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ABSTRACT: pharaonis phoborhodopsinpgpR; also calledpharaonissensory rhodopsin llpsRll) is a
photoreceptor for negative phototaxisNatronobacterium pharaonippR activates the cognate transducer
protein, pHtrll, upon absorption of lightppR andpHtrll form a tight 2:2 complex in the unphotolyzed
state, and the interaction is somehow altered during the photocypleRofin this paper, we studied the
influence ofpHtrll on the structural changes occurring upon retinal photoisomerizatippfRiby means
of low-temperature FTIR spectroscopy. We trapped the K intermediate at 77 K and compapp&ihe
minusppR spectra in the absence and presengaHifil. There are no differences in the->D stretching
vibrations (2706-1900 cn1?!) caused by presence pHtril. This result indicates that the hydrogen-
bonding network in the Schiff base region is not altered by interaction ptitill, which is consistent
with the same absorption spectrumppR with or withoutpHtrll. In contrast, thgopR« minusppR infrared
difference spectra are clearly influenced by the presengeHodl in amide-1 (1686-1640 cntt) and
amide-A (3356-3250 cnt?) vibrations. The identical spectra for the complex of the unlabpjel and
13C- or 1N-labeledpHitrll indicate that the observed structural changes for the peptide backbone originate
from ppR only and are altered by retinal photoisomerization. The changes do not comekitotn
implying that the light signal is not transmittedgbltrll in ppR«. In addition, we observed f®-insensitive
bands at 3479+)/3369 (+) cm! only in the presence giHtrll, which presumably originate from an
X—H stretch of an amino acid side chain inside the protein.

pharaonisphoborhodopsingpR)' from Natronobacterium primary intermediates eventually leads to functional pro-
pharaonisis a member of the archaeal rhodopsins family cesses during their photocycles—3).

(1, 2). ppR activates the cognate transducer protgtityll, Although molecular mechanism of thepR functioning

upon light absorption leading to negative phototaxis. It is hot completely understood, its functional expression in

possesses a retinal chromophore that is attached to one of g perichia coli(6) produced a large amount of the protein

its 7_—transmembrane hellce_s, S|m|IarIy to the case of well- to be characterized in detail (see te€br review). The crystal

and BR the retnalforms & Schif base linkage it Lys205 SYUCLe OFPPR was determined in 2001 by two grous

or Ly32’16 respectively, and the protonateg Schiff gase is 8). The_ crystal structure of the K intermediate was also
' ! determined9). In addition, the crystal structure of tippR-

stabilized by a negatively charged counterion, Asp75 or .
. . : . pHtrll complex has been reported recently (Figure 110)(
ASp8S, respectively. Light absorption bpR triggers trans These advances opened the next stage of research on this

cis photoisomerization of the retinal chromophore in its

electronically excited statel), followed by rapid formation ~ Photosensor.

of the ground-state species such as the K intermedite (  We started comparative studiespgR and BR by means
The same process occurs in BR also. Relaxation of theof low-temperature FTIR spectroscopy. The results on the
primary K intermediate revealed the structural similarity

* This work was supported by grants from Japanese Ministry of betweenppR and BR in the polyene chain of the chromo-
Education, Culture, Sports, Science, and Technology to H.K. phore (1) and hydrogen bonds of internal water molecules

*To whom correspondence should be addressed. Phone and fax: ; ; ; o
81-52-735-5207. E-mail: kandori@ach.nitech.ac.jp. (12). These observations were consistent with the similar

* Nagoya Institute of Technology. crystallographic structures @pR (7, 8) and BR (3, 14).

