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ABSTRACT. PharaonisphoborhodopsinppR, also calleghharaonissensory rhodopsin IpsRII) is a receptor

for negative phototaxis iftNatronomonas pharaonidn membranes, it forms a 2:2 complex with its
transducer proteipHtrll, and the association is weakened by 2 orders of magnitude in the M intermediate
(ppRw). Such a change is believed to correspond to the transfer of the light sigpidtrih A previous
Fourier transform infrared (FTIR) study observed hydrogen-bonding alteration of AsrpHtrii in the

M state, suggesting a light-signaling pathway from the receptor to the transducer [Furutani, Y., Kamada,
K., Sudo, Y., Shimono, K., Kamo, N., and Kandori, H. (20@&pchemistry 442909-2915]. In this

paper, we measure temperature dependence @piRg minusppR spectra in the absence and presence

of pHtrll at 250—-293 K. Significant temperature dependence was observed for the amide-| vibrations of
helices only for theopR/pHtrll complex, where the amplitude of amide-I vibrations was reduced at room
temperature®*C-Labeling ofppR or pHitrll revealed that such spectral changes of helices originate from
ppR and notpHtrll. The hydrogen-bonding alteration of Asn74 phitrll was temperature-independent,
implying that the observed helical structural perturbatioppiR takes place in different region. On the
other hand, temperature-dependent structural changes of helices were diminished for the copgitex of
with the G83C and G83F mutants pifitrll. Gly83 is believed to connect the transmembrane helix and
cytosolic linker region in a flexible kink near the membrane surfageHtfll, and its replacement by Cys

or Phe abolishes the photosensory function. The present study provides direct experimental evidence that
Gly83 plays an important structural role in the activation processes ppfRépHtrll complex. A molecular
mechanism of protein structural changes inghR/fHtrIl complex is discussed on the basis of the present
FTIR results.

PharaonisphoborhodopsinpgpR;! also calledpharaonis proteins (MCPs) g, 10). It is well-known that MCPs exist
sensory rhodopsin IpsRII) is one of the archaeal rhodopsins as homodimers composed of-560 kDa subunits and form
that have alltransretinal as a chromophorel{5). The a ternary complex with CheA and CheW. Chemical stimuli
retinal forms a Schiff base linkage with Lys205 in the middle activate phosphorylation cascades that modulate flagella
of the seventh transmembrane helix 7). ppR serves as a  motors (1—-13), where MCPs act not only as signal receptors
photoreceptor inNatronomonas pharaonisind forms a but also as transducers. The light signal is receivegd,
signaling complex in archaeal membranes vptiaraonis a protein different fronpHitrll, so that specific interactions
halobacterial transducer proteipHtrll (8). pHtrll is a are required between ther8, (14).

transmembrane two-helica] protein and belongs toa family ppR transmits light signals tpHtrll through the change
of transmembrane two-helical methyl-accepting chemotaxis in such interactions, anpHtrll eventually activates phos-
phorylation cascades that modulate flagella motors. Using
T This work was supported in part by grants from Japanese Ministry t_hIS S'g,”a"“g, SyStem’, haloarchaea avq|d harmful r?ear'UV
of Education, Culture, Sports, Science, and Technology to H.K. and light, displaying what is called a negative phototaxipR
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pharaonishalobacterial transducer Il expressed from the 1st to 159th from ppR to pHtrll presumably in the M and/or O states
position; ppR«, K intermediate ofppR; FTIR, Fourier transform (16).

infrared;ppRu, M intermediate oppR; DM, n-dodecyl$-p-maltoside; . . . .
PC, L-a-phosphatidylcholine;ppRo, O intermediate ofppR; BR, However, what is the molecular mechanism of light-signal

