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ABSTRACT. pharaonisphoborhodopsingpR, also calleghharaonissensory rhodopsin IpsRIl) is a photo-
receptor for negative phototaxis iNatronobacterium pharaonisDuring the photoreaction cycle
(photocycle) ppR exhibits intraprotein proton movements, resulting in proton pumping from the cytoplasmic
to the extracellular side, although it is weak. In this study, light-induced proton uptake and relpp&e of
reconstituted with phospholipid were analyzed using a Sgl€ctrode. The reconstitutgghR exhibited

properties in proton uptake and release that are

different from those of dodecyl maltoside solubilized

samples. It showed fast proton release before the decapRy; (M-photointermediate) followed by

proton uptake, which was similar to that of bacteriorhodopsin (BR), a light-driven proton pump. Mutant
analysis assigned Asp193 to one (major) of the members of the proton-releasing group (PRG). Fast proton
release was observed only when the pH was approximate8ib the presence of Cl When Ct was
replaced with SGF~, the reconstitutegpR did not exhibit fast proton release at any pH, suggesting Cl
binding around PRG. PRG in BR consists of Glu204 (Aspl19ppR) and Glu194 (Prol83 ippR).
Replacement of Pro183 by Glu/Asp, a negatively charged residue, led tmd&pendent fast proton
release. The transducer binding affected the properties of PR#pRnin the ground state and in the

ppRv state, suggesting that interaction with the transducer extends to the extracellular sufpée of
Differences and similarities in the molecular mechanism of the proton movement bgtpReand BR

are discussed.

pharaonisphoborhodopsinppR ! also calledpharaonis
sensory rhodopsin lipsRIl) (1—6) is a member of an

archaeal rhodopsin family and acts as a negative phototaxis

receptor inNatronomonagNatronobacteriu pharaonis
Phototaxis is achieved by modulating cell swimming behav-
ior through light-activated signal transduction fr@pR to

a cognate transducer protepharaonishalobacterial trans-
ducer Il (Htrll). ppR has seven transmembrane helices into
which a chromophore, attansretinal, binds through a

protonated Schiff base (see Figure 1). This feature is common
among other archaeal rhodopsins such as bacteriorhodopsii

(BR) (7—9), halorhodopsin (HR) 10—12), and sensory
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1 Abbreviations: ppR, pharaonisphoborhodopsinpHitrll, pharaonis
halobacterial transducer IgHtrll 1159, pharaonishalobacterial trans-
ducer Il expressed from position 1 to position 18R, K-intermediate
of ppR; ppRu, M-intermediate ofpR; ppRo, O-intermediate 0ppR;

BR, light-adapted bacteriorhodopsin; BRVi-intermediate of BR; DM,
n-dodecyls-p-maltoside; PCy-a-phosphatidylcholine from egg; Caps,
3-(cyclohexylamino)-1-propanesulfonic acid; ChesN2efclohexyl-
amino)ethanesulfonic acid; Hepds;(2-hydroxyethyl)piperazing¥-
2-ethanesulfonic acid; Mes, B{morpholino)ethanesulfonic acid; Mops,
morpholinopropanesulfonic acid.
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Ficure 1: X-ray crystallographic structures ppR and BR. The
retinal chromophore which is bound to Lys2Q%R) or Lys216
(BR) on helix G through the Schiff base, important residues for
proton transfer in the extracellular channel, and carboxylic acid
residues in the extracellular surface are depicted as bold abbrevia-
tions and sticks in the ribbon drawing of the backbone structures.
These structures were taken from the Protein Data Bank (PDB),
codes 1H68 foppR and 1C3W for BR.

rhodopsin (sR or sRINE, 14), which are an outwardly light-
driven proton pump, an inwardly light-driven Cbump, and
another sensor of phototaxis, respectively. Thousands of
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investigations concerning the structure and function of BR pH. This suggests that Cbhinding around the extracellular
have been reported, and consequently, BR is one of the bessurface or PRG irmppR is indispensable for fast proton
understood membrane proteins. However, the other archaeatelease. The critical component of PRGppR is proposed
rhodopsins are less understood than BR. to be Asp193, which corresponds to Glu204 in BR (Figure

