) by induction by addition of 1 mM IPTG and 1M
all-trans retinal. Preparation of crude membranes was
described previously 365). The purification of ppR is
essentially the same as that described in Hohenfeld et al.regy TS
(36). Crude membranes were resuspended in buffer S (300
mM NaCl, 50 mM MES, 5 mM imidazole, pH 6.5) Infrared Spectral Changes of ppR and BR at Low
containing 1.5%n-dodecyls-p-maltoside (DM) for 12 hat ~ Temperatureln the present study, thppR sample was
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Ficure 1: Difference infrared spectra gpR at 77 K (a),ppR at
170 K (b), BR at 77 K (c), and BR at 170 K (d) in the 180140
cm~! region. The spectra correspond fpR« minus ppR (a, b),
BRx minus BR (c), and BRminus BR (d). One division of the
y-axis corresponds to 0.008 absorbance unit.

expressed ifE. coli, solubilized by DM, purified by His tag,
and reconstituted into PC liposome. Dry films were made
from the PC liposome suspension and used for low-
temperature FTIR spectroscopy after hydration. Visible
absorption maxima gbfpR in DM solution and in hydrated
film were at 499 and at 497 nm, respectively, being similar
to that of the nativgopR in OG solution (498 nm)24).
Figure 1 shows difference infrared spectrappR (a, b)
and BR (c, d) measured at 77 and 170 K.x8#d BR can

Kandori et al.
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FIGURE 2: ppR« minusppR spectra under two different illumination
conditions. After conversion gfpR to ppR« with 450 nm light,
ppR is reverted by illumination & 520 nm (solid line) and 600

nm (dotted line). The left panel corresponds to the frequency region
of the G=C stretching vibration of the retinal chromophore. The
right panel represents the frequency region of the only other
difference between the two spectra. One division of ykexis
corresponds to 0.003 (left) and 0.001 (right) absorbance unit.

into a wider region of the protein part in BRSuch
observations were also confirmed by low-temperature X-ray
crystallography of BR (15) and BR (16).

Unlike BR, infrared difference spectra ppR are similar
between 77 and 170 K (Figure 1a,b). Hirayama et al. reported
thatppRx is stable between 77 and 170 K by means of low-
temperature visible absorption spectroscapy).(Therefore,
the present infrared spectra reproduced the previous observa-
tion for the nativeppR dissolved in OG solution2@) and
showed in addition that there are little changes in protein
structures between 77 and 170 K.

Hirayama et al. also showed thppR« is composed of
two species, whose difference absorption spectra ppiR
have maxima at 525 and 535 nr@4j. To examine the
possibility of multiple K states, different illumination condi-
tions are tested at 77 K. In Figuref®R was first converted
to ppR« by illumination at 450 nm. lllumination at 420 nm

be stabilized at 77 and 170 K, and spectra ¢ and d in Figuredisplayed the identical infrared spectra (not shown), implying

1 exhibit the typical BR minus BR and BR minus BR
spectra, respectivel\L®). The most intense band is a negative
band at 1529 crt, which corresponds to ethylenic=€C
stretching vibration of the retinal chromophore in BR. Lower
and higher frequency shifts of this band in BR) and BR

(d) indicate spectral red and blue shifts in visible absorption,
respectively. Intense positive peaks in the 16000 cnr?

of BRk (c) originate from hydrogen out-of-plane (HOOP)
vibrations of the retinal chromophore, which significantly
reduced in BR (d). This observation is interpreted in terms
of the chromophore distortion in BRupon photoisomer-
ization and its relaxation in BR Clear spectral changes of
BR., but not in BR;, in the 1806-1700 cm* region show
the structural changes of Asp96 and Aspl12)( Thus,

structural changes are localized around the retinal chro-

mophore in BR, while the structural changes are extended

thatppR is composed of a single species in the original state.
Then, ppRx is reverted to the origingdpR by illumination

at >520 nm (solid line) or>600 nm (dotted line), the latter
of which converts less 525 nm specieppiR. Figure 2 (left)
shows the frequency region of the ethylenieC stretching
vibration of the retinal chromophore, where the solid line
has a reduced negative band at 1554 tand a positive
band at 1544 cnt is considerably shifted to the higher
frequency region. This fact indicates thaR« responding

at >520 nm is blue shifted fromppR« responding at-600
nm, being in agreement with the previous visible absorption
(24).

