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ABSTRACT. pharaonisphoborhodopsinpgpR; also calledpharaonissensory rhodopsin llpsR-11) is a
photoreceptor protein for negative phototaxidNatronobacterium pharaoniuring the photocycle of

ppR, the retinal chromophore is thermally isomerized from the 13-cis to all-trans form. We employed
FTIR spectroscopy gbpR at 260 K and pH 5 to reveal that this isomerization occurs upon formation of
the O intermediateppRo) by usingppR samples reconstituted with 12,14-Abeled retinal. InppRo,

C=0 stretching vibrations of protonated carboxylates newly appear at #B¥722 ) cm~! in H,O

and at 1747-)/1718 () cm~1in DO in addition to the 1765%) cm™ band of Asp75. Amide | vibrations

are basically similar betwegmpRy andppRo, whereas unique bands ppRo are also observed such as

the negative 1656 cm band in QO and intense bands at 1686)(1674 (+) cm™*. In addition, C-D
stretching vibrations of water molecules in the entire mid-infrared region are assignedgRarand

ppRo, the latter being unique fgupR, since it can be detected at low temperature (260 K). gt

minus ppR difference spectra lack the lowest frequency water band (221%) @bserved in thepR«
minusppR spectra, which is probably associated with water that interacts with the negative charges in the
Schiff base region. It is likely that the proton transfer from the Schiff base to AspPpRy can be
explained by a hydration switch of a water from Asp75 to Asp201, as was proposed for the light-driven
proton-pump bacteriorhodopsin (hydration switch model) [Tanimoto, T., Furutani, Y., and Kandori, H.
(2003)Biochemistry 422300-2306]. In the transition fromppRy to ppRo, a hydrogen-bonding alteration
takes place for another water molecule that forms a strong hydrogen bond.

pharaonisphoborhodopsingpR)' from Natronobacterium proton-pump bacteriorhodopsin (BR)-4). In ppR and BR,
pharaonisis a member of the archaeal rhodopsin family the retinal forms a Schiff base linkage with Lys205 or
[bacteriorhodopsin, halorhodopsin, sensory rhodopsin (alsoLys216, respectively, and the protonated Schiff base is
called sensory rhodopsin 1), phoborhodopsin (also called stabilized by a negatively charged counterion, Asp75 or
sensory rhodopsin 11)] 1, 2). ppR is a photosensor for  Asp85, respectively. Light absorption ppR triggers trans-
negative phototaxis which activates the cognate transducercis photoisomerization of the retinal chromophore in its
protein,pHtrll, upon light absorption. It possesses a retinal electronically excited staté), followed by rapid formation
chromophore which is connected to one of its seven of the ground-state species such as the K intermed@te (
transmembrane helices, similarly to the case of well-studied The same process occurs in BR. Relaxation of the primary
intermediates leads to the formation of late intermediates,
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pHtrll, pharaonishalobacterial transducer II; BR, light-adapted bac- ; i
teriorhodopsin that has alfansretinal as its chromophore; HOOP, In contrast, the structural alteration in the K state after

hydrogen-out-of-plane vibration; DMy-dodecylg-o-maltoside; PC, ~ Photoisomerization was more extendedppR than in BR
L-a-phosphatidylcholine. (7). Such observation was also reported by X-ray crystal-
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lography ofppR« (14). These observations probably correlate
with the high thermal stability oppR«, asppR« is stable
even at 170 K, while the L intermediate appears in BR at
this temperaturer). Accompanying the relaxation @pR,

the M intermediate oppR (ppRwv) appears via deprotonation
of the Schiff base. We previously reported that the@
stretching vibrations of the protonated carboxyl group at 1765
cm! originated from Asp75 and that the N-like protein
structure inppR was not observed at alkaline ptgj. These

observations suggested that the proton transfer mechanisng

in ppR is similar to that in BR, but the protein structural
changes are different between them.

In the last step of the photocycle ppR, the O intermedi-
ate ppRo) appears. In contrast tppR« and ppRy, our
knowledge orppRo remains limited. The reason is thgaRo
is normally observed in the mixture with other intermediates
such asppRy, and it is difficult to extract information on
pureppRo. The previous time-resolved FTIR studiesppiR
reported many important structural changes invol\pp&o
(16, 17). However, it was not clear whether the observed
vibrational bands indeed originate froppRo.

In this paper we attempted to obtain @R, minusppR
difference FTIR spectra. SincgpRy was also produced
under the present experimental conditions (260 K and pH
5), we subtract the contribution ppRy on the basis of UV
vis spectroscopy. ThppRo minus ppR difference spectra
thus obtained are analyzed in detail. By use of p&R
samples with 12,14-plabeled retinal, we determined the
retinal configuration imppRo to be all-trans. IrppRo, C=0
stretching vibrations of protonated carboxylates newly appear
at 1757 ¢)/1722 ) cmtin H,O and at 1747-)/1718
(=) cm™tin D;O in addition to the 1765+4) cm™* band of
Asp75. Unique amide | vibrations are observed fppRo
that probe peptide backbone alterations. In addition, mea-
surements upon hydration with,©O or D,'%0 revealed
structural changes of water moleculespipRy and ppRo.
Unlike the O intermediate of BRypRo is detected at 260
K, so that water vibrations can be examined. As a conse-
quence, low-temperature FTIR measurements provided in-
formation on the water structural changes not onlypioRy,
but also forppRo. These observations are discussed in
comparison with those of BR.