ﬁKyoto University. In contrast, the K state ippR after photoisomerization had

D%EElfaTdo Uriversity larger protein structural changes than in BR,(15), which

1 Abbreviations: ppR, pharaonisphoborhodopsirpHtrll, truncated is consistent with the recent crystallographic structure of
pharaonis halobacterial transducer Il expressed from 1st to 159th ppRx (9). We also reported thppRy minus ppR spectra,
position;ppRk, K-intermediate oppR; ppRu, M-intermediate oppR; i _li i
BR, light-adapted bacteriorhodopsin that has all-trans retinal as its which showed tha%pRM ?Oes not have the N-like protein
chromophore; FTIR, Fourier transform infrared; Ditdodecyl-p- structure {6, 17). These OV‘_"temperature FTIR spectra are
maltoside. reproduced by the recent time-resolved FTIR stuth).(
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the K intermediate at 77 K and compared fpR« minus
ppR spectrum in the presence and absencpHifll. The
ppR« minus ppR infrared difference spectra are clearly
influenced by the presence gHtrll. While there are no
spectral differences in the-XD stretching vibrations (2760
1900 cn1l) caused by the presence itrll, clear differ-
ences were observed for amide-l (16840 cnT!) and
amide-A (3356-3250 cm?) vibrations. The former result
indicates that the hydrogen-bonding network in the Schiff
base region is not altered by interaction witHtrll, which

is consistent with the fact that the absorption spectrum of
ppR is identical with and withoytHtrll (23). The latter result
indicates that the complex formation affects the structure of
the peptide backbone. The identical spectra for the complex
of the unlabelegpR andC- or*>N-labeledpHtrll revealed
that the observed structural changes for the peptide backbone
originate fromppR, and the light-signal is not transmitted
to pHtrll in ppR«. We also observed {D-insensitive bands

at 3479 ¢)/3369 (+) cm* only in the presence giHtrll,
which presumably originate from an—>H stretch of amino
acid side chain inside the protein. The nature of complex

i o i exh formation betweeppR andpHtrll is discussed on the basis
FiGurRe 1: X-ray crystallographic structure of the complex between f the present vibrational analvsis.
ppR (green) angHtrll (blue) (PDB code, 1H2S)1(). All-trans of the present vibrational analysis

{/e'\t/ilrlljal(i\?sS)c.olored purple. This figure was drawn with the program MATERIALS AND METHODS
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Thus, comparative FTIR investigation ppR and BR Sample PreparatiorProcedure of the sample preparation
provided a number of useful results. However, the function was described previoushl{, 25, 26), where pHtrll was
of ppR is to activate the transducer protehitril. Therefore, truncated at position 159. Briefly, thgpR andpHtrll proteins
the most important question in tigpR studies is hovppR possessing a histidine tag at the C-terminus were expressed
transmits the light signal tpHtrll. To answer this question, in E. coli BL21 (DE3), solubilized with 1.5%-dodecylp-
application of FTIR spectroscopy to the complex between p-maltoside (DM), and purified by Ni-column. The purified
ppR andpHtrll is necessary and promising. We have reported ppR andpHtrll proteins were mixed in the 1:1 molar ratio
the FTIR study of the complex between visual rhodopsin and incubated fiol h at 4°C. Complex formation was
and a G-protein transduciri9, 20). In this case, complex confirmed by the decay kinetics ppRy as described23).
formation only takes place upon illumination, so the hydrated The mixture was then reconstituted intex-phosphatidyl-
film samples in FTIR studies were not suitable, as the choline (PC) liposomesppR/PC = 1:50 molar ratio) by
diffusion was a prerequisite for rhodopsin to bind transducin. removing DM by dialysis.

In contrast,ppR andpHtrll form the 2:2 complex in thg Uniformly 15N- or 13C-labeledpHtrll was prepared by
unphotolyzed statelQ, 21-23), and the complex state is  gyowing cells in standard minimal medium containing 0.5
stabl_e even in a d_etergent such_as D28)( In contrast to g/L 15N-ammonium chloride (Isotec Inc.) or 1 gA%C-o-
the y|sua}l rhodopsin systerthr!I |s.presun.1ably locked in glucose (Isotec Inc.), respectively.
the inactive state bgpR, and activation by light corresponds
to dissociation opHtrll from ppR. Indeed, the dissociation
constant is larger ippRy than inppR (23). EPR measure-
ments implied light-induced tilting of the F-helix, which
possibly breaks the interaction that existed in the unphoto-
lyzed state 22, 24).