Then we searched for differences in the infrared spectra
between the two photoconversions, because infrared spectra
are highly sensitive to molecular environment. Nevertheless,
the two spectra were almost identical, indicating that two



FTIR Spectroscopy obppR

Difference Absorbance

1169

1255

")'\>/’\\]
1216 |
|

1203

T — T
1500 1250

Wavenumber (cm )

FiGuRe 3: ppR« minus ppR (a) and BR minus BR (b) spectra
measured in the 15851490 (left) and 12861130 (right) cn1?!
region at 77 K, which correspond to=€C and C-C stretching
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vibrations of the retinal chromophore, respectively. The sample was

hydrated with either KD (solid lines) or RO (dotted lines). One
division of they-axis corresponds to 0.008 absorbance unit.
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the nativeppR in DM solution observed the=€C stretch at
1548 cm? (41).

Relatively small peaks of ethylenic =€C stretching
vibrations are characteristic ppR, which is in clear contrast
to the results of BR (Figures 1 and 3). In BR, a strong peak
pair is observed at 1529( and 1514¢) cm % The results
of BR have been interpreted in terms of a well-coupled
symmetric G=C stretching mode in the planer chromophore
structure. The planer chromophore structure is supported by
the recent X-ray crystallography of BRIZ 43). In this
context, the smaller signal ippR may originate from the
lower coupling of the &C stretching mode, possibly
because of perturbation by the surrounding protein environ-
ment.

Negative bands in BR at 1255, 1216, 1203, and 1169'cm
are attributable for the €C stretching vibrations of the
retinal chromophore at positions Ci2€13, C8-C9, C14-
C15, and C16-C11, respectively (Figure 3b}12, 44). The
negative 1255 crt band is composed of a mixture ofO-
insensitive C12-C13 stretching and fD-sensitive N-H in-
plane bending vibrationstf). A positive 1194 cm! band
of BR originates from C14C15 and C16-C11 stretches
(46). A similar spectral feature ippR (Figure 3) suggests
the similar chromophore conformations before and after
photoisomerization. We tentatively assigned the bands at

ppR« have nearly identical structures of the chromophore 1253¢), 1244(¢), 1213¢), and 1204¢) cm ! as the C12
and its surrounding protein moiety. The only difference C13 stretch, N-H bend, and C8C9 and C14-C15 stretches

observed was the appearance of the 13§4(179¢) cm™t
band in the photoconversion of 450 an820 nm. This result
suggests that the blue-shiftppR« has a peak at 1179 crh
while the red-shifteghpR« has the same peak psR at 1184
cm L. The band may originate from the—<C stretching
vibration of the retinal chromophore.

The 1184¢)/1179¢) cm ! band is also observed in the
ppR« minusppR spectrum at 170 K, as well as the lack of
the negative 1554 cm band (Figure 1b). This may also
correspond to the two species @iR«, because Hirayama
et al. showed the red-shiftgghR« decays at lower temper-
ature than the blue-shiftggpR« (24). It is however noted

in ppR. The remarkable difference ppR is the lack of the
negative band of BR at 1169 crh Since there is a peak
around this frequency in the resonance Raman spectrum of
ppR (41), it is likely to be no change for the C+11
frequency inppR. In other words, the chromophore confor-
mation is similar betweeppR and BR, while its structural
change upon photoisomerization is different at position-€10
C11.