MATERIALS AND METHODS

Preparation of the ppR SampleBhe ppR samples were
prepared as described previousF 18). Briefly, the ppR
protein with a histidine tag at the C-terminus was expressed
in Escherichia coli solubilized with 1.5%n-dodecyl/-p-
maltoside (DM), and purified by a Ni column. The purified
ppR sample was then reconstituted into-phosphatidyl-
choline (PC) liposomes by the removal of the detergent with
Bio-Beads, where the molar ratio of the added PQpu&
was 50:1. TheppR samples with 12,14-Habeled retinal
were produced by adding/AM 12,14-D-labeled alltrans
retinal into theE. coli culture instead of the unlabeled all-
transretinal.

FTIR SpectroscopyTIR spectroscopy was performed as
described previously7( 8, 15). The samples oppR in PC
liposomes were washed twice by buffers at pH 5.0 (2 mM
citrate), pH 7.0 (2 mM phosphate), or pH 9.0 (2 mM borate).
Ninety microliters of theppR sample was dried on a BaF
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Ficure 1: UV-—vis absorption spectra gfpR and ppRy and
transmittance spectrum of the optical filter used to accumplziRe.

The solid line and the dotted line represent R andppRy
spectra, respectively. The solid gray line represents the transmittance
spectrum of the optical filter for accumulation gRo. The filled
triangles denote relative absorbancepR, at 390, 500, and 560

nm, derived from Miyazaki et al.1Q).

window with a diameter of 18 mm. After hydration with
H.0, DO, or D,*®0, the sample was placed in a cell, which
was mounted in an Oxford DN-1704 cryostat placed in the
Bio-Rad FTS-40 spectrometer. All spectra were measured
with 2 cni! resolution. TheppR« minus ppR difference
spectra were measured as follovd. (Illumination of the
ppR film at pH 7 with 450 nm light at 77 K for 2 min
convertedppR to ppR«k, and subsequent illumination with
>560 nm light revertedppR< to ppR. The difference
spectrum was calculated from spectra constructed with 128
interferograms collected before and after the illumination.
Twenty-four spectra obtained in this way were averaged for
the ppR« minusppR spectra.

The ppRu minus ppR difference spectra were measured
at 250 K and pH 9 as followdl ). To converfppR toppRuy,
the sample was irradiated for 90 s with480 nm light;
subsequent illumination with UV light revertgpRy to ppR.

The difference spectrum was calculated from the spectra
constructed with 64 interferograms collected after and before
the illumination. Twenty-four spectra obtained in this way
were averaged for thepRy minusppR spectra.

The ppRo minus ppR difference spectra were measured
at 260 K and pH 5. To accumulafR, efficiently, the
sample was irradiated for 2 min with the light through the
band path filter whose transmittance spectrum was shown
as a gray line in Figure 1. After being in the dark for 2 min,
ppRo reverted toppR almost completely (as shown in the
text). The difference spectrum was calculated from the
spectra constructed with 32 interferograms collected after
and before the illumination and before and after relaxing in
the dark. It should be noted that the data acquisition time
after illumination is between 4.5 and 30 s under the present
conditions. Sixteen spectra obtained in this way were
averaged.

The obtained difference spectrum, however, contained
ppRy in the product, so that we had to subtract ppRy
minusppR spectrum to obtain th@pRo minusppR spectrum.
The amount of the residuppRy in the difference spectrum
at 260 K was estimated by means of kinetic Y¥s
measurements as follows.
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UV—Vis Measurements$dydrated films were used as for e et L I
the FTIR spectroscopy. After hydration by eithegQHor _ @) |b©o (b)
D,0, the sample was placed in a cell, which was mounted £ ;5] i ——
in an Oxford DN-1704 cryostat placed in the JASCO V-550 \
spectrometer. S o0 \> -
The UV—vis spectrum ofppR at pH 5 was measured at € . L
260 K. The U\~vis spectrum ofppRy at pH 9 was é’ 0,05 Rt | A7

measured at 240 K, not at 250 K, because some amountso™  |----~ ’ =] I I bk
ppRv reverted to the original state during the BYVis 010 Ll
measurement at 250 K. The residgpR component after 0 04 T A0 I

illumination with >480 nm light was subtracted using the . (c) } (d)