Regarding the interaction mechanismppR with pHtrll,

the recent crystallographic structure of the complex may X S -
provide an important insight since the structureppR in the Bio-Rad FTS-40 spectrometer. lllumination conditions

the complex 10) was very similar to that in the crystal of ~Of PPR were identical to those reported previously; 450 nm
ppR itself (7, 8). In fact, backbone structures are almost /I9htfor ppR toppR« conversion and 560 nm light for the
identical, while there are some deviations in side chaifis ( ~ PPR« to ppR conversion at 77 K1{1). The difference
Then, a question arises when protein structural changes (i.e.SPECtrum was calculated from the spectra constructed with
light signal) are transmitted frompR to pHrll. Since the 128 mterferograms before 'and after the illumination. Twenty-
photocycle ofppR is not much influenced by the presence four spectra obtained in this way were averaged fopfife
of pHrll (1), a structural study is important to provide the MINUSPPR.
answer. We measured the spectra from two independent prepara-
In this paper, we studied the influence iitrll on the tions (different expressions). In each preparation, two films
structural changes occurring upon retinal photoisomerization were made, and spectra were compared. All these samples
by means of low-temperature FTIR spectroscopy. We trappedproduced the same results. In addition, we also measured

FTIR Spectroscop¥TIR spectroscopy was performed as
described previouslyl(, 12). The ppR sample in the PC
liposomes was washed twice by a buffer at pH 7 (2 mM
phosphate). A total of 9L of the ppR sample was dried
on a Bak window with a diameter of 18 mm. After hydration
by either HO or D,O, the sample was placed in a cell, which
was mounted in an Oxford DN-1704 cryostat mounted in
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absence (dotted line) and presence (solid line) of the transducer

FIGURE 2: ppR« minus ppR infrared difference spectra in the ; Py
absence (dotted line) and presence (solid line) of the transducerggoltgl_nl’g?ér!h;hfe;%icgze"?lyﬁgure 2 are enlarged to show the

protein,pHtrll, in the 1806-800 cnt? region. Spectra are measured
at 77 K and pH 7 upon hydration with,® (a) and RO (b). The ! ! A !
spectra look very similar with and withopHitrll, while a spectral

difference is seen in the frequency region of amide-| vibration

(arrows). 0.0005 |

the spectra of the 1:2 mixture @pR andpHitrll, whose
spectra were identical to the 1:1 mixture.

0.0000

RESULTS

Spectral Differences Caused by Presence of pHtrll in 50005 -
Vibrations in the Low-Frequency RegioRigure 2 shows
ppR« minusppR infrared difference spectra in the absence
(dotted line) and presence (solid line)aHtrll in the 1800 T T T T
800 cnt! region. Both dotted and solid lines look very 2600 2400 2200 2000
similar in this frequency region, indicating that the complex Wavenumber (cm'1)
formation betweerppR andpHtril has almost no effect on  Fgure 4: ppR¢ minus ppR infrared difference spectra in the
the structural alterations that happen upon the retinal photo-absence (dotted line) and presence (solid line) of the transducer
isomerization. Nevertheless, a spectral difference was ob-protein, pHtrll, in the 2750-1900 cnr* region. Spectra are
served in the frequency region of amide-I vibration (arrows). Measured at 77 K and pH 7 upon hydration witfD