Figure 4 compares the spectra in the 16980 cm?
region. It is well-known that hydrogen out-of-plane (HOOP)
vibrations of the retinal chromophore appear in this region,
and HOOP modes provide information of the chromophore

that the spectral difference between 77 and 170 K (Figure distortion (L1, 12, 31—33). The appearance of a sharp peak
1a,b) is larger than that between the blue-shifted and red-at 957 cn1?! is characteristic in the BRminus BR spectrum,
shifted ppRk at 77 K. Thus, difference between spectra a and bands at 974 and 957 chare sensitive to BD. They
and b in Figure 1 possibly originates from temperature effect were assigned as HOOP vibrations of G5 and N-H
due to local relaxation processes. In this paper, we compare(45). This result indicates that the retinal distortion uporkBR

the difference spectra at 77 K betwegrR and BR, where
the ppR« minus ppR spectra were obtained by photocon-
version of 450 and>560 nm.

Comparison of the Vibrational Bands of the Retinal
Chromophore between ppR and Biigure 3 shows thppR«
minusppR (a) and BR minus BR (b) spectra in the 1585
1490 (left) and 12861130 (right) cm' region. These
frequency regions correspond to the=C and C-C stretch-

formation is localized in the Schiff base region. In contrast,
a more complex spectral feature was observagapiR. Such
spectral feature in the HOOP region did not depend on the
illumination wavelengths. Namely, identical spectra were
obtained by illumination at 420 nm instead of 450 nm for
the ppR to ppR« conversion and by illuminations at520

and >600 nm instead o560 nm for theppR« to ppR
reversion (data not shown). Therefore, twpR« species

ing vibrations of the retinal chromophore, respectively. In display identical HOOP bands. Identical frequencies were
the former frequency region, there are two negative peaksobserved in the HOOP region at 170 K, though the amplitude

at 1559 and 1554 cn and a positive peak at 1544 chin
ppR. The negative 1554 crh band disappears at 170 K,
whereas the other bands remained at 1558cfn) and
1543 cm! (+) (Figure 1b). Such spectral feature is similar
to the previous report foppR in the native membrane at
170 K (30). These DRO-insensitive bands presumably
originate from the €C stretching vibrations of the retinal

of each band was somewhat different from 77 K (Figure 1).
Positive bands gbpR« at 966 and 958 cnt are insensitive

to D,O substitution. The half-amplitude of broad positive

bands at 1001, 994, and 987 thremained in DO,

suggesting that they are insensitive tglDand that the broad

D,O-sensitive band is also present in this region. 0B

sensitive 979 cm! band may originate from the C15or

chromophore. Previous resonance Raman spectroscopy oN—HOOP mode. While the assignment of these HOOP



9242 Biochemistry, Vol. 40, No. 31, 2001 Kandori et al.

994 g 058
1001 | o7 | /

Q )
S e < N A
TV ETNYTW
b | 2 1687 \b
g 1013 Yol 1704 1662/} 1650 1/
o) <0E) 1658
Q
= A e (b) BR 1633 1608
e FATR o 1664 1606
g § 17331721 I 16|23 /\\<—:-
Vi | 1727 Y
g ‘ 1742 | | 1617
! 977 1668 | 1628
1009 1641
I l T T T T I T T T T I T T T T I T T
1000 950 900
1750 1700 1650 1600

Wavenumber (cm ™)

FiIGURE 4: ppR« minus ppR (a) and BR minus BR (b) spectra ) )
measured in the 103300 cnt!region at 77 K, which correspond ~ FIGURE 5 ppR« minus ppR (a) and BR minus BR (b) spectra
to hydrogen out-of-plane vibrations of the retinal chromophore. The measured in the 1750570 cni! region at 77 K, most of which
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sample was hydrated with either® (solid lines) or DO (dotted are ascribable for vibrations of protein. Underlined peaks are
lines). One division of thg-axis corresponds to 0.005 absorbance C=N stretching vibrations of the chromophore. The sample was
unit. hydrated with either kD (solid lines) or DO (dotted lines). One

division of y-axis corresponds to 0.01 absorbance unit.

bands has to be done in the future, the clear appearance of
the D,O-insensitive HOOP modes ippR« implicates the

specific chromophore distortion upon photoisomerization of
ppR. Namely, chromophore distortion is localized at the