The functional expression @pR in Escherichia colicells 1). The PRG in BR consists of Glu204 and Glul94.
(15 has been achieved, which affords a large amount of Replacement of Pro183 jipR (corresponding to Glu194 in
proteins to be characterized in detail. The crystal structuresBR) by a negatively charged residue, Glu/Asp, leads te CI
of ppR were solved by two group4®, 17) and show almost  independent fast proton release: a mutant having Asp193
the same 3D structure betwegpR and BR (Figure 1). This  and a negative charge at position 183 shows more BR-like
fact implies that functional differentiation of these two light-induced proton uptake and release than the wild type.
proteins originates from slight differences in amino acid side Moreover, the i, shift of PRG from theppR ground state
chains. Furthermore, the crystal structure ofggh&—pHtrll to the ppRv state becomes close to that of BR by this
complex (L8) has been reported. The solution to these X-ray replacement. In other words, BR-like PRGopR is partially
structures opened the next stage of research on this photoformed by the mutation of Pro to Glu/Asp at position 183.
sensor. Transducer binding also affects the properties of PRpR

The photocycle intermediates ppR are denoted K, L,  in the ground state and in th@pRy state, suggesting that
M, N, and O in analogy to those for BR. The presence of the effect of interaction witlpHtrll extends to the extracel-
the N-intermediate was suggested by multiexponential global lular surface by some means or contact also occurs at this
analysis of the photocycle @pR (3), whereas its nature is  place. The differences and similarities in the molecular
not well understood. In fact, FTIR studiesX 20) revealed mechanisms of proton transfer reactions betwegR and
that ppR does not possess the N-like protein structure that BR are discussed.
is characteristic of the N-intermediate of BR. Upon BR
formation during the BR photocycle, primary proton transfer MATERIALS AND METHODS
from the protonated Schiff base to its counterion, Asp85, Preparation of ppR and pHtrll Sample$he expression
and subsequent proton release from the proton-releasingand purification of histidine-tagged recombingigR, its
group (PRG) to the extracellular side occur. The following mutant proteins angHtrll ;_;s50 were performed as previously
cascade of proton movements such as uptake from thedescribed 27, 28). Here, pHtrll;_159 representgpharaonis
intracellular side and the transfer from Asp96 to the halobacterial transducer Il expressed from position 1 to
deprotonated Schiff base at the end of the photocycle resultsposition 159. Briefly ppR andpHitrll ;—;s¢ proteins possessing
in proton pumping of BR from the cytoplasmic to the a histidine tag at the C-terminus were expresseH.icoli
extracellular sideppR also exhibits proton transfer from the cells, solubilized with 1.5%-dodecyl3-p-maltoside (DM),
protonated Schiff base to its counterion, Asp75, uppRy and purified by a Ni column. The purified sample was then
formation @9, 21) like BR and can pump protons from the mixed with L-o-phosphatidylcholine (PC) in the presence
cytoplasmic to the extracellular side although its activity is of Bio-Beads (Bio-Rad, Hercules, CA) where the molar ratio
weak @2, 23). The proton pumping activity @ipR is ceased  of added PC was 50 times thatgdR. Because of the small
by association with its transducepHtrll (23, 24), while molar ratio of PC t@pR (approximately 50), thigpR sample
proton circulation (futile proton uptake and release for reconstituted with PC did not form a closed vesicle but
pumping) during the photocycle is still observes). Proton remained a membrane sheet. Actually, no entrappingjf [
uptake and release during the photocycle of dodecyl mal- glucose was observed (data not shown). To preparneptRe
toside (DM) solubilizedppR were previously analyzed in  pHtrll complex, purifiedppR andpHtrll1—;s¢ proteins were
detail by using a Sn@transparent electrode%). In the mixed with a molar ratiogHtrll ;-1s¢/ppR) of 0, 0.5, 1, 2, or
solubilized stateppR takes up a proton up@pRo formation 3 and incubated fol h at 4°C. The molar ratio of added
and releases it up@pRo decay. The timing of proton uptake  PChpR was the same as that for the reconstitutiopmR
and release ippR is different from that in BR; proton release alone as described above. The mixture was then reconstituted
occurs first upon BR formation, followed by the uptake  with PC using Bio-Beads, where the molar ratio of added
upon BR, decay. These differences are interesting becausePC was 50 times that gipR.
one of the residues corresponding to PRG in BR (Glu194) Measurement of Light-Induced Proton Uptake and Release
is not conserved ippR (Pro183) 26). Detailed analysis of  of PC-Reconstituted ppRhe PC-reconstituted samples were
differences in the timing of proton uptake and release should washed three times and suspended in distilled water. Then
be a focus for understanding the molecular mechanism of 50—100 uL of this suspension (approximately1 ppR)
functional differentiation between these two archaeal rhodop- was dropped on a transparent Sré&ectrode surface and
sins. dried with a diameter of 10 mm. The adhesion was so strong