Figure 3 expands the data of Figure 2 in the 1716815 helix, while the 1657 cm' band appears in the range of
cm ! region. There are two negative peaks at 1657 and 1651amide-I vibration of theo-helix (27). Since theay-helix
cm! in the absence opHtrll (dotted line in Figure 3a). possesses considerably distorted struct@gg, ¢he present
These frequencies are characteristic of amide-I vibration of observation suggests that the associatiopp®® andpHtrl|
a-helix. The G=N stretching vibration of the retinal Schiff  yields distortion of the helical structure that is altered by
base is also located in this frequency region. In fact, a broadthe retinal photoisomerization.
negative feature in the 166A650 cnT! region in HO Spectral Differences Caused by Presence of pHtrll+DX
(dotted line in Figure 3a) is reduced in® (dotted line in Stretching VibrationsFigure 4 showsppR« minus ppR
Figure 3b), by shifting to 1633 cm. In the presence of infrared difference spectra in the absence (dotted line) and
pHtrll, new negative and positive peaks appear at 1663 andpresence (solid line) giHtrll in the 2750-1900 cn1* region.
1671 cm?, respectively, in HO, while negative peaks at  Both spectra coincide well in this frequency region, implying
1657 and 1651 cnt are reduced in amplitude (Figure 3a). that there is no influence of the transducer protein. Previous
These observations are repeated yPalthough the peaks  spectral comparison between hydration witfODand %0
at 1671 (+)/1663 (~) cm ! seem to exist even in the absence demonstrated the isotope shift of water molecules at 2677
of pHtrll (Figure 3b). The 1704+)/1700 (+) cm™* bands, (-), 2672 (), 2614 (+), 2573 ), 2370 (+), 2312 (),
which were assigned to the=€D stretching vibration of  and 2214 €) cmt (12, 29). The peaks at 2513+)/2474
Asn105 (5), are never influenced by the presencgldiril. (+) cm~* did not exhibit the isotope shift of water molecules

The 1671 ¢)/1663 () cm! bands appear in the (12, 29). Since a similar phenomenon was observed for the
frequency region typical for the amide-| vibration of ttag- 2506 (—)/2466 (+) cm ! bands of Thr89 in BR30), they

Diff. Abs.
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FiGure 5: ppR« minus ppR infrared difference spectra in the
absence (dotted line) and presence (solid line) of the transducer
protein, pHtrll, in the 3600-3000 cnT! region. Spectra are
measured at 77 K and pH 7 upon hydration witfOD

possibly originate from the ©D stretch of Thr79. Negative
peaks at 2142 and 2092 chdo not originate from the water
O—D stretches12, 29). Since the N-D stretch of the retinal
Schiff base in BR is located at similar frequencig$)( they
possibly originate from the ND stretch of the retinal Schiff
base. Thus, spectral changes in thelXstretching vibrations
are direct probes of hydrogen-bonding alterations in the

Furutani et al.

higher than the amide-A vibrations. Therefore, either the
N—H or the G-H stretching vibration of an amino acid side
chain is likely to undergo hydrogen-bonding alteration upon
retinal photoisomerization. This group isHD unexchange-
able, and it seems that the hydrogen bond is strengthened
so as to exhibit frequency downshift by about 100 &¢m
Effect of Isotope Substitution in pHtrll on the ppRinus
ppR Difference SpectraThe ppR« minus ppR infrared
difference spectra are clearly influenced by the presence of
pHtrll. While there are no spectral changes for the IX
stretching vibrations caused by the presengeHifll (Figure
4), such spectral changes were observed for amide-I (Figure
3) and amide-A (Figure 5) vibrations. In addition, new bands
appeared at 3479+)/3369 (+) cm™t in the presence of
pHtrll (Figure 5). These facts indicate the structural perturba-
tion by pHtrll. In particular, the spectral changes in amide-I
and amide-A vibrations indicate perturbation of the peptide
backbone. Then, a question arises as to whether these bands
originate from vibrations oppR or pHtrll. In the former
case, the interaction @Htrll and ppR changes the structure
of ppR, which is altered upon retinal photoisomerization.
The latter case means that the protein structural changes
caused by retinal photoisomerization are already transmitted
to the transducer protein in the K state. Since the K formation
takes place in picoseconds, the latter case may indicate
ultrafast signal transduction from the receptor to the trans-