The present spectral comparison of the chromophore
vibrations provided various aspects betwegpR and BR.
As shown in the € C stretches of the original state (Figure
. C S i 3), chromophore conformation is similar in the polyene chain,
Schiff base region in BR while it is more extended into suggesting thgbpR possesses planer polyene structure like
the other region ipRk. BR. Nevertheless, mode coupling in the=C stretch is less
Figure 5 shows the spectral changes in the 37H¥0  in ppR (Figure 3). In BR, the G5C6 bond is also involved
cm! region, where most signals originate from vibrations jn the same plane of the other double bord® ¢3). Thus,
of protein. One exception is the=éN stretching vibration less mode coupling ippR may be caused by the structural
of the retinal Schiff base that appears in the 165600 cnt? difference at thes-ionone ring moiety from BR. In the
region. In BR, the &N stretch has been assigned at 1641 original state, the hydrogen bond of the Schiff base is
cmtin H,0 and at 1628 cmt in DO (Figure 5b) 47). stronger inppR than in BR. In the K state after photo-
The spectral upshift in ¥ is caused by the coupling of the isomerization, lack of the hydrogen bond of the Schiff base
N—H bending vibration of the Schiff base, and the difference seems to be common betwegpR and BR (Figure 5).
in frequency between # and DO has been regarded as Nevertheless, appearance of the HOOP modes was highly
the marker of hydrogen-bonding strength of the Schiff base different between them (Figure 4), implying different chro-
(48—50). The small difference in BR(1608 cnit in H,O mophore distortion in the K state. In BRchromophore
and 1606 cm* in D,0) has been interpreted in terms of the distortion is localized at the Schiff base region, as shown in
lack of a hydrogen bond in the Schiff base nitrogen after D,O-sensitive HOOP modes. A more complex feature
photoisomerization44, 51). Among various DO-sensitive involving D.O-insensitive bands implies that the chro-
bands ofppR (Figure 5a), negative bands at 1650 and 1633 mophore distortion is extended into the other parpiR«
cm ! are likely to originate from the €N stretches in KO (Figure 4). The structural difference observed for the €10
and DO, respectively, because previous resonance RamanC11 stretch (Figure 3) may be related to the HOOP results.
spectroscopy of the natiygpR assigned at 1650 and 1627 Comparison of the Vibrational Bands of the Protein Moiety
cm 1, respectively41). Greater frequency difference ppR between ppR and BRhe other bands than the<\ stretch
than in BR [17 vs 13 cm' in the present FTIR spectroscopy of the Schiff base are from protein in Figure 5. In BR, the
and 23 41) vs 17 cmi! (52) from the previous resonance 1742()/1733¢) cm™t bands in HO are shifted to
Raman spectroscopy] suggests a stronger hydrogen bond o1727()/1721¢) cm™ in D,O, which was previously
the Schiff base ippR. Regarding the €N stretching mode  assigned as the=€0 stretch of Asp11553). The corre-
of ppR«, the positive 1612 cmt band is a candidate, which  sponding amino acid is Asn105 ppR, so that no spectral
reduces the intensity in . If the small band at around changes are observed in the 1730’10 cn! region ofppR
this frequency in RO is the G=N stretch ofppRg, lack of (Figure 5a). The 1623()/1617() cm* bands of BR were
the hydrogen bond upon photoisomerization is identical to previously assigned as the=© stretch of the peptide
the case in BR. carbonyl (amide | vibration) of Val4%d), which is located
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FIGURE 6: ppR« minus ppR (a) and BR minus BR (b) spectra

measured in the 2542415 cnt? region at 77 K. The sample was
hydrated with DO, and the 2506f)/2466(+) bands of BR (b) were

previously assigned to the-D stretching vibration of threonine
at position 89%6). One division of they-axis corresponds to 0.0008
absorbance unit.

close to the Schiff base. The 166§(1664() cm™* bands
are highly dichroic 88) and appear in the typical frequency
region of the amide | vibration of thell helix (55), which

is probably located in the transmembrane region.

