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ABSTRACT. pharaonisphoborhodopsinpgpR; also calledpharaonissensory rhodopsin llpsR-11) is a
photoreceptor protein for negative phototaxidmronomonas pharaoni®hotoisomerization of the retinal
chromophore from altransto 13-cisinitiates conformational changes of the protein leading to activation

of the cognate transducer protejpH{rll). Elucidation of the initial photoreaction, formation of the K
intermediate oppR, is important for understanding the mechanism of storage of photon energy. We have
reported the K minugpR Fourier transform infrared (FTIR) spectra, including several vibrational bands
of the retinal, the protein, and internal water molecules. It is interesting that more vibrational bands were
observed in the hydrogen-out-of-plane (HOOP) region than for the light-driven proton pump, bacterio-
rhodopsin. This result implied that the steric constraints on the retinal chromophore in the binding pocket
of ppR are distributed more widely upon formation of the initial intermediate. In this study, we assigned
the HOOP and hydrogen-in-plane vibrations by means of low-temperature FTIR spectroscopy applied to
ppR reconstituted with retinal deuterated at C7, C8, €CQ2, C14, and C15. As a result, the 966)(

971 (-) and 958 ¢)/961 () cm~! bands were assigned to the=€Z8 and C1+C12 Au HOOP modes,
respectively, suggesting that the structural changes spread to the middle part of the retinal. The positive
bands at 1001, 994, 987, and 979 ¢mwere assigned to the CEHOOP vibrations of the K intermediate,
whose frequencies are similar to those of theiktermediate of bacteriorhodopsin trapped at 135 K.
Another positive band at 864 crhwas assigned to the CE+HOOP vibration. Relatively many positive
bands of hydrogen-in-plane vibrations supported the wide distribution of structural changes of the retinal
as well. These results imply that the light energy was stored mainly in the distortions around the Schiff
base region while some part of the energy was transferred to the distal part of the retinal.

pharaonis phoborhodopsingpR)* from Natronomonas proton pump bacteriorhodopsin (BRY«7). In ppR and BR,
pharaonisis a member of the archaeal rhodopsin family the retinal forms a Schiff base linkage with Lys205 and
[bacteriorhodopsin, halorhodopsin, sensory rhodopsin (alsoLys216, respectively, and the protonated Schiff base is
called sensory rhodopsin I), and phoborhodopsin (also calledstabilized by a negatively charged counterion, Asp75 and
sensory rhodopsin 1] 1—4). ppR is a photosensor for  Asp85, respectively. Light absorption triggetisns—cis
negative phototaxis which activates the cognate transducerphotoisomerization of the retinal chromophore at the-€13
protein, pHtril, upon light absorption. It possesses a retinal C14 position in its electronically excited sta®),(followed
chromophore which is connected to one of its seven- py rapid formation of the ground-state species such as the
transmembrane helices, similar to the case of well-studiedK intermediate 9). The same process occurs in BR.

. . . Relaxation of the primary intermediates leads to the forma-
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Hydrogen-Out-Of-Plane and -In-Plane VibrationsppR

tively, corresponding to energies of 239 and 210 kJ/mol,
respectively. The input energy ppR is 1.1 times greater
than that of BR, while the amount of the captured energy is
1.6—2.4 times larger. Therefore, the difference in energy of
incident light cannot account for the difference in the
captured energy betwe@pR and BR. This observation may
be connected to the fact that the thermal isomerization (dark
adaptation) extent of BR was larger than thafppR. The
former has an approximately 1:1 ratio betweentahsand
13<is forms in the dark, while the latter has almost
completely alltrans retinal. The conclusion was that the
retinal pocket oppR is restricted to accommodate only all-
transretinal, and thérans—cisisomerization disrupts a larger
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FIGURe 1: Schematic drawing of protonated #&ikns and 13eis
forms of the retinal Schiff base. Hydrogen atoms indicate the

number of weak interactions and/or causes larger perturbationpositions of deuteration.

of the protein and retinal skeleton. However, the detailed
structural information about the K intermediate is necessary
for establishing a better understanding of the photoisomer-
ization.