bacteriorhodopsin. transduction in the@pR/pHtrll complex? Fourier transform
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infrared (FTIR) spectroscopy is a powerful tool to study tag were expressed Escherichia colisolubilized with 1.0%
detailed structural changes in the activation processes noin-dodecylf-p-maltoside (DM) and purified on a R
only for a receptor protein but also for a receptor/transducer column. For the complex, purifiegpR andpHtrll proteins
complex. In fact, we first applied FTIR spectroscopy to the were mixed in 1:1 molar ratio and incubated fioh at 4°C.
ppR/pHtrll complex in 2003 17), finding from spectral The samplespgpR or the ppR/pHtrll mixture) were then
analysis of amide-lI and amide-A vibrations in thpRx« reconstituted inta.-a-phosphatidylcholine (PC) liposomes
minusppR spectra that the complex formation betwepR (ppR/PC = 1:50 molar ratio) by removing DM with Bio-
andpHitrll perturbs the peptide backbone structure. Hydrogen- Beads (SM-2, Bio-Rad). The PC liposomes were washed 3
bonding network in the Schiff base region was not altered times with a buffer at pH 7.0 (2 mM phosphate), and.Q0

in the ppR/pHtrll complex. We also observed,;D-insensi- of the sample was dried on a Bakindow with a diameter
tive pHtrll-dependent bands at 3479)/3369 (+) cm™* (17), of 18 mm.
which were later assigned to the-®l stretching vibrations FTIR spectroscopy was performed as described previously

of Thr204 (18). Last year, we reported difference FTIR (19 27, 28). After hydration by HO, the sample was placed
spectra betweerppR and ppRv, the putative signaling  in a cell, which was mounted in an Oxford DN-1704 cryostat
intermediate 19). At the ppRw stage, we observed (i) placed into the Bio-Rad FTS-60 spectrometer. Samples were
relaxation of the G-H stretch of Thr204 inppR and (ii) illuminated with>480 nm light (VY-50, Toshiba) from a 1
hydrogen-bonding alteration of the<€® group of Asn74in kW halogen-tungsten lamp for 2 min, which convergdR
pHtrll and Tyr199 inppR. In addition, amide-I vibrations  to ppRy. At 273 and 293 K, difference spectra were obtained
were surprisingly similar between the samples with and py subtracting the spectra taken before the illumination from
without pHtril. From these results, we concluded that the the ones taken during the illumination as described earlier
transducer activation accompanies relaxation of Thr204 in (28) The difference Spectrum was calculated from the Spectra
the receptor and hydrogen-bonding alteration of Asn74 in constructed from 128 interferograms. A total of 24 spectra
the transducer, during which helices of the transducer obtained in this way were averaged for @Ry minusppR
perform rigid-body motion without changing their secondary spectrum. At 250 K, the difference spectrum was calculated
structures 19). from the spectra constructed from 128 interferograms
These studies revealed the intra- and intermolecular recorded after the illumination, subtracting those recorded
pathways of light-signal transduction, from Lys205 (retinal) pefore the illumination 19). We confirmed that identical
of the receptor to Asn74 of the transducer through Thr204 spectra were obtained by subtracting the spectra taken before
and Tyr199 {7—19). However, these residues are membrane- the illumination from the ones taken during the illumination
embedded, while the importance of proteprotein interac- as described earlietl®). For the comparison of thppRy
tions at the Cytoplasmic side is still unclear. In fact, previous minusppR spectra, we normalized the negative band at 1202
spin-labeling studies observed the outward tilt of the F helix ¢y 1,
in the cytoplasmic region ofpR, which forces rotational To ensure the reproducibility, we measured the FTIR

motion in pHtril (20, 21). In this paper, we measured the  gpectra from two independent preparations (different expres-
ppRw minus ppR spectra in the absence and presence of gjons) |n each preparation, two or three films were made

pHtrll in a wide temperature range of 25@93 K. We 54 gpectra were compared. All of these samples produced
observed a significant temperature dependence of the amide-{,,o same results.

vibrations of helices only for thppR/pHtrll complex, where
the amplitude of amide-I vibrations was reduced at room RESULTS
temperature'*C-Labeling ofppR orpHtrll revealed that such
spectral changes originate froppR and notpHtrll. Tem- TemperatureDependent Helical Structural Changes in the
perature-dependent structural changes of helices were dippRpHtril Complex Figure 1 shows th@pRy minusppR
minished for the complex gfpR with the G83C or G83F  difference spectra in the absence (a) and presence (b) of
mutants ofpHtrll. It is known that replacement of Gly83 of ~ pHtrll at 250-293 K. In the absence @Hitrll, the difference
pHtrll by cysteine or phenylalanine abolishes the photosen- spectra were almost identical to each other, which reproduced
sory function @2, 23). Therefore, the importance of the the previous observation2§). The bands at 1664-)/1643
structural role of Gly83 during the signal relay frggpR to (+) cmt are the largest in the amide-I region, indicating a
pHtrll is confirmed. The molecular mechanism of protein Structural perturbation of a helix (Figure 1a). Such structural
structural changes in thapR/pHtrll complex is discussed  changes take place for the M state regardless of the
on the basis of the present FTIR results. temperature between 250 and 293 K.
In contrast, a significant temperature dependence was