=
ppR spectrum taken at 240 K, and the resulting spectrum of £ s _”’“”‘\ i It
ppRyv was as shown in Figure 1. ThpRo spectrum could g k \\
not be obtained because thpRo intermediate reverted to 2 o000 = —
the original state during the UWis measurement. Then, & L~ -~
we assumed the relative absorbancepiR, to be 0.30 at fgj 005 i . I+
390 nm, 0.50 at 500 nm, and 1.10 at 560 nm according to g _ e —o . Liphpr
Miyazaki et al. (9). As a consequence, the time-dependent € °°7 ™ 27 pr| | T
absorbance changes at each wavelength are described ¢ L R s s 4 . A B S . B S 4 s
fO”OWS. 1 10 100 . 1 10 100

Time [sec]

abs (390 nmjy= Ficure 2: UV—vis absorbance changes at 390, 500, and 560 nm

and relative concentration changesppR, ppRv, andppRo after

0.27 x ppR+ 1.28 x ppRy, + 0.30x ppR, the relaxation of the photoequilibrium mixture produced by
illumination through the optical filter whose transmittance spectrum
is shown in Figure 1. The measurements were done with (&)

abs (500 nmj= 1.00x ppR+ 0.50x PPRo and DO (b). The relative concentration changes igOHc) and
D,O (d) are calculated by the method described in the Materials
abs (560 nmj= 0.06 x ppR+ 1.10x ppR, and Methods section. FT-IR spectra were collected during the times

represented by shaded regions (from 4.5 to 30 s).

From these equations, the time-dependent relative concentra- | . | . l . | . I .
tion changes can be calculated as follows.

ppR,, = 0.78 x abs (390 nm})-
0.20x abs (500 nm)- 0.12 x abs (560 nm)

ppR, = 0.94 x abs (560 nm}- 0.056 x abs (500 nm)

ppR = 1.03 x abs (500 nm)- 0.47 x abs (560 nm)

nce Absorbance

We determined the amounts ppRo and ppRy during the
FTIR measurements according to these equations on the basi®
of time-resolved UV-vis measurement data between 4.5 and £
30 s (shaded regions in Figure 2).
Time-dependent absorbance changes at 390, 500, and 560
nm at 260 K were measured as follows. After reaching a
photo-steady state by illumination with light through the
band-pass filter (whose transmittance spectrum is shown as
a gray line in Figure 1) for 2 min, the absorbance changes

D

were measured witl s intervals at each wavelength (Figure 1 8'00 1600 1400 1200 10'00
2a,b). Each absorbance change shown is an average of three Wi b 1
measurements. avenumber (cm )
FiIGURE 3. ppRo minusppR infrared difference spectra in the 1820
RESULTS 870 cn1! region. The solid lines are puppRo minusppR spectra
which are made by subtracting thpRy component from the raw
The ppR minus ppR Spectra Determined by YVis spectra drawn in dotted lines. These spectra were measured at 260

MeasurementsDotted lines in Figure 3 show the IR KandpH S5 upon hydration with 40 (a) and RO (b). One division
difference spectra at 260 K and pH 5. The shift of the °f théy-axis corresponds to 0.01 absorbance unit.

ethylenic G=C stretching vibrations to lower frequency (from we know the shape of th@Ry minusppR difference spectra
1550 to 1538 cmt) clearly shows the appearance of the red- (15), we can calculate thepRo minusppR difference spectra
shifted intermediate, presumablgpRo. However, these if we obtain the ratio ofppRy to ppRo in the product. In
spectra also contain the contribution ggRy, so that it is this case, theppRu-specific band is normally used as a
necessary to subtract thpRy minusppR difference spectra  marker for proper subtraction of tippRy minusppR spectra.
to obtain the pur@pRo minusppR difference spectra. Since It is, however, known that thepRy minusppR spectra do
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not exhibit many positive bandsl%, 20). One of the
characteristic bands is the positive 1765 ¢érband due to
protonated Asp751(), but the dotted lines in Figure 3a
suggest thappRo also possesses the positive band at the
same frequency. Thus, we determine the ratippRy and
ppRo during the FTIR measurements by kinetic YVis
measurements.

Panels a and b of Figure 2 show the absorbance change
at 390, 500, and 560 nm during the relaxation of the
photoequilibria at 260 K and pH 5 upon hydration withCH
and DO, respectively. Absorbance changes at 390, 500, and©
560 nm mainly originate fromppRy, ppR, and ppRo,
respectively (Figure 1). By use of absorbance of each state
at three wavelengths, we are able to calculate the ratio of®
ppRv to ppRo during the FTIR measurements (430 s;
shaded regions in Figure 2). According to the equations in
the Materials and Methods section, we determined the kinetic
traces ofpR, ppRu, andppRo in panel ¢ (in HO) and panel
d (in D,O) of Figure 2. The obtained ratios ppRu to ppRo
during the FTIR measurements are 39:61 isOHFigure 950
2c) and 49:51 in RO (Figure 2d). Wavenumber (cm™)