X-ray crystallography was applied not only to the ground
state ofppR, including the transducer-fregpR (12, 13) and
ppR in complex with a truncatepHtrll (14), but also to the
primary intermediateppRx, in the absence gbHtril (15).

modes, respectively, suggesting that structural changes spread
to the middle part of the retinal. The positive bands at 1001,
994, 987, and 979 cm were assigned to the CEHOOP
vibration of the K intermediate, the frequencies of which
are similar to that of the Kintermediate of bacteriorhodopsin
trapped at 135 K30). The other positive band at 864 cin

was assigned to the CEHHOOP vibration. Relatively many

Recently, the crystal structures of the K and M intermediates POSitive bands of hydrogen-in-plane vibrations supported the
in complex with a truncategHtrll were also determined idea of a wide distribution of structural changes of the retinal
(16). These atomic structures provide important information @s Well. These results implied that the light energy was stored
about light-induced structural changes of the protein moiety. mainly in the distortions around the Schiff base region while
However, these structural models are constructed from theSOme part of the energy was transferred to the distal part of

diffraction data with limited resolution 2.0 A), and

hydrogen atoms are not observable. Therefore, the retinal

conformation, particularly in the intermediate state, has to

the retinal.

MATERIALS AND METHODS

be confirmed by other spectroscopic methods, such as FTIR Preparation of the ppR SampleBhe ppR samples were

spectroscopy.

We have reported FTIR difference spectrgopR« in the
absence 17—21) and presence opHtrll (22, 23). In
particular, it was revealed that more hydrogen-out-of-plane
(HOOP) vibrations appear upon formationmdRx« than in
BRk (19). In the case of BR, an intense band was observed
at 957 cmt, which is sensitive to deuteration of the Schiff
base 24—26). FTIR spectroscopy of rhodopsins with isotope-
labeled retinal is a powerful tool{, 28). By using BR
samples reconstituted with C® retinal, the band at 957
cm 1 was assigned to the CE5OOP vibration of BR (26).

prepared as described previousl®,(31). 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, and purified by Ni column chromatography. The
purified ppR sample was then reconstituted intec.-
phosphatidylcholine (PC) liposomes by removing the deter-
gent with Bio-beads, where the molar ratio of the added PC
to ppR was 50:1. ThepR samples with retinal deuterated
at C7, C8, C16-C12, C14, and C15 (Figure 132) were
produced by adding atkansretinal labeled at each position
(1 mM) to theE. coli culture instead of the unlabeled all-

Other HOOP vibrations have not been assigned yet, but thesdrans retinal.

are smaller than the CEt3HOOP vibration. In the literature,
the intensity of a HOOP band correlates with a degree of
retinal distortion of the corresponding positid2d). There-
fore, it was concluded that the retinal distortion in BRas
localized at the C15 position. On the other hand, eight

relatively small bands were observed at 1001, 994, 987, 979,

966, 958, 945, and 864 crhon the positive side of thepR«
minus ppR difference infrared spectrd9). Among them,

the bands at 1001, 994, and 987 @nare sensitive to
deuteration of the Schiff base, which indicates that at least
one of them is a candidate for the C1HOOP vibration.

FTIR SpectroscopyTIR spectroscopy was performed as
described previously 10). The samples ofppR in PC
liposomes were washed twice (2 mM phosphate buffer at
pH 7.0); 90 mL of theppR sample was dried on a BaF
window with a diameter of 18 mm. The dry film was then
rehydrated by putting arnvl mL drop of water beside the
film and sealing with another window and a silicon rubber
O-ring (19, 21, 33). After hydration, 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 cnt resolution. TheppR« minus ppR

However, the assignment of the HOOP bands has not beerdifference spectra were measured as follo®8).(lllumina-

carried out, and it is difficult to reach reliable conclusions
about the retinal distortion in thgpRx intermediate.

In this paper, we prepargghR samples reconstituted with
retinals deuterated at C7, C8, C1012, C14, and C15 and

tion of theppR film at pH 7 with 450 nm light at 77 K for

2 min convertedpR to ppR«, and subsequent illumination
with >560 nm light forcedppR« to revert toppR. The
difference spectrum was calculated from spectra constructed

assigned the HOOP and hydrogen-in-plane vibrations. As awith 128 interferograms collected before and after the

result, the 966-)/971 () and 958 {+)/961 (—) cm™* bands
were assigned to the &C8 and C1%+C12 Au HOOP

illumination. Twenty-four spectra obtained in this way were
averaged for th@pR« minusppR spectra.
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et b b e b b e 1y located in trans geometry in a polyene chain can couple with