MATERIALS AND METHODS observed for thepR/pHtrIl complex. Figure 1b shows the

Hydrated films ofppR or theppR/pHtrll mixture were ppRv minusppR difference spectra in the presenceldtrll,
prepared as described previouslyr,(24, 25). pHtrll was where clear spectral variation was seen between different
truncated at position 159. Uniforml}?C-labeledppR or temperatures. In particular, the amide-I vibrations at 1664
pHtrll was prepared by growing cells in a standard minimal (—)/1643 () cm™! are significantly reduced at higher
medium containing 2 g/L ofC-p-glucose (Isotec, Inc.1(). temperatures, although the peak positions are not changed.
The G83C and G83F mutant genes were constructed by PCRAt 250 K, the amplitude of the bands at 1664)(1643 (+)
using the QuickChange site-directed mutagenesis methodcm1is slightly smaller for thegpR/pHtrll complex than for
As a template, t-HtrHis was use®f). All constructed ppR (79% in amplitude). On the other hand, the amplitude
plasmids were analyzed using an automated sequencer. Thef the bands for thepR/pHtrll complex is less than half of
ppR andpHtrll proteins possessing a C-terminal histidine that for ppR at 293 K. Such temperature dependence was
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Ficure 1: ppRy minus ppR infrared difference spectra in the
1730-1520 cn1? region taken without (a) and with (kHtrll.
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Ficure 2: ppRy minus ppR infrared difference spectra for the
unlabeledppR with unlabeled < of left) and 13C-labeled (- of

left) pHtrll and for the unlabeled of right) and!3C-labeled {-+

of right) ppR with unlabelegHtrll in the 1705-1590 cnr? region.
Spectra are measured at 250 K (a and d), 273 K (b and e), and 293

Spectra are measured at 250 K (blue), 273 K (green), and 293 KK (c and f) upon hydration with pD. One division of they axis

(red) upon hydration with bD. One division of they axis
corresponds to 0.01 absorbance units.

also reported by the previous time-resolved FTIR st&$).(
A reduction of the bands at 1569-)/1545 () cm™* at room
temperature probably originates from the amide-Il vibrations
(Figure 1b), which also show structural perturbation of

corresponds to 0.01 absorbance units.

at 293 K in a manner similar to the unlabeled complex
(Figure 1b). We thus conclude that all amide-I vibrations in
the ppR/pHtrll complex originate fronppR, and the spectral
contribution of secondary structural changesglitrll itself

is minor. This implies that the protein motions ppR,

helices. It should be noted that Figure 1 does not contain particularly at the helices, are somehow perturbed by the
other spectral components such as from the O intermediate presence opHtrll. Such events take place at room temper-
because thppRo-characteristic band at 1538 ) cm* (30) ature but are suppressed at low temperatures such as 250 K.
is missing from the spectra in parts a and b of Figure 1. Because the water is frozen at 250 K, the interaction between

Fingerprint vibrations at 13601100 cm?! are identical
between 250 and 293 K spectra (data not shown).
This raises an interesting question of the origin of the

ppR andpHtrll may be inhibited at such a low temperature.
TemperatureDependent Secondary Structural Changes of
a Helix in the ppRoHtrll Complex Are Diminished for the

temperature dependence exclusive for the complex. OneGly83 Mutants of pHtrll A mechanism by which the

possibility is that the amide-I bands ppR (Figure 1a) are
influenced by complex formation witpHtrll. Alternatively,
even when similar amide-l bands ppR are preserved in

secondary structural changes of heliceppiR are perturbed
by the presence giHtrll is interesting and requires further
explanation. Yang et al. reported that the replacement of

the complex, additional peptide backbone alterations of Gly83 inpHtrll by cysteine or phenylalanine diminishes the

pHtrll may result in the reduction of the total amide-I bands.