Schiff base region, and two coincident spectra suggest thatducer protein.

the complex formation does not affect the structure of the
hydrogen-bonding network present in the retinal Schiff base
region. This observation is consistent with the fact that the
complex formation does not change the coloppR.
Spectral Differences Caused by Presence of pHtrll for
X—H Stretching VibrationsThe N—H stretching vibrations
of the peptide backbone (amide-A) appear at 332870
cm1, where amide-A vibration of the-helix is located at
3279 cmi! (27). Therefore, the sharp peaks at 3333,(3311
(=), 3286 (), and 3266 ) cm* in DO (Figure 5)
probably correspond to amide-A vibrations. As described
above, peaks at 1674, 1663 (), and 1657 ) cm™?
(Figure 2) are attributable to amide-I vibratior#8). Since
the frequency at 1657 crh corresponds to characteristic
amide-| vibration of an idead-helix, the N—H group with
a vibration at 3266 cnt is likely to form hydrogen bond
with the G=0 group with vibration at 1657 cm in ppR.
On the other hand, it is known that amide-A and amide-I
vibrations are considerably upshifted in the distorelelix,
ay-helix (28). Thus, the amide-A vibrations at 3333-)
3311 () cm™® are likely to correspond to the amide-I
vibrations at 1671-)/1662 (~) cm™*, which probe structural
changes in thexy-helix. The frequency upshift of they-
helix upon formation oppR« indicates weakened hydrogen
bonding. This observation is in contrast to that for BR, where
frequency downshifts were observed for both amide-A and
amide-| vibrations of they,-helix (32).

The complex is formed from independently expregye
andpHtrll proteins. Therefore, we are able to examine the
above-mentioned question by using isotope labeling of one
of the two proteins. In the present study, we expregstd|
protein in eithe3C- or **N-enriched medium and produced
its complex with the unlabeleppR. As a consequence, the
complex possesses the unlabghp® and eithet*C- or 15N-
labeledpHtrll proteins. If we detect isotope-induced spectral
shifts, we can conclude that the new bands observed for the
complex originate from vibrations qiHtrll.

Figure 6 shows spectral comparison of fER« minus
ppR infrared difference spectra in the presence of isotope-
labeled (solid lines) and unlabeled (dotted lingdjrll. Since
the normal mode of amide-| vibration corresponds to tke C
O stretch of the peptide backbone, we compared the
unlabeled and*C-labeledpHtrll in Figure 6a. If the band
originates from the amide-I vibration @Htrll, we expect
to see the isotope-induced spectral downshift by abott 30
40 cntl. No such downshift was observed in Figure 6a,
although some spectral deviations were observed in the
1670-1650 and 16081570 cm? regions. Therefore, we
concluded that the bands do not contain vibrationgHfll.

No isotope shift was observed f8iN-labeledpHitrll in this
frequency region (data not shown).

Since the normal mode of amide-A vibration corresponds
to the N—H stretch of the peptide backbone, we compared
the unlabeled antN-labeledpHtrll in Figure 6b. If the band

There are spectral differences in the amide-A region causedoriginates from the amide-A vibration @Htrll, we expect

by the presence gHtrll (Figure 5). As is the case of amide-|
vibration, the bands of the amide-A vibration afi-helix
(3333 #+)/3311 () cm™) increase their intensities in the
presence ofpHtrll. In addition, a clear difference was
observed in the higher frequency region. Figure 5 shows the
negative 3479 cmt and positive 3369 cnt bands only in

the presence gbHtrll. These frequencies are considerably

to see the isotope-induced spectral downshift by about 10
cmt. No such downshift was observed in Figure 6b,
indicating that the bands do not contain vibrationpldfrll.
No isotope shift was observed f&iC-labeledpHtrll in this
frequency region (data not shown).