994 957 979 geo each other forming an Au HOOP vibration in the 97850
RN /NC’/S\B_% o () all-H cm ! range and a Bg HOOP vibration in the 85050 cnt?
S ~N7 range 84). Introduction of deuterium disrupts the coupling,
828" and each HOOP vibration is observed separately. The band
(b) 7-D pair at 894 £)/889 () cmtin the C8-D spectrum can be
e 7T assigned to the CYHOOP vibration. On the other hand, we
) could not observe any band in the same frequency region in
889 871 (c) 8D the C7D spectrum, probably because of the low intensity

of the C8-HOOQOP vibration. Similarly, a band pair at 961
(—)/958 () cm! disappears in the CHD and C12-D
spectra. It suggests that these bands also come from a
vibrationally coupled HOOP mode (C+H=C12-H Au
HOOP). The bands at 928-§/914 () cm tin the C1:-D
spectrum and at 924+)/916 () cm! in the C12-D
spectrum can be assigned to the uncoupled-34QOP and
C11-HOORP vibrations, respectively. In the CiP spec-
trum, we could see the CEDOOP (deuterium-out-of-plane)
vibration at 809 {)/801 (+) cm™™.

Thus, isotope labeling at GH, C8—H, C11-H, and
C12—H positions made it possible to assign the bands at
971 (-)/966 ) and 961 ¢)/958 (+) cm™t to C7T—H=
C8—H and C1+H=C12-H Au HOOP modes, respectively.

It should be noted that both of them are strongly affected
by deuteration at the CtH position. In the case of BR,
these modes couple weakly or not at all with the EHDOP
mode, which was assigned to the 898 ¢nband in the

Difference Absorbance

= V" e wa A Ve previous Raman spectr85). This result suggests that the
1030 : \ s C10-HOOP mode ofppR exists in the 978950 cnt?
A /\\/\ i;}“ region and/or couples with the EH=C8—H and C11

= \/ S~ H=C12-H Au HOOP modes.

1039 919 The positive band at 864 crhdisappears in the CED
LRI L L L B B L B spectrum and is slightly affected by deuteration at €2
1000 %0 ] 800 This band can be assigned to the ERHOOP mode oppRx,
Wavenumber (cm ) even though it is located at a frequency 33 éimigher than

FiGURE 2: ppR« minusppR difference spectra in the 108380 that of the 13eis retinal (831 cm?) (36) and is closer to
cm! region. Hydrogen-out-of-plane and methyl rocking vibrations that of the alltrans retinal (876 cm?) (34). This suggests
are n:jaigl)t/)observed in this frequency region. These spectra werethat the chromophore gbpRg« is in the unrelaxed 18is
recorded by usingpR reconstituted with unlabeled retinal (a) or s ; ; :

retinal deuterated at C7 (b), C8 (), C10 (d), C11 (e), C12 (f). C14 conflgyranor_]. The corresponding negative band probably has
(g), C15 (h), anckN of Lys (i). [e-2*N]Lys-labeledppR was also a low intensity and could not be ob_served. The band at 945
studied (j). The solid lines of panels—p are from the labeled ~ cm ! was also affected by deuteration at the €Higroup,
samples. The dotted lines are duplicates of the spectra of panel awhich comes from the other vibration coupled with the €14

HOOP mode. Its origin has not been found yet, but it is

RESULTS located near the Schiff base because of the slight downshift
Hydrogen-Out-Of-Plane Vibrations of Retinal Obsed in the *N—H spectrum.
in the ppR minus ppR Difference Infrared Spectiéigure The negative band at 921 cidownshifts to 788 cmt

2 shows thgpR« minusppR difference infrared spectrain in the C15-D spectrum and disappears in the—~
the 1080-780 cnt? region. Hydrogen-out-of-plane (HOOP)  spectrum. §-1*N]Lys labeling causes its slight downshift to
and methyl rocking vibrations of the retinal molecule are 919 cn1®. These observations support the assignment of the
mainly observed in this frequency region. There are nine 921 cnt! band to the C15H and N-H coupled HOOP
major positive and six negative bands in this frequency region mode. This assignment is almost the same as in the case of
(Figure 2a). Among them, only the 828 chband was not  BR whose C15H and N-H coupled HOOP vibration is
affected by deuteration of the polyene chain of the retinal, located at 914 cmt (37). On the other hand, the assignment
suggesting it comes from the protein moiety. The others of the C15-HOOP vibration of the K intermediate is
could be assigned to HOOP or methyl rocking vibrations. different. The positive bands at 994, 987, and 979 tand