In ppR, the following bands were observed in the 1750
1570 cm! region: 1704¢), 1700¢+), 1687(), 1671¢),
1662(), 1658(), 1650¢-), 1633(), 1612(+), 1600(¢+),
and 1591¢) cml. The 1671¢)/1662(-) cm* bands
appeared in the typical frequency region of the amide | vi-
bration of theall helix. The 1658 cm? band appears in the
amide | vibration of theo-helix (ol helix). The 1704¢)/
1700¢+) cm* bands are considerably higher than the amide
| vibration, which may be ascribable for=€O stretching

vibration of asparagine. In fact, the corresponding amino acid

to Aspl15 of BR (Figure 5b) is Asn105 ppR. The positive
band at 1600 cnt is the greatest peak in thEpR« minus

ppR spectrum (Figure 1), and the corresponding negative

one is presumably at 1591 cin(Figure 5). The half-
amplitude of the peaks is lost in,D. The negative peak at
1633 cnt in H,O and DO indicates that protein vibration
is involved in this band in addition to the=€N stretch of

the retinal chromophore. Thus, relatively many protein bands

are observed foppR in comparison with that of BR.

Figure 6 shows the spectral changes in thel0stretching
vibrational region. In BR, the 2506{()/2466() cm™! bands
were assigned as the- stretching vibrations of Thr89
(Figure 6b) 66). The O-D stretching frequency of BR at
2506 cmt indicates a strong hydrogen bond of Thr89 with
Asp85. The G-D stretch of BR at 2466 cm* is lower than
that of the neat liquid alcohol56), indicating a further
strengthened hydrogen bond. We interpreted the change i

hydrogen bond due to strong association between Thr89 and

Asp85, which is caused by retinal isomerization. Similar
spectral changes are observed at 25Q/2472¢) cm™t in
pPpPR, too (Figure 6a). SingapR possesses the corresponding
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threonine and aspartate (Thr79 and Asp75), it is likely that
the hydrogen-bonding conditions of Thr79 and Asp7ppR

are similar to those in BR, and photoisomerization causes
similar structural changes in the region.

DISCUSSION

Chromophore-Protein Interaction in ppR and BRIhe
spectral comparison of the-€C stretching vibrations of the
retinal chromophore (Figure 3) revealed that the conforma-
tion of the polyene imppR is similar to that in BR. Since
BR has a planer polyene chahi 43), it is likely thatppR
also has a planer structure of the polyene chain. This fact
implies that the central part of the chromophore does not
contribute to the significant differences phR from BR in
view of (i) vibrational fine structure, (ii) spectral blue shift,
and (iii) isomer selectivity. In other words, the differences
are likely to originate from both ends of the chromophore,
namely, the5-ionone ring and/or the Schiff base regions.

In general, polyenes exhibit vibrational fine strutcure in
their absorption spectra. Thus, lack of the fine structure in
the absorption spectrum of BR has been extensively dis-
cussed11, 57), where inhomogeneous and/or homogeneous
spectral broadening in the BR chromophore destroys the
structure. Weakened interactions between the Schiff base
proton and its counterion were proposed to destabilize the
geometry in the Schiff base environmnet, which increases
the fluctuations in the distance between the counterion and
the proton 22, 58). Alternatively, similar inhomogeneous
broadening could occur at the other end of fr@none ring
(22, 58). The present results show that hydrogen bonding of
the Schiff base is stronger ippR than in BR (Figure 5),
which support the origin from the Schiff base region.

As the origin of the vibrational fine structure unique for
the absorption spectrum ppR, the restricted retinal binding
pocket involving thes-ionone ring has been proposed to
lower the degree of freedom in the chromophore mot#h (
60). The present results suggest that the restricted portion in
ppR is not at the polyene chain. In BR, the=€66 bond of
the s-ionone ring is involved in the same plane of the other
double bonds, which forms a planer 6-s-trans conformation
(42, 43). Previous experiments using retinal analogues
revealed that pRG(l) possesses a 6-s-trans conformation like
BR. Despite no report fgopR, a similar absorption property
suggests thappR has a 6-s-trans conformation, too. This
fact may suggest that the structure aroundatienone ring
is similar betweerppR and BR. It is however noted that
mode coupling in the €C stretch is less ippR than in BR
(Figure 3), suggesting that the 6-s-trans conformation is less
planer inppR.