photosensory function, indicating the important role of Gly83

To resolve this, we examined the origin of the bands by use in the protein structural changes of theR/pHtrll complex

of 13C-labeled samples. Figure 2 comparesghBy minus
ppR difference spectra of the unlabelgoR/pHtrll complex
(—) with 13C-labeledpHitrll (+++ in a—c) or ppR (-** in d—f).
Essentially, the same spectra f8€- and3C-pHtrll (parts
a—c of Figure 2) strongly suggest that the temperature-
dependent spectral changes originate frppR and not
pHtrll, because of the minor isotope effect. Spectral devia-
tions at 1695-1685 cn1? in parts a-c of Figure 2 come
from the C=0 stretching vibration of Asn74 qdHtrll (19),
which is analyzed in detail below.

Solid and dotted lines are different in partsfiof Figure
2, indicating that most spectral changes originate fppR.
The bands at 1664—)/1643 (+) cm™! for the unlabeled
complex () shift to lower frequencies, presumably to 1625
(—)/1604 ¢+) cm* (--+). The intensity of the bands at 1625
(—)/1604 () cmt (+-+ in parts d-f of Figure 2) is reduced

upon activation 22). We thereby studied FTIR difference
spectra of the mutants of Gly83. Figure 3 comparepie
minusppR difference spectra in ti@R/pHtrIl complex for

the wild-type (a), G83C (b), and G83F (ahitrll. It is clear

that there is no temperature dependence of amide-| vibrations
for G83C and G83F. It should be noted that this observation
does not originate from the absence of the interaction
betweenppR and the mutarpHtrll. They form a complex

in the dark as can be argued from the two following facts.
First, the decay kinetics of the M state is delayed in the
presence of the G83C and G83F mutahitrll similar to

the wild type (data not shown}9, 31). Second, the complex-
dependent infrared signal of Asn74trll is also observed

for these mutants (see below). Thus, the G83C and G83F
mutant pHtrll forms a complex withppR resembling the
wild-type pHtrll.
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Ficure 3: ppRw minus ppR infrared difference spectra in the 1694
1730-1520 cnr? region taken with the wild-type (a), G83C (b), f ' J ' J ' J
and G83F (cpHtrll. Spectra are measured at 250 K (blue), 273 K 1740 1720 1700 1680
(green), and 293 K (red) upon hydration with® One division Wavenumber (cm )

of they axis corresponds to 0.01 absorbance units. FIGURES: (a—c) Double-difference spectra obtained from the data
| ) | ) ! of parts a and b of Figure 1 in the 1740675 cn1?! region, where
0.015 — - the spectra in Figure 1a was subtracted from those in Figure 1b at
the corresponding temperatures. Spectra are measured at 250 K
T (a), 273 K (b), and 293 K (c) upon hydration with®. One division
ﬁ ? of they axis corresponds to 0.002 absorbance unitsfX®pRu
minus ppR infrared difference spectra for tHéC-labeledppR
without (--+) and with () unlabeledpHtrll in the 1740-1675 cmt
region. Spectra are measured at 250 K (d), 273 K (e), and 293 K
(f) upon hydration with HO. One division of the axis corresponds
to 0.0025 absorbance units.

0.010

amplitude of amide-I vibrations is reduced at high temper-
atures in the presence of the wild-typEtrll (B in Figure

4). Amplitude of the amide-I bands exhibits an approximately
linear correlation with temperature. Such temperature de-
pendence is diminished in the presence of the G83C and
G83F mutanpHitrll (A in Figure 4). The difference is 0.010
absorbance units for all of the complexes at 250 K, being

0.005

Amplitude of amide-l bands

PpR
R/pHirll . . :
%R,ZH"”(G%C) considerably smaller than in the absenceplitrll. While

ppR/pHtrlI(G83F) the value is not changed for the G83C and G83F mutant
pHtrll, it decreases about 2-fold for the wild-typéitrll at
0.000 | - 293 K. These results strongly suggest that Gly83ldfrll

<>me

' ' ! ' ! plays a key role in the helical structural changeppR.