In the C7D and C8-D spectra, the band pair at 971)( a shoulder at 1001 cm completely disappear upon deu-
966 (+) cm* disappears probably because of the isotope- teration of the C15H group and reduce their intensity in
induced downshift to<780 cn1?, though the frequency the C14-D and N-D spectra. Therefore, these bands can
region is below our window transmission range. It is be assigned to the C+3 and N-H coupled HOOP
reasonable to assign these bands to a vibrationally coupledvibration. It is obvious that the bands at 814 and 807 tm
HOOP mode (C#H=C8—H Au HOOP). Hydrogen atoms  correspond to the CEt5DOOP mode. In the case of BR, the
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C15-HOORP vibration was assigned to a strong single band PR S T S R TR E R S S S S
1369 1363 4353

at 957 cm? (26), in clear contrast t@pR. @alkH %2 7 g 1902
There are also methyl rocking vibrations of the retinal

polyene chain in this frequency region. The bands at 1024

(+)/1013 ) cmt can be assigned to symmetric rocking (b) 7-D

vibrations of methyl groups connected to the C9 and C13

atoms, because of the coupling of each band withHC ~

vibrations in the polyene chain. It suggests that the effects () 8-D

of deuteration at C#H, C8—H, C11—H, C12-H, C15-H, N TN

and LyseN-H are smaller than those at GiBl and C14- TN

H, which are located at a positidrans from each methyl (d) 10-D

group. However, each deuteration influences the 1024 and
1013 cm! bands differently. The negative band at 1013 €m

1366
\

is not affected by deuteration at C18l, but its intensity is v/
reduced upon deuteration at C1H4. This suggests that the Noad AV AN
retinal methyl rocking vibration in the ground stateppfR ~N\ wes N YN

mainly couples with the vibration involving the C1#
bond. On the other hand, the positive band at 1024'cm
splits into two bands at 1029 and 1019 ¢énn the C16-D
spectrum, and its intensity is reduced upon deuteration at
C14—H. The effect of deuteration at C3H is weaker than
that seen on the negative band at 1013 nit suggests
that the methyl rocking vibration of thgpRx intermediate
mainly couples with the vibration involving the C1®
bond. The photoisomerization at the Gi314 position
probably changes the behavior of vibrational coupling of the
C13—methyl and C14H groups, because their geometry is I e
altered fromtransto cis after the isomerization. In the case RS e N %
of the ground state of BR, a strong Raman band at 1008 '
cm ! was observed3b) and the deuteration effect is similar
to that of ppR. However, there is no information about the
effect of deuteration at CteH and C14-H for the methyl
rocking vibration of the K intermediate of BR. The dark- ——7 T T T T T T T T T T T
adapted BR which also has t&retinal but 15syngeometry 1400 1300
exhibits a strong Raman band at 1012 énthe intensity of Wavenumber (cm'1)

which was reduced upon deutera_tion at EHland ClO,T FIGURE 3: min R differen ra in the 143027
C11-H (38). Therefore, the behavior of the methyl rocking cmGiJl regioﬁ.pﬁ(ydroguesn?ipn-p?anee Sibﬁgtisz)pnescgrz'ae m;ir?ly oebgerv?ad in

vibration upon deuteration at the polyene chainppR is this frequency region. These spectra were recorded by ygRg
similar to that of BR, while the band behavior ppRx is reconstituted with unlabeled retinal (a) or retinal deuterated at C7

somewhat different from that of the dark-adapted BR. (b), C8 (c), C10 (d), C11 (e), C12 (f), C14 (g), C15 (h), adlof
Lys (i). [e-1N]Lys-labeledppR was also studied (j). The solid lines

The negative band at 1041 cfis also affected by  of panels b-j are from the labeled samples. The dotted lines are
deuteration. It exhibits a small downshift uparr*fN]Lys duplicates of the spectra of panel a.

labeling, suggesting it originates from the vibration involving ¢, appearance of the corresponding deuterium-in-plane

the Schiff base nitrogen. The most probable candidate is theiy ation in the HOOP region.