Regarding the comparison betweggR and BR, the BR
structure 42, 43) provides useful information, because the
recent projection structure showed thaiR has similar
structure at 6.9 A resolution as BR2). Figure 7 shows 10
amino acids that are different between BR g@piR among
25 amino acid residues withi5 A from the retinal chro-
mophore in BRE As is seen in Figure 7, the difference in
amino acids is mainly localized around tfidonone ring.

n

3The corresponding 25 amino acids of BR are as follows: Met20,
Val49, Ala53, Tyr57, Tyr83, Asp85, Trp86, Thr89, Thro0, Leu93,
Aspl15, Metl118, lle119, Gly122, Trp138, Serl4l, Thrl42, Metl145,
Trpl82, Tyrl85, Prol86, Trpl89, Asp212, Ala215, and Lys216.
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Ficure 7: X-ray crystallographic structures of BRZ). Among
25 amino acid residues withis A from the retinal chromophore,
10 amino acids are shown that are different between bR (written I
in the former) andopR (written in the latter). The difference is K Ala215

more localized at th@-ionone ring portion.

In particular, amino acids in helices D (Asn105, Val108, and 13-cis retinal
Met109 inppR) and E (Phel27, Gly130, Alal31, and Phel34
in ppR) must be closely related to the specific structure
around theB-ionone ring inppR. Shimono et al. replaced
two amino acids ofpR (Val108 and Gly130) around the
pB-ionone ring to those of bR (Met, and Ser, respectively),
which exhibits reduced vibrational fine structure, accompa-
nying spectral red shift by 10 nn68). Thus, it is likely that
both thef-ionone ring and Schiff base regions contribute
the vibrational fine structure in the absorption spectrum of

PPR. . FIGURE 8: X-ray crystallographic structures of BR (upper) andBR
Both ends of the retinal chromophore also appear to (lower) measured at 110 KL§). Shown are amino acids whose
contribute an absorption maximum in the 4800 nm structures are changed between them. It is noted that the structural
region, which is characteristic gfpR and pR. Less mode changes are localized at the Schiff base region, and the amino acid

coupling in the G=C stretch inppR than in BR (Figure 3), residues except for Ala215 are conservegpiR (Figure 7).

presumably because of less planer 6-s-trans conformation, , . - . . _—
can explain such spectral blue shift ppR from other  chain at positions 89 in BR and 79 ppR is likely to be

archaeal rhodopsins. In addition, stronger hydrogen bondingCommon petween them. Thus, str uctural changes (.Jf the Schiff
of the Schiff base ippR than in BR is consistent with the base region accompanying retinal photoisomerization are

spectral blue shift ippR, where the stronger interaction SU99ested to be the same between BRppil Nevertheless,

between the retinyl cation and the counterion leads to Chargethe appearance O_f the HOOP _moc_les was highly different
between them (Figure 4), which implies different chro-

localization in the Schiff base region. The present study mophore distortion in the K state. Chromophore distortion
revealed that the spectral shift ppR« by 10 nm (525 and is localized at the Schiff base region in BRwhile it is

535 nm species) can be achieved under very limited Strucwralextended into the other part ippRc. In addition, more
lteration (Fi 2). This fact implies highl itive feat . ) C -
alteration (Figure 2). This fact implies highly sensitive feature protein bands are observed ppR than in BR (Figure 5).

of electronic absorption of the retinal chromophore. .
These facts suggest that structural changes upon formation

Unlike the -ionone ring moiety, the Schiff base side is . .
considerably conserved betwegpR and bR (Figure 7). In O the K state are globally extended ppR than in BR.

addition, the present FTIR study suggested that the hydrogen- N the case of BR, the X-ray crystallographic structure was
bonding interaction between Thr89 and Asp85 in Bf)(  already reported for BR(19). Figure 8 shows the amino
is also preserved for Thr79 and Asp75ppR (Figure 6). acids whose structures are changed between BR and BR