By use of isotope label opHtrll, we excluded the
possibility that the light-signal is transmitted froppR to
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recent X-ray crystallographic structure of the complex
betweerppR andpHtrll with 1.94 A resolution 0) showed
the identical peptide backbone structurgpR in the absence
and presence opHtrll (7, 8). This observation does not
necessarily contradict the present FTIR results because of
the difference in resolution. Krimm and Bandekar showed
the linear relationship between the amide-A frequency and
the distance from the nitrogen to the oxygen atom, when
the oxygen is the hydrogen-bonding accep®d).(According
to the relationship, the variation corresponds to 0.0035
Alcm™L, Therefore, if amide-A frequency shifts by 10 tin
the hydrogen bond of the peptide backbone can be shortened
by 0.035 A. Thus, the present FTIR study probably detects
the structural perturbations of the peptide backbongpiR
upon the transducer binding, which are much smaller than
the X-ray detection limit. Influence gdHtrll on the peptide
backbone structure has been also reported by solid-state
NMR (34).

Beside the signal from peptide backbone, we observed the
bands at 3479+)/3369 (+) cm™! appearing in the presence
of pHtrll. Since the X-H group is not deuterated in;D, it
is likely to be buried inside the protein. It is also possible
that the X—H group is located at the surface betwqgiR
andpHtrll. According to the crystal structure of the complex
(10), Tyr199 ofppR forms a hydrogen bond with Asn74 of
pHtrll in the middle of membrane, while Thr189 @pR
forms hydrogen bonds with Glu43 and Ser62pbftrll at
the cytoplasmic side. Tyr199 is indeed important for the

(dotted lines in a and b). Spectra are measured at 77 K and pH 7interaction withpHtrll (26). Identification of the X-H group

upon hydration with RO.

pHtrll in the K intermediate. It should be noted that we did
not use'®O isotope label in this study, so that the-&
stretching frequency opHtrll may be involved in the
observed change. On the other hand, we concluded that th

peptide backbone alterations observed in this study originate

from ppR, not frompHtrll. Association withpHtrll leads to

an alteration of the peptide backbone structurgp®®, which

is involved in the structural changes upon retinal photo-
isomerization.

DISCUSSION

In this paper, we studied the influence iitrll on the
structural changes occurring upon retinal photoisomerization
in ppR by means of low-temperature FTIR spectroscopy. We
trapped the K intermediate at 77 K and comparedpihie¢
minus ppR spectra with and withoytHtrll. There are no
spectral changes for the->D stretching vibrations (2700
1900 cmY) caused by presence Hitrll, indicating that
the hydrogen-bonding network in the Schiff base region is
not altered by interaction witpHtrll. The result is consistent
with the same absorption spectraggfR with and without
pHtrll. These features are in contrast to those of sensory
rhodopsin (sR; also called sensory rhodopsin |, sRI), where
complex formation with the transducer protein changes the
pKa of the counterion of the Schiff bas&3).

TheppR« minusppR infrared difference spectra are clearly
affected by the presence pHtrll in amide-I (1686-1640
cm ) and amide-A (33583250 cntl) vibrations. The
identical spectra for the complex of the unlabefgdR and
13C- or >N-labeledpHitrll indicate that the observed structural
changes for the peptide backbone originate figgR. The

is our future focus.

In conclusion, the present study is the first report of the
IR difference spectra @ipR in the presence of its transducer
protein, pHtrll, to study the mechanism of light-signal
transduction in archaeal rhodopsins. Unlike in visual rhodop-

ins,ppR forms a complex witlpHtrll in its unphotolyzed
state. The influence giHtrll was observed for the primary
photointermediateppRk, which is trapped at 77 K. Such
perturbation does not originate from the ultrafast signal
transduction. Rather, structural modificationppR by pHirll
was concluded from the measurements with isotopically
labeledpHtrll. Thus, taken together with our previous studies
on visual rhodopsini(9, 20), this work demonstrated that
FTIR spectroscopy can provide useful information about
molecular mechanism of rhodopsins at the atomic resolution.
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