250 270 290 . .
T t K HydrogenBonding Interaction of Asn74 of the Transducer
emperature (K) _ _ Is Temperaturdndependent and Not Influenced by the
FIGURE 4: Temperature dependence of the amplitude of amide-I Mutation of Gly83 In the previous paper, we revealed that

vibrations of helices. The absorbance difference between 1643 an ; ; ; _ ;
1664 cnttis plotted versus the temperature, where the spectra ar((ajthe M formation is accompanied by a hydrogen-bonding

normalized by the negative band at 1202¢nThree independent alterat'_on ‘?f A_Sn74 'ant.r” by identifying its C=0O
measurements from different hydrated films were averaged. stretching vibrationsX9). In view of the marked temperature
dependence of the amide bands, it is instructive to look at
Temperature dependence of amide-I vibrations of helices the temperature dependence of the Asn74 bands. Figure 5a
is more clearly seen in Figure 4, where difference in represents a double-difference spectrum between the blue
absorbance between 1643 and 1664 tim plotted versus  spectra in parts a and b of Figure 1, where the spectrum
temperature. As shown in Figure 1a, there is no temperaturewithout pHtrll (a) is subtracted from that witpHtrll (b).
dependence in the absencepbfirll (® in Figure 4), where  The bands at 1694—)/1684 (+) cm™* were previously
the difference is 0.013 absorbance units. In contrast, theassigned to the<€0O stretch of Asn74 by use &fC-labeling
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: L ! ' : L of Gly83 do not affect the hydrogen-bonding alteration of

_ 1684 L Asn74 upon formation of the M state, although the signal
transduction is impaired.
() WT /\/ DISCUSSION
In the previous paper, we reported that iRy minus

ppR difference spectra at 250 K are surprisingly similar with
and without the transducer proteihdj. The result strongly
(b) G83C suggested that secondary-structure alterations do not occur

/\ for pHtrll during the activation processes. On the other hand,
we found that the hydrogen bond of Thr204gpR, being
altered in the primary K intermediatd ¥, 18), is restored,
(c) G83F / while the hydrogen bond of Asn74 pHtrll is strengthened

in ppRv, presumably because of the change in the interaction

\ N\ with Tyr199 of ppR (19). These facts provided a light-

Double Difference Absorbance

signaling pathway from Lys205 of the receptor to Asn74 of
the transducer through Thr204 and Tyr199. The present work

1694 has extended these studies by obtaining the accppRa
- | : | : | minus ppR difference spectra in a wide temperature range
1740 1720 1700 1680 of 250-293 K, providing new insights into the signal
Wavenumber (cm ') transduction mechanism.

FiGURe 6: Influence of Gly83 mutations on the hydrogen bond of  In the absence giHtrll, the ppRy minusppR difference

Asn74 inpHtrll. Double-difference spectra were obtained between gpectra were temperature-independent at 238 K, which

ppRv MinusppR spectra at 293 K taken in the presence and absence : :
of pHtrll. a is reproduced from Figure 5c for the wild-typeitrll, _reproduce_d the Previous resuls]. The largest peak pair
while b and c are obtained for the G83C and G83F mutant proteins IN the amide-I region was observed at 1664/1643 (t)

of pHitrll, respectively. One division of thg axis corresponds to  ¢cm™, indicating structural perturbation of tiehelix (Figure
0.002 absorbance units. 1la). A previous spin-labeling study @pR observed an
outward tilt of the F helix in the cytoplasmic regio2Q,

and the N74T mutation1@). Parts b and c of Figure 5 21), which also takes place in the light-driven proton-pump
represent double-difference spectra between green and regrotein bacteriorhodopsin (BR32). Thus, the opening of a
spectra in Figure 1, respectively. The appearance of the 1694cleft near the F helix is presumably common fipR and
(—)/1684 (+) cm ! bands strongly suggests that the hydrogen- BR. In fact, it is known thatppR pumps protons in the
bonding alteration of Asn74 ipHtrll also takes place at  absence opHitrll, even though the efficiency is lower than
273 and 293 K. that in BR 33). Temperature-independgpiRy minusppR