These facts suggest that the structure of the Schiff base regior{t 1S noted that the amino acid residues shown are not all
is essentially similar betweeppR and BR. Therefore, ©nes to change structures, because our FTIR study observed

stronger hydrogen bonding of the Schiff baseppR than changes in hydrogen bonds of the side chains of three
in BR may originate from small changes in hydrogen-
bonding networks involving water molecules. In this regard,  *In addition, the structural model of BR15) contradicts with our

it is of interest to study the water structure in the Schiff base FTIR results §6) in view of the hydrogen-bonding alteration of Thr89.
. hich is our next focus The X-ray crystallographic structure of RRsuggests no motion of
region, w S OU > Thr89 and rotation of the side chain of Asp85, resulting in cleavage of
Photoisomerization Mechanism and Property of the K the hydrogen bond between the side chains of Thr89 and Asp85 upon

Intermediates in ppR and BR1 the K state after photo- photoisomerizationl(). In contrast, the FTIR study assigned the ®

; At ; stretch of Thr89 in RO, and interpreted stronger association between
isomerization, lack of a hydrogen bond of the Schiff base the side chains of Thr89 and Asp85 upon photoisomerizati@ (

seems to be common betweppR and BR (Figure 5). In  Therefore, the BR structure may be questioned in view of local
addition, a strengthened hydrogen bond of the threonine sideinteraction.




FTIR Spectroscopy oppR
threonines; Thrl7, Thr89, and Thr121 (or Thr98%,(64).4

This fact can be interpreted by the difference in resolution;

9.

namely, vibrational bands are more sensitive to structural 10-
changes, and the amino acids shown in Figure 8 are likely 11

to exhibit greater structural rearrangement inkBRs is seen,

the changed amino acids are localized into one side of the

that it is difficult to move. Therefore, the Schiff base side

Biochemistry, Vol. 40, No. 31, 2000245

Zhang, W., Brooun, A., Mueller, M. M., and Alam, M. (1996)
Proc. Natl. Acad. Sci. U.S.M3, 8230-8235.

Sasaki, J., and Spudich, J. L. (20@Xchim. Biophys. Acta
146Q 230-239.

Mathies, R. A, Lin, S. W., Ames, J. B., and Pollard, W. T.
(1991) Annu. Re. Biophys. Biophys. Chem. 2091-518.

12. Maeda, A. (1995)sr. J. Chem. 35387—400.
C13=C14 double bond. The structure suggests that the other 3

side (3-ionone ring and polyene chain) has greater mass so 14.

actually rotates, which accompanies rearrangement of the 15.

hydrogen- bonding network. Localized structural changes of
the Schiff base region in BR, as shown in the HOOP bands

(Figure 4), must be the result of such change.

16

Figure 8 shows that the changed amino acid residues are 17.

conserved irppR except for Ala215 (Figure 7). This fact

and similar spectral changes of the Schiff base and Thr79 in 18.

ppR (Figures 5 and 6) suggest rotation of the Schiff base
region inppR, too. However, the HOOP bands are extended

into the other region than the Schiff baseppR (Figure 4).
Different chromophore protein interaction at thg-ionone

ring and the Schiff base region could yield different
chromophore distortion after photoisomerization. The quan-
tum yield of photoisomerization ippR has been reported

to be 0.5 65), while that of BR is known to be 0:60.65
(66, 67). An essentially similar quantum vyield gbpR

19.

20.

21.

22

suggests similar photoisomerization processes to those of BR. =
On the other hand, the slightly lower value may be related 53

to the extended structural changes of the retinal chromophore,
because smaller motion through the excited state appears to

result in greater product formation.

The extended protein structural changes ppR are
probably correlated with the thermal stability ghR« and
lack of ppR. at low temperature. It is known thapRx is
stable andppR_ is not trapped at low temperatur@4j,
thoughppR_ is formed at room temperatur@9). In BR,

light energy is locally converted into the structural constraint
at the Schiff base region. Increase in temperature ac-
companies extended protein structure by relaxing the con-
straint, in the BR to BR_ transition (Figure 1c,d). In contrast,

structural constraint is already relaxed ppRg, which
accompanies extended protein structural changes.
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