The present U¥-vis measurements showed that about half Ficure4: Bands from @D + CyD rocking vibrations in th@pR«
of the product in the raw spectra at 260 K and pH 5 (dotted minuspptR (a%hth@pl_FéMl_minUSppR (bgf é}nd(;f}@pRo minuSpIOIT
i i i i i i C) spectra. € Solid lines were obtained from sampie
!lne_s in Figure 3) @pRM. If_we add the three kinetic traces Se)corﬁ)stituted with 12,14-pretinal. In the 935890 gﬁ regiopn,

n Flgure ZCd their sum will be Zgro for both® and RO. there are no bands in the natippR sample reconstituted with
This fact indicates that the relative absorbanceppiRv, unlabeled retinal as shown by the dotted lines. These spectra were
pPpR, andppRo in Figure 1 are reasonable. This also suggests measured at 77 K and pH 7 (a), 250 K and pH 9 (b), and 260 K
that other spectral species such as the N intermediate can bé&nd pH 5 (c) upon hydration with4D. One division of they-axis
excluded from the present analysis. In contrast, the sameC0Tesponds to 0.0024 absorbance unit.

kinetics at room temperature [such as in Miyazaki etld)](

are highly different from those in Figure 2, as the decay of
ppRuy coincides with the appearance iR, in the former.

In the present study, botppRv and ppRo seem to be
equilibrated and decay in parallel (Figure 2). Such difference

presumably originates from use of different temperatures yq retinal chromophore @R is twisted similar to that in
(room temperature VS 260 K)'. Itis l'keIY that at 260pi8Ro the O intermediate of BR2@). The ppR samples reconsti-
can be trapped (unlike the O intermediate of BR) but not as tuted with the 12,14-Plabeled retinal lack the 956 crh

a pure state (like the O intermediate of BR). band in theppRo minusppR spectra (Figure 4c), indicating

956

e Absofbance

ren

1000 850

identify the retinal configuration oppRo without using
labeled retinals.

In the HOOP region, deuterium-insensitive bands at 956
and 967 cm?! and a deuterium-sensitive band at 1004 &m
appear at the positive side. These positive bands suggest that

The ppR minus ppR Difference Spectra in the 1820
870 cn1! Region.The solid lines in Figure 3 show the pure
ppRo minusppR difference spectra calculated by subtracting
the ppRv minus ppR spectra from the raw spectra (Figure
3, dotted lines) according to the ratio determined by the-UV
vis measurements. The ethylenic stretching vibrations at 1538
and 1550 cm! clearly show that the obtained spectra are
the difference spectra betwe@pRo and ppR. The 1164,
1203, and 1253 cnt bands are the €C stretching vibra-
tions of retinal inppR and were already described in the
literature ). The positive bands at 1179 cfin H,O and
at 1175 cmt in D,O show that the retinal Schiff base of
ppRo is protonated and these bands derived from theCC
stretching vibrations near the Schiff base because of the
deuterium effect (4 cmt). Similar bands were observed in
the N intermediate of BR at 1185 ¢ (21, 22) and in the
O intermediate of BR at 1168 crh(22, 23). The N and O
intermediates of BR have different retinal configurations. The
former has a 1%is-retinal, while the latter has an d@lans

that the HOOP vibration at 956 crhoriginates from GH
and/or G4H. In the ppR« minus ppR difference infrared
spectra, there are four positive bands and one negative band
in addition to these bands. The deuterium-sensitive positive
bands at 994, 987, and 979 cthand the deuterium-
insensitive bands at 1023-f and 1013 ) cm ! appear in
the ppR« minusppR spectra®). The appearance of fewer
HOOP bands in th@pRo minusppR spectra suggests that
the chromophore gfpRo is less distorted than that ppRx.
Determination of the Retinal Configuration in the Inter-
mediates of ppRThe retinal configuration, either all-trans
or 13-cis, can be determined by use of 12,14r&inal 24).
Curry et al. demonstrated that the frequencies of the in-phase
rocking vibrations of the ¢ and G4 hydrogens are sensitive
to the configuration about the;&=Cy4 bond @4). When the
Ci2and G4 positions are deuterated, the dependence of these

frequencies on the £=Ci4 configuration is most apparent,

because their rocking vibrations are shifted into the 1050
900-cnt? range, where they are relatively isolated fromC

retinal. Therefore, these frequencies have been regarded astretches and other CCH rocks. In fact, in-plane rocking
markers of the 13-cis or all-trans chromophore. The observedvibrations of G,D + C;4D appear at 901 and 936 cnfor

frequencies at 1179 crhin H,O and at 1175 cmt in D,O
are located in between, so that we cannot conclusively

all-trans and 13eis-retinal, respectively, in solutior24).
Smith et al. demonstrated that the bands are located at 914
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cm ! for BR and the O intermediate of BR that have all- I I I I — l
\

transretinal but at 941 cmt for the dark-adapted bacteri-
orhodopsin that has 18s-retinal 23). Thus, the difference
in frequency of about 30 cm for 12,14-Dy-retinal can be a
good indicator of isomeric state.