The hydrogen-bonding alteration of Asn74 was further difference spectra suggest that such a cleft opening takes
examined by use dfC-labeling. Parts €f of Figure 5 show place in a wide temperature range of 25293 K, although
the ppRv minusppR infrared difference spectra for theC- the lack of the BR-like amide-I changes foppR (28, 34)
labeledppR without ¢--) and with () unlabeledpHitrll. may suggest a smaller helical motionppR than in BR2
Using the*C-labeling ofppR but notpHtrll, the vibrations In contrast toppR, a significant temperature dependence
in the 1706-1680 cnt? region such as the=€0 stretch of was observed for thppR/pHtrll complex, which is clearly
Asn105 [1707 4)/1701 ) cm] (27) and the negative illustrated in Figures 1b and 4. The amplitude of amide-I
1686 cn1 band ofppR can be downshifted by 30 cnr?. vibrations of helices at 1664—()/1643 ) cm™® was
As a result, the vibration bands becauseldfrll will appear significantly reduced at room temperatutéC-Labeling of
more clearly and make the double-difference spectra un-ppR or pHtrll revealed that such spectral changes originate
necessary. This was indeed the case. In parfsad Figure from ppR and nopHtrll (Figure 2). The hydrogen-bonding
5, the®C=0 stretches of Asp75 appear at 1721 éneing alteration of Asn74 irpHtrll was temperature-independent
shifted from 1765 cm!. The 1721 cm! band was not  (Figure 5), implying that the observed helical structural
affected by the presence @Htrll and was temperature- perturbation irppR takes place in a different region. On the
independent. In contrast, the bands at 1694/1684 (+) other hand, temperature-dependent structural changes of
cm~! were only observable in the presencepbftrll (— in helices were abolished for the complexppR with the G83C
d—f) regardless of the temperature. Thus, we concluded thatand G83F mutants opHtrll (Figure 3). We discuss the
the 1694 {)/1684 (+) cm™! bands of Asn74 are not molecular mechanism of protein structural changes in the
influenced by temperature between 250 and 293 K, suggest-ppR/pHtrll complex by use of a schematic drawing of the
ing that the hydrogen-bonding alteration of Asn74 observed structure (Figure 7).
at 250 K (19) persists at room temperature.

Then, we examined the effect of the mutation at Gly83 21t should be noted that the origin of the helical structural alteration
on the hydrogen bond of Asn74 aHirl. Figure 6 shows  d e nece 18 O Ce e S ace. e amided band
the double-difference spectra between pp&y minusppR can be localized at a different site. Peptide backbone alteration in the
spectra at 293 K, taken in the presence and the absence ofiembrane may control the rigid-body motion of the F helix, leading

Fmi AL to the opening. Much less has been understoogéty. Therefore,
pHril. Similar to the wild typepHitrll (a)’ the bands at 1694 we have to be careful about the structural interpretation, whereas the

(—)/1684 (+) cm™ were O_bserVe_d f_or the G83C (b)_ and  reported results oppR and BR strongly suggest that the amide bands
G83F (c) mutanpHtrll. This fact indicates that mutations  at 1664 ¢)/1643 () cmt originate from the helix F opening.
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the linker region ofpHtrll decreases upon illumination and
that a mutation at position 83 affects the interaction of these
regions 23). Gly83 presumably functions as a helix breaker
together with Gly84, which disconnects transmembrane helix
(TM2) from the helical linker region (Figure 7). Structural
flexibility at position 83 is important, because the replace-
ment of Gly83 by cysteine or phenylalanine impairs the
signal transduction22). Thus, the reduction of the amide-I
vibrations of helices at room temperature in the present study
can be interpreted in terms of the impairment of the opening
of a cleft near the helix F by the linker region pffitril. It

_—
all-trans is likely that the F-helix movement ippR does not or only
ret."..gi_"' > : partially occurs in theopR/pHtrll complex, which is mani-

fested as the reduced amide-I vibrations. Such a difference
must be correlated with the changed permeability of small
reagents into the protein interidd%—41). It should be noted
that, when the structural changesppiR are suppressed by
the presence gdHtrll, no additional changes were observed
for the amide-I bands ipHtrll (parts a—c of Figure 2). These
facts suggest that the signal transduction from the receptor
(ppR) to the transducepKtrll) does not accompany second-
ary structural alteration of the transducer.