C—N stretching vibration of Lys205. The_ corresp_o_nding band  The positive bands at 1312 and 1303 éncompletely
of ppR« was not observed, but there is a pos@ve band at disappear in the C6D and C11-D spectra, suggesting that
1059 cn1tin the C15-D spectra. The EN stretching mode  {hege hands originate from the G168 and C1EH in-plane
in ppR« may be couplgd with the vibration including the \;iprations of ppR<. The corresponding CHD in-plane
C15-H bond and upshifts to more than 1080 ¢m vibration appears at 979-/970 () cm™%, while the C16-D
Hydrogen-In-Plane Vibrations of the Retinal Obsed in in-plane vibration is not detected. The absence of the-E11
the ppR minus ppR Difference Infrared Spectrahe and C10-H in-plane vibrations ofppR can probably be
hydrogen-in-plane vibrations of the retinal can also be explained by their intensity being lower than thatpipRy.
assigned by using the deuterated retinals. Figure 3 showsThe intense positive band at 1291 ¢nhean be assigned to
the ppR« minusppR spectra in the 14301270 cmt region. the C8-C9 stretching vibration oppR« which is not seen
Six positive major bands and one negative major band werein the unlabeled spectra. The upshift of the- @ stretch
observed in this frequency region. Relatively many bands is caused by decoupling from the C18 in-plane vibration.
observed on the positive side are due to the decrease inThe two positive bands exhibit different isotope effects when
symmetry at thecis bend described in the literatur86). other hydrogens are deuterated. The 1312 'crpand
The replacement of each hydrogen atom in the polyene chaindisappears in the C+D spectrum and is upshifted in the
of the retinal with deuterium induces an400 cnmt C15-D and N-D spectra, while the 1303 crh band is
downshift of the hydrogen-in-plane vibrations, resulting in downshifted in the C12D and C14-D spectra. Both bands

Difference Absorbance
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Table 1: Assignments of HOOP and Hydrogen-In-Plane Vibrationgp& andppR«

ppR pPRK BR2>  BRg® BRy.¢ BR." all-transretinafP ~ 13<cisretinal assignments
971 966 985 - = - 966 967 C#+H=C8—H Au HOOP
961 958 959 - = - 959 955 C1t+H=C12—H Au HOOP
— 864 842 - = - 876 831 C14HOOP
921 1001, 994, 911 957 985, 977, 1073, 1064, 1056 - - C15-HOOP
987, 979 966, 957
— 1312,1303 1330 - - — - 1348 C16-H in-plane
— 1312,1303 1322 - = - 1279, 1270 1273 CHiH in-plane
1343 1392 1345 - - - 1334 1348 C14H in-plane
— 1369, 1363 1345 - = - 1334 1399 C15H in-plane
— 1353 1348 1348 1354 1400 - - N—H in-plane

aFrom ref35. ® From ref37. ¢ From ref26. ¢ From ref30. © From ref34. f From ref36.

are upshifted in the G7D spectrum. These complicated
isotope effects probably reflect the specific property of the
retinal binding site inppR, because the corresponding
C11—H in-plane vibration of 13isretinal observed at 1273

C12-H and C15-H (36).

Upon deuteration at C4H, the positive band at 1392
cm~! undergoes a reduction in intensity and the negative band
at 1343 cm* disappears. The former and the latter band can
be assigned to the C+4H in-plane vibrations oppR« and
ppR, respectively. The corresponding CiZ in-plane
vibrations were detected at 98%4)971 () cm%. The
difference in frequency between the Ci#4 in-plane vibra- FiGURE 4: X-ray crystal structures of the K intermediate (colored
tions of ppR« andppR is 49 cm?, while that of the C14-D CPK) andppR (colored yellow). Amino acid residues within 5.0
in-plane vibrations is 16 cm. It is probably explained by A of the retinal molecule are shown. The yellow sphere is a water
decoupling of the C14D in-plane vibration from other EC molecule bridging the Schiff base and Asp75. The coordinates were
stretching or C-H in-plane vibrations. The band at 1306 obtained from the Protein Data Bank (entry 1GUE5)(
cm! is a decoupled C12C13 stretch, similar to the
assignment for BR3b).