We measured thepR« minusppR, ppRu minusppR, and
ppRo minus ppR difference spectra of thppR sample
reconstituted with the 12,14-Byetinal (Figure 4). In the
935—-890 cn1 region, there are no bands for the natppdR
sample reconstituted with unlabeled retinal (dotted lines).
In contrast, clear bands were observed for all of the spectra
with the labeled retinal. Th@pR« minus ppR spectrum
exhibits positive and negative bands at 921 and 908'cm
respectively (Figure 4a), which can be interpreted in terms
of 13<cis- and alliransretinal, respectively. ThepRy minus
ppR spectrum exhibits only negative bands (Figure 4b), 17227 )
presumably because of the reduction of the positive signal \/ .
intensity due to the retinal Schiff base deprotonatiopgRy. 1636\':_‘;' | |
The negative band at 908 ctncorresponds to the in-phase | : LR L —
rocking vibration of the @D + Cy4D combination inppR. 1800 1750 1700 1650 1600
TheppRo minusppR spectrum exhibits positive and negative -1
bands at 902 and 908 cW respectively (Figure 4c), and .Wavenumber (em ) .
no positive bands in the 94®20 cnt! region. From such ~ F'GURES: TheppR« minusppR (a), theppRy minusppR (b), and

the minusppR (c) spectra measured in the 18245680 cnt?!

a low frequency (902 cri), we concluded thappRo reg%pn?omostly I[t):%arE’:IgteI?istic for protein vibrations. The samples
possesses ditansretinal as is the case for the O intermediate ere hydrated with either 4 (solid lines) or RO (dotted lines).
of BR. These spectra were measured at 77 K and pH 7 (a), 250 K and pH

It is noted that the previous studies by use of 12,34-D 9 (b), and 260 K and pH 5 (c). One division of theaxis
retinal were performed by resonance Raman spectroscopyF°'TesPonds to 0.012 absorbance unit
(23, 24), and in-phase rocking vibrations are weaker in IR
measurements. In such case, downshifts of HOOP vibrationscm™! (25) and at 1707+)/1701 () cm™* (15) in the ppR«
at positions @-H and/or G+H have to be taken into account, minus ppR (Figure 5a) angpRy minus ppR (Figure 5b)
because they could appear in the 9890 cn! region. difference spectra, respectively. We also assigned the pro-
Figure 4 shows that thgpR« minusppR, ppRv minusppR, tonated carboxyl stretching vibrations of Asp75 at 1764%tm
andppRo minusppR difference spectra all possess positive in H,O and at 1753 crt in D,O (Figure 5b) 15). Figure
and negative bands at 956 and 961 ¢mespectively (dotted  5c¢ shows that the bands of Asn105 and Asp75 remain at
lines), that disappear in the 12,14-@beled sample (solid 1707 ¢)/1701 () cm* and 1765 cm® upon theppRo
lines), whereas other HOOP bands are insensitive to theformation, respectively, while positive and negative bands
12,14-0 label. Interestingly, corresponding bands in the newly appear at 1757 and 1722 chrespectively, in HO.
lower frequency side are not clear for the 12,14k&beled These bands are downshifted to 1747 and 1718 amD,0.
sample, suggesting that the origin of the 961)/056 (+) Therefore, these bands probably originate from protonated
cm ! bands may not be common. A sharp positive band at carboxylic acids. The positive band at 1757 énn H,O
893 cn1t in the ppRo minus ppR difference spectrum of  and at 1747 cmt in D,O is also observed by time-resolved
the 12,14-D-labeled sample may correspond to that at 956 FTIR measurements by Hein et dl6f and Bergo et al.1(7).
cm ! (Figure 4c). Importantly, the positive band at 956ém  In contrast, Hein et al. did not report on the negative 1722
is only HOOP band sensitive to the 12,14-Rbel in the cm™! band in HO (the 1718 cm! band in BO), possibly
ppRo minus ppR difference spectrum, while two positive because of the presence of other states in the mixture. On
peaks appear at 902 and 893 ¢rfor the 12,14-R-labeled the other hand, Bergo et al. observed the negative band at
sample. This suggests that one of them does not originate1724 cm? in H,O and at 1719 cmt in DO also, but the
from the HOOP band. In addition, there are no positive bands bands were narrower.
in the 946-920 cm'! region that corresponds to the in-phase  In the 1696-1610 cnt! region containing the amide |
rocking vibration of the 13-cis form in thepRo minusppR vibration, the features of thgpRo minus ppR spectrum
difference spectrum (Figure 4c), being in contrast tophiek (Figure 5c¢) are similar to those of th@wRw minus ppR
minusppR difference spectrum (Figure 4a). These observa- spectrum (Figure 5b) but different from those of @R«
tions support the present assignment as the in-phase rockingninus ppR spectrum (Figure 5a). The negative 1656 &€m
vibrations, and we concluded that the chromophonepéis bands in HO are assigned to the=EN stretching vibrations
is all-trans form. of ppR, which are downshifted to 1633 cfupon the