Interestingly, such impairment of the movement of the
helix F of ppR in theppR/pHtrll complex does not occur (i)
FIGURE 7: Schematic drawing of the signal relay from the receptor at 250 K or (i) for the Gly83 mutants giHtrll. Apparently,
(PPR) to the transducerptrll) in the archaeal photosensory the opening of a cleft near the helix F takes place in both
transduction. In the X-ray crystallographic structure of the complex ¢ases. In the latter case, a disconnection of the two helices

betweenppR (left) andpHtrll (right) (PDB code 1H2S)§), the :
structure of pHtrll at position 83-114 was not determined, at Gly83 may be lost, so that TM2 is extended beyond

suggesting multiple conformations of the region. The association POSition 83. As a consequence, proper interaction changes
betweenppR andpHitrll originates mostly from van der Waals  do not occur in the cytoplasmic region and the movement

contacts in the transmembrane region, whereas Tyr199 and Thr18%f the helix F takes place. Similar FTIR spectra were obtained
of ppR form hydrogen bonds with Asn74 and Glu43/Ser62 of g the wild type at 250 K, whereas the hydrogen-bonding
phirll, respectively. alteration of Asn74 ipHtrll was temperature-independent.
Therefore, we infer that the structure of the wild-tygtrl|
Gordeliy et al. crystallizegpR complexed with truncated —at 250 K becomes like that of the Gly83 mutant, and the
pHtrll (residues +114), but the structure of the C-terminal opening of a cleft near the helix F takes placeppR. In
half of pHtrll (position 83-114) was not determined, this regard, a key issue may be that the linker region is
presumably because of structural labili8).(The residues  exposed to an aqueous phase, where freezing of water affects
83—114 are probably located not in the membrane but in the mobility significantly between 250 and 293 K. If it is
the cytosolic aqueous environment, which may cause struc-the case, a straight line between 250 and 293 K in Figure 4
tural variations even in a crystal. According to the structure, does not describe the temperature dependence properly.
there are two hydrogen-bonding networks in the transmem- Further studies will reveal a more detailed mechanism on
brane region of theppR/pHtrll complex: one between the signal transduction in the complex.
Tyrl99 (ppR) and Asn74 gHtrll) and the other between Figure 7 illustrates two signal transduction pathways from
Thrl89 EpR) and Glu43/Ser62pHtrll) (Figure 7). In ppR topHtrll, which may operate by changing the interaction
addition, the interaction of the B loop of ppR and the in the complexX One is from retinal/Lys205 gfpR to Asn74
cytosolic domain opHtrll has been suggeste#3, 35, 36). of pHtrll through Thr204 and Tyr199 in the transmembrane
These interactions contribute to the strong association of theregion (blue arrow in Figure 7), which was investigated in
ppR/pHtrll complex in the dark Kq ~ 160 nM @5, 37)]. the previous FTIR studiesl{—19, 38). In addition, the
Then, the light-induced protein structural changes lower opening of a cleft near the helix F through intramolecular
the Ky value by 2 orders of magnitude ppRy [Kgq ~ 15 structural changes irppR (blue arrow in Figure 7) is
uM (31)]. This weakened interaction strongly correlates with perturbed by the linker region @Htrll (red arrow in Figure
the ability for the light-signal transduction. However, what 7). Such interaction changes are crucial for light-signal
is the origin of the changes in the interaction? Previous FTIR transduction, and structural flexibility at position 83 must
studies revealed the changes in the hydrogen-bondingbe important. The mutation at this position and low tem-
interaction between Tyr199 @pR and Asn74 opHtrll (19, perature (250 K) impair the proper interaction changes,
38). Additional structural changes have been reported at the

cytoplasmic surface of thepR/pHtrll complex. A spin- 31t may be possible that the complex formation witrll changes
labeling study observed the outward tilt of the F helix in the structure oppR more likeppRy in the unphotolyzed state, leading
ppR, which then forces rotational motion of TM2 jitrl| to the reduced amide-l bands (Figure 1b). However, X-ray crystal-

; . L lographic studies reported that the structurgR in the complex is
(20, 21, 36). The experiments using FRET a_nd cross-linking yery similar to that ofppR in the absence giHtril (8) but different
suggested that the accessibility of the helix FppR and from that of ppRy in the complex 42).
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allowing the F-helix movement gdpR, and hence, the light-
signal transduction is lost.
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