The positive bands at 1369 and 1363 ¢misappear, and
the bands at 1353H)/1343 () cm™! shift to 1349 @)/
1359 () cm™tin the C15-D spectra. The 1369 and 1363
cm~! bands can be assigned to the Etbin-plane vibration
of ppR«, while the bands at 1353+)/1343 () cm™?
originate from other vibrations. The negative band at 1343
cm ! was already assigned to the G1H in-plane vibration,

comparison. It should be noted that the lipid composition
for the ppR samples (PC) is different from that for BR in
purple membranes, which comprises several polar lipids, such
as phosphatidylglycerophosphate methyl ester (PGP-Me) and
phosphatidylglycerol (PG). Such a difference may affect
vibrational bands. However, the prese@mpR< minus ppR
spectra in PC liposomes are very similar to those published
by Hein et al. 89), where thegopR samples were reconstituted
into the purple membrane lipids. It is thus likely that the

and the upshift implies that it couples with the vibration, earlv step of the photocvle is not essentially affected by the
including the motion of C15D. The positive band at 1353 diffe);esncz in Iipidpcomp)(;sit:in ssentaly Y

cm ! can be assigned to the-NH in-plane vibration because Vibrational changes in the GH=C8—H and C1+H—
of its disappearance from theND spectrum. C12-H Au HOOP modes upon formation ppR« suggest
The l:i?nds at 13694) an.d 1363 ), 1353 {+), and 1343 that photoisomerization from altansto 13-cisretinal causes
) cm have bgen gs&gned to .the C13, N—H,'and conformational changes in the retinal in these regions. The
C14—H in-plane vibrations, respect|v_ely. These assignments ianaities of the positive bands at 966 and 958 tare
are also supported by the downshifts seen in ‘fie—H somewhat larger than those of the negative bands at 971 and
spectrum, suggesting their origin from the vicinity of the 961 cm?, suggesting a slight increase in the level of
Schiff base. The positive bands at 1369 and 1363'cane distortion,at C6-C7, C8-C9, C10-C11, and C12C13
also gffected by deutgrgtlon at C8 and €112 arld are single bonds. However, since the frequencies are very similar
_com_blned to one positive ban_d arpund at 1365_ entt to those of BR and aliransand 13eis retinal, the conforma-
implies that the C15H in-plane V|brat|(_)n couples with C__8 tion of these regions should not be very different from that
H, C10-H, C11-H, and C12-H motions, probably with ¢ the ordinary retinal. This result can be explained by the
their in-plane vibrations. change in interaction between the retinal and the protein
moiety upon photoisomerization. According to the crystal
DISCUSSION structure 15), the C7, C8, C10, and C11 atoms are displaced
The HOOP and hydrogen-in-plane vibrations of the retinal ~0.3—0.5 A from their original positions toward the Schiff
in ppR andppR« were assigned by using tlgpR samples base (Figure 4). The electrostatic field at the new positions
reconstituted with various deuterated retinals. The results areinduces a different dipolar moment in the retinal molecule,
listed in Table 1. The assignments for BR andtedhs and resulting in intensity changes of the €A=C8—H and
13-cis retinal in organic solvent are also presented for C11-H=C12-H Au HOOP modes. Such movement was
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not observed in the crystal structure of the K intermediate
of BR (40—42), so these HOOP modes have not been
detected in the BRminus BR spectra. Edman et al. reported

Biochemistry, Vol. 45, No. 39, 20061841

andppR in complex withpHtrll are very similar, especially
in the retinal binding pocketld, 16). Future studies will
provide a better understanding by focusing on the effect of

that the structural reason for the different movement of the Thr204 on the light-induced structural changesppR in

retinal is explained by the replacement of Met145 in BR
with Phel134 inppR (15). Namely, it was proposed that

Met145 is in a tight contact with the C5 methyl group of
the g-ionone ring and inhibits any movement of this group
upon photoisomerization in BR.

One of the most prominent differences in the HOOP region
between BR andppRk« is in the C15-HOOP mode. The
former has an intense band at 957 ¢épand the latter has
broad and multiple bands at 1001, 994, 987, and 979'cm
It was suggested that the intense €HBOOP mode comes
from the increased degree of polarization of the €H3ond
due to the out-of-plane twist of the=€N bond of the Schiff
base. Therefore, the result that the intensity of the €15
HOOP mode ofppRx is lower than that of BR suggests
that the twist of the &N bond of the Schiff base is already
partially relaxed inppRk. It probably correlates with the

the absence and presencepsftrll.