Spectral Comparison of the ppRinus ppR, ppRRminus hydration with DO (9). The bands at 1686-), 1665 (),
ppR, and ppRminus ppR Difference Spectra in the 1820 1644 (+), 1633 (), and 1622 {) cm ! are common to the
1580 cm! Region.The infrared difference spectra in this ppRw minus ppR and theppRo minus ppR spectra. It is,
frequency region mainly monitor protein structural changes. however, noted that the negative 1656 énband newly
In our previous papers, we showed that the carbonyl appears for th@pRo minusppR spectrum in BO (Figure
stretching vibrations of Asn105 appear at 1764/1699 () 5c¢), suggesting that structural perturbations take place in the

1754
(c) 1757, 1747
1708 A

Difference Absorbance
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L ! L 1 L L L ! L 2215 () cm ! disappear. The latter fact indicates that the
hydrogen bond of the water molecule with the-D stretch

at 2215 cmt in ppR, the most strongly hydrogen-bonded
water, possesses the same strength as tipgRi. A similar
observation was made for BR, where the corresponding 2171
cm™! band, which has been identified as the-D stretch

of a bridging water molecule hydrating Asp839g], is also
restored in its M intermediate29).

A 2090 In the ppRo minusppR difference spectra, three peaks at
= W " \(l — 2702 (), 2681 (), and 2645 ) cm™* were assigned as
/ 2845 2808 2307 AR O-D stretches of water on the basis of the isotope shift
281/ 2090 (Figure 6¢). There are no peaks@2400 cm?, indicating
2702 2383
\ © that the strongly hydrogen-bonded water molecules whose
P O—D stretches are at 2307 and 2215 ¢rare present both
= ‘l' in ppR and inppRo. The baseline variates considerably
2681 around 2500 cmt* (absolute absorption maximum of>D
stretch) at 260 K, which also influences the spectral
2508.) sz L comparison in Figure 6¢. Nevertheless, no isotope shifts were
T T T T ' T ' T ' observed at<2600 cnrl.

2600 2400 2200 2000 ) . )
1 Thus, vibrational analysis of strongly hydrogen-bonded
Wavenumber (cm ') water molecules can be summarized as follows. Two water
FicurRe 6: Comparison of the difference IR spectra of the samples O—D stretches at 2307 and 2215 cthin ppR are weakened
hydrated 1WIth.DO (rr(]ed lines) or B*¥0O (blue rIllnes) in the 2750 upon formation oppR« (Figure 6a). IrppRy, the 2215 cmt
%t%ogﬁthhreguon. TheppR« MinuSppR (), theppRy m'nLéSppR band is restored by forming a strong hydrogen bond again,
, eppRo minusppR (c) spectra were measure lat 77 K i
and pH 7, 250 K and pH 9, and 260 K and pH 5, respectively. One Whereas the weakened-@ stretch of the 2307 cm band
division of they-axis corresponds to 0.0015 absorbance unit. The is further weakened as shown by the spectral upshift to 2416
frequencies labeled in green correspond to those identified as watetrcm~ (Figure 6b). This change is also restoredppRo by
stretching vibrations. The frequencies labeled in purple ar®O forming a strong hydrogen bond again (Figure 6c). As a
stretches of Thr79, while the underlined frequencies areDN the st v hvd bonded wat | |
stretches of the Schiff base)( consequence, the strongly hydrogen-bonded water molecules
apparently exhibit no changes of their hydrogen bonds, even

though Asp75 is protonated.

a-helix upon formation oppRo. In addition, the 1686-()/ On the higher frequency side of tiEpRy minus ppR
1674 () cm™* bands in DO (Figure 5¢) are characteristic  difference spectra, three peaks are assigned as water O
for the ppRo minus ppR spectrum and are assignable to stretches at 2702H), 2681 (), and 2657 ) cm* (Figure
amide | vibrations of turn structures. 6b). These water molecules possess weak hydrogen bonds,
Spectral Comparison of the ppRiinus ppR, ppRminus and the spectra are similar to those of BRI)( The
ppR, and ppRminus ppR Difference Spectra in the 2750  corresponding ©H stretches are at 3654+§, 3629 (),
1900 cmi! Region Figure 6 shows a spectral comparison of and 3588 ) cm™ (data not shown). This is similar to the
the samples hydrated with,D (red lines) and B2O (blue ppRo minusppR difference spectra, which possess positive
lines) for ppR« (a), ppRu (b), andppRo (c). In the ppR« 2702 cmt and negative 2681 cm bands (Figure 6¢). On
minus ppR difference spectra, 10 peaks were assigned tothe other hand, the difference spectra slightly differ at 2650
O—D stretching vibrations of water molecules, where 2600 cni®. Strong water bands at 2614 )/2575 () cm™?
frequencies are widely distributed over the range of possiblein the ppR« minus ppR were not observed for the late
stretching vibrations of water (Figure 6&)(The hydrogen  photointermediates.
bond of the water ©D stretch at<2400 cn1! is stronger Besides the water ©D stretches, th@pR« minus ppR
than that of a fully hydrated tetrahedral water, suggesting difference spectra exhibit the vibrational bands at 251 (
that the G-D group interacts with a negative charg®s, 2474 (), 2142 (), and 2090 {) cm (Figure 6a).
27). Thus, the G-D stretches at 2307 and 2215 cirare Previously, we found that the peaks at 2515 and 2474'cm
likely to belong to the water molecules which hydrate groups originate from the &-D stretch of Thr79, while the peaks
with negative charges ippR. Higher frequency shifts upon gt 2474, 2142, and 2090 ciwere assigned to the N\D
ppR« formation suggest that hydrogen bonds with negative stretch of the protonated retinal Schiff bas®. (Similar
charges are weakened upon photoisomerization. Similarpegative peaks are also observed at 2504, 2148, and 2090
observations were reported for BR, but with different cy2in the ppRv minusppR spectra or at 2508, 2152, and