The previous studies by opto-acoustic spectroscopy re-
vealed that the enthalpy change upon the formation of the
K intermediate ofppR is larger than that for BRLQ). The
former value is 142 or 88 kJ/mol with or without six-His
tag, respectively, while the latter value is 55 kJ/mol. It may
originate from the difference in the degree of structural
change around the retinal. We detected the environmental
change in the middle of the retinal polyene chain by
identifying the C#=C8 and C1+C12 Au HOOP modes and
C10 and C11 hydrogen in-plane vibrations. X-ray crystal-
lography also revealed that the retinal isomerization causes
displacement of th@g-ionone ring (Figure 4). Both charac-
teristic features were not observed upon the formation of
the BR« intermediate40—42). While such structural change
is clearly observed by X-ray crystallography, it is difficult

observation of the larger electron density difference around to notice the existence of a steric constraint at the-€4

the side chain of Lys205 in the crystal structureppRg.
That is, the relaxation of the=EN bond induces distortion
of the side chain of Lys205. Moreover, not only the intensity
but also the frequency is different between8&hd ppR«.
The center of the Ct5HOOP band ofppR« is located at
994 cn1?, whereas that of BRis located at 957 cnt. It
should be noted that the spectral features of the-G1GOP
mode ofppRx are rather similar to those of BRwhich is
observed at 985 cm (30). In addition to the similarity of
the N—H hydrogen-in-plane vibration (1353 crin ppRg
and 1354 cmt in BRy), the Schiff base &N configuration
and its environment gbpR« may resemble those of BR
However, the effect of deuteration of the Schiff base is
somewhat different. The CEHOOP band in BR. is
slightly downshifted from 985 to 980 crf while in the case
of ppR, the C15-HOOP band is downshifted from 994 to
976 cntl. In the former, the difference in frequency is 5
cm 1, while in the latter, it is 18 cm. Because the frequency
difference accounts for the degree of vibrational coupling,
the Schiff base NHOOP and C15HOOP vibrations of
ppR« couple more strongly than those of BR

The other significant result is the identification of the
C14-HOOP and C14 hydrogen-in-plane vibrations. We

bond. In this work, we for the first time succeeded in
identifying C14-HOOP and C14 hydrogen-in-plane vibra-
tions of ppR« by means of FTIR spectroscopy with retinals
deuterated at each position of a polyene chain. In addition
to the previous report of the intense Ci@ stretching
vibration of ppR« (17), the result presented here suggests
that some part of photon energy is captured in the distortion
of C14—H bond. In the presence qHtrll, a part of the
stored energy may be utilized to activate the rearrangement
of Thr204, resulting in the formation of a very strong
hydrogen bond. Such energy differences were reported by
the time-resolved transient grating (TG) method as well,
where the enthalpy changes of the L intermediatemiR

are estimated to be 170 kJ/mol for transducer-figR and

80 kJ/mol forppR connected witlpHtrll (43). This observa-
tion is in clear contrast to the case of BR, where structural
changes upon retinal isomerization are mainly limited in the
Schiff base region40—42). Considerable weakening of
hydrogen bonds of the Schiff base-M group @4) and
several water molecule$,(45—47) and distortion of the
retinal molecule probably account for almost all of the stored
energy. According to the recent theoretical calculation, the
total energy captured in BRis calculated to be 67 kJ/mol

previously reported the existence of steric constraint in the and the contribution of hydrogen bonds is estimated to be

C14—H bond, proven by the observation of increased
intensity of the C14-D stretching vibration at 2244 crh
upon retinal photoisomerizatiol?). The effect was also
confirmed in this work by the observation of the CI4O0P

46 kJ/mol (69%) 48, 49). The hydrogen bonding alterations
of the Schiff base and water moleculepR are similar to
those of BR 21). Therefore, the excess energy storage may
be achieved by larger structural changes aroung-fioeone

and C14 hydrogen in-plane vibrations at frequencies rela- ring and the C14H distortion.

tively higher than those for 18is retinal. According to the

literature, the presence of a large dipole in the ground stateACKNOWLEDGMENT

causes an increase in infrared absorption if no symmetry

restrictions are assume2id). Therefore, the relatively intense
C14-D stretching, C14HOOP, and C14 hydrogen-in-plane
vibrations in theppR« intermediate should be interpreted as
an indication of electric polarization of the C# bond. It
may be caused by formation of weak interaction with Thr204,
whose hydroxyl oxygen is 3.2 A from the C14 atonppRg«

(Figure 4). It is interesting that the structural changes in the

hydrogen bond of Thr204 upon photoisomerization are
different 22, 23), while the molecular structures ppR alone
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