\ 2416 2807

2677 \
2657 2575 2515 l 22'15 h

2102 & 2142
\

Difference Absorbance

frequencies 7). 2092 cntt in the ppRo minusppR spectra. Assignment of
In the ppRv minus ppR difference spectra, five peaks the corresponding positive peaks requires isotope labeling
exhibit the isotope-induced spectral downshift by-1G and/or mutants. Nevertheless, the presence of the negative

cm1, which are assigned to-€D stretching vibrations of  peaks at 2152 and 2092 chin the ppRo minusppR spectra
water molecules (Figure 6b). The peaks at 236¥Z307 suggests that the hydrogen bonds of the protonated retinal
(=) cm™tin the ppR« minusppR difference spectra at 77 K Schiff base are considerably weakened uppRo formation,
remain at 2416-)/2307 () cm™ ! in the ppRy minusppR the positive band at 2383 crhbeing a candidate for the
difference spectra at 250 K, while the peaks at 22¥¥ ( upshifted N-D stretch (Figure 6c).
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DISCUSSION pHtrll. They suggested that the 1724 chband originates
from Aspl193, whose i§, value was reported to be about 6
in the presence of chlorine3g). They assumed that the
presence opHtrll decreases theky, value of Asp193.

In this paper, we studiegpRo by means of FTIR and
UV —vis spectroscopy. By use of UWis spectroscopy, we

determined the ratio oppRv t0 ppRo during the FTIR The presenppRo minus ppR spectra clearly show the
measurements. Consequently, we obtainedpfii® minus — resence of positive bands at both 1765 and 17571cm
ppR infrared difference spectra in@ and DO (solid lines (gjgyre 5¢), excluding the possibility that the 1757 érband
in F!gure 3). In addition, we determined the retinal config- originates from Asp75. In fact, the 1765 chrband never
uration of ppRo to be all-trans by use of thepR sample |50y s the intensity in the M-to-O transition. Thus, the newly
reC(_)nstltuted with 12,14-fisotope-labeled retma!. We also appeared bands at 1757 and 1722 tprobably originate
assigned the OD stretches of water moleculesmipRo @S from other carboxylic groups, such as Asp193 or Asp201.
well asppRuy for the first time. In this case, chloride ion may play important roles, because
The Chromophore Structure in ppRiein et al. previously  Asp193 is located near the chloride binding sitd)( The
argued that the configuration of retinal ppRo is all-trans  assignment of the 1757 and 1722 ¢rbands is in progress.
from the similarity of the C-C stretching vibrations of retinal Protein Structure in ppR The pureppRo minus ppR
to those in BR 16). In this study, we identified the retinal  gifference spectra now allow a spectral comparison in the
configuration inppRo as all-trans, because the in-phase amide | vibrational region that monitors peptide backbone
rocking vibrations of @D + C14D combination (902 cri¥) alteration. Panels a and b of Figure 5 clearly show that the
cm™*) (Figure 4c) @4). The 12,14-D-labeled samples also  evidenced by the greater spectral changes. In contrast, many
show the disappearance of the 956 ¢rband in theppRo vibrational bands are common f@pRy and ppRo. The
minus ppR spectra, indicating that the HOOP vibration at negative 1665 crmt band corresponding to distorteehelix
956 cm* originates from G-H and/or G4-H. The all-trans s observed for botppRy andppRo. In contrast, the negative
chromophore oppRo seems to be twisted in the middle. 1656 cnT! band that corresponds to a typieahelix newly
The hydrogen bond of the retinal Schiff base is also appears for thg@pRo minus ppR spectrum in BO (Figure
important. Although the hydrogen-bonding strength has beensc). Thus, the M-to-O transition is accompanied by structural
examined through the=<€N stretching vibrations (through  perturbation ofa-helices.
the difference between positions o=CIH and G=ND), Another noteworthy issue is the 1686){(1674 () cm!
Figure 5c does not clearly show the=8! stretches oppRo bands in DO (Figure 5c) characteristic of th@Ro minus
at the positive side. On the other hand, the N stretch of pPR spectrum. Bergo et al. observed the 1686'chand in
the Schiff base in BD is a more direct marker of the  theppR—pHtrll fusion complex alsoX7). They reported that
hydrogen-bonding strength of the Schiff base, where the this band was prominent in the presencepstril and thus
frequency is lower when a hydrogen bond is stron@ér( probes the structural changes induced by the transducer.
32). Figure 6¢ shows the presence of the bands at 2152 andHowever, the present study showed thatghBo minusppR
2092 cmt, which presumably originate from the -ND difference spectra possess an intense negative band at 1686
stretch of the Schiff base. Since there are no bands at theircm™ even in the absence @Htrll. In fact, this negative
lower frequency side, theND stretch ofppRo is located at  band has the largest amplitude in the 16a800 cnt region
higher frequency. This indicates that the hydrogen bond of poth in HO (solid line in Figure 5c) and in fD (dotted
the Schiff base is not restored ipRo, being considerably  line in Figure 5c). The apparent increase of the amplitude
weaker than irppR. In ppR, a hydrogen-bonding acceptor of this negative band in the presence of transducer reported
of the Schiff base is a water molecule (water 401), (L1). in Bergo et al. {6) might originate from an equilibrium shift
This fact may suggest that this water molecule does not returnfrom ppRy to ppRo. Since we obtained the puppRo minus
to the original position irppRo. Another possibility is that  ppR difference spectra in this study, similar measurements
the N—H (N—D) group points differently because of a twist in the presence of transducer are interesting and will be our
in the chromophore, even when the water returns to the future focus.
original position. We infer that the former is more likely Internal Water Molecules in ppRand ppR. Internal
because Asp75 is still protonated ipRo and the water-  water molecules play important roles in archaeal rhodopsins,
containing hydrogen-bonding network is not restored. Further and low-temperature FTIR spectroscopy is a powerful tool
discussion is presented as follows. to investigate water structural changes during their functional
Protonated Carboxylates in ppRTime-resolved FTIR processes2p). Earlier, we published thppR« minusppR
measurements that proppRy andppRo were reported by  difference spectra in the entire water stretching vibrational
Hein et al. (6) and Bergo et al.17). Although they could region (Figure 6a)8), where five water ©-D stretching
not obtain the pur@pRo minusppR spectra, they observed vibrations are widely distributed over the possible stretching
the C=0 stretching vibrations of protonated carboxylates vibrations of water for botlppR« andppR. It should be noted
in the 1786-1710 cm* region. Hein et al. argued that the that the hydrogen bonding of water molecules with-@®
newly appeared 1757 crhband in HO originated from stretches at<2400 cn1?! is stronger than that of a fully
protonation of Asp201 irppRo (16). On the other hand, hydrated tetrahedral water. Thus, we concluded that thB O
Bergo et al. argued that the 1757 chiband is downshifted  stretches at 2307 and 2215 cheorrespond to internal water
from 1764 cm? upon theppRo formation, indicating that ~ molecules hydrating negative chargepfiiR. The Schiff base
the 1757 cm® band originates from the protonated Asp75 region ofppR contains three water molecules that constitute
(17). Bergo et al. also showed that the negative 1724%cm roughly planar pentagonal cluster, whose structure is similar
band appears at pH 6, but not upon complex formation with to that in BR. In the case of BR, similar bands were observed
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at 2323, 2292, and 2171 ch (27, 29), and the lowest  on water bands of the O intermediate for the first time. In

frequency band (2171 crf) was recently assigned to the the ppRo minusppR difference spectra, the-€D stretches

O-D stretch of water 402 (the bridging water between the of water appeared only in the2600 cm? region (Figure

Schiff base and Asp85) hydrogen-bonded with AspB%).( 6¢). The difference spectra lack the water bands at 2307 and

Our conclusion is also consistent with the quantum chemical 2215 cm?, suggesting that the hydration structures of

and molecular dynamics calculation84). Although the internal water molecules are considerably restorgupiRo.

locations of water bands are not identified fpR, it would It should be, however, noted thettRo possesses protonated

be a reasonable postulation that the lowest frequency bandAsp75 like ppRy. This may suggest that Asp201 is not

(2215 cmY) is the bridging water between the Schiff base protonated inppRo, since it is the only negative charge in

and Asp75. the Schiff base region. The hydrogen-bonding acceptor of
Formation ofppRy is accompanied by the proton transfer the water at 2307 cnt is also of interest, and the future

from the Schiff base to Asp75. In general, the Schiff base mutation studies will lead to a better understanding of water

deprotonation reaction is a crucial step in the function of structural changes during the photocycleppR.

rhodopsins. For instance, it triggers sequential proton transfer

reactions for the light-driven proton pump BR, and the M ACKNOWLEDGMENT
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