In this study, we analyzed proton uptake and release duringthat the protein did not detach from the electrode surface
the photocycle ofppR reconstituted with phospholipids. unless washed with detergent. This conclusion was reached
ReconstitutegppR exhibits properties during proton uptake because repeated use was possible without any change in
and release that are different from those of the DM- the signal amplitude. The SnClectrode was used as a
solubilized sample. ReconstitutepR exhibits fast proton  working electrode, and another Sp€lectrode was used as
release under pHs between 5 and 8 in the presenceof Cl a counter electrode. The solution in the electrochemical cell
it releases proton befongRy decay (in the time range of  was 400 mM NacCl or 133 mM N&O, supplemented with
100 ms), followed by slower proton uptake (continued until a mixture of six buffers (containing citric acid, Mes, Hepes,
~s). It is worthwhile to note that, in the absence of CI  Mops, Ches, and Caps, all at 1 mM each) whose pH was
reconstitutedopR do not exhibit fast proton release at any adjusted with HSO, or NaOH to desired values. Note that
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Ficure 2: Light-induced pH and absorbance changes derived from FIGURE 3: pH change of the electrode surface 10 ms after the
PC-reconstituteghpR. The solid lines represent the light-induced photoexcitation of PC-reconstitutgghR under varying pHs. The

pH change in the presence of NaCl or,8@), at pH 5. The positive ~ value represents the pH change uppiR-toppRy transition. The
change is due to acidification of the Sp@lectrode surface, and  positive values stand for fast proton release befgpBy decay

the negative is due to alkalization. The electrolyte solution contained while the negative values stand for proton uptake, which means a
400 mM NaCl or 133 mM Ng8Q,. The ionic strengths of these  delay of proton release that probably occurs dufip&o decay.
solutions were equal to each other. The broken lines represent theThe closed circles represent the data in the presence of 400 mM
light-induced absorbance change at 390 or 560 nm in the presenceNacCl; the open circles, 133 mM NaQ,. Inset: Typical data of

of 400 mM NaCl at pH 5. The absorbance change at 390 and 560the time course of light-induced pH changes. The data at pH 5.6,
nm was used to monitor the concentration changepiy and 7, and 9 were depicted. The electrolyte solution contained 400 mM

ppRo, respectively. Almost the same absorption traces were obtainedNacl.
in the presence of 133 mM NaO, at pH 5 (data not shown).

a negative sign, indicating the proton uptake preceded proton
the mixed buffer had a constant buffer strength in the pH release during the photocycle. The flash photolysis data of
range used. The electric circuit used and the generation ofthe wild-typeppR are depicted as broken lines in Figure 2.
pulse light were the same as previously descrit&) 25). Time-dependent absorbance changes at 390 and 560 nm
The low-cut frequency of the amplifier was set at 0.08 Hz. show the concentration change Ry and ppRo during
In this mode, the very slow baseline deflection (in the dark) the photocycle, respectively. Under the @tee condition,
was eliminated, and actinic light-elicited responses that were the pH change after photoexcitation was proportional to that
faster than a range of 12.5 s were amplified. The time range of ppRo (i.e., proton uptake and release coincided with the
we were concerned with in this experiment was less than formation and decay obpRo, respectively). This result is
0.5 s. Using a flash-light as an actinic light enabled the the same as in our previous wog, where DM-solubilized
estimation of the timing of proton movement during pho- PPR was used. On the contrary, a light-induced fast positive
tocycling (compare data in re®5 and20). The presence of  signal (acidification of the electrode surface immediately after
a high buffer solution in the electrochemical cell (e.g., 100 the flash) was observed when NaCl was used as an electrolyte
mM instead of 1 mM) eliminated flash-induced responses, while the fast acidification signal was not observed in-Na
implying that the origin of electric signals in the cell was SOy solution (Figure 2). The fast positive signal arose within
the pH change on the working Sp@lectrode surface. less than several milliseconds. We were certain that the rise
Therefore, the signals obtained were equal to the pH changeof the positive signal (proton release) occurred befpigy

at the surface of the working electrode as confirmed by a decay, although the time resolution of our measuring system
previous study Z5). was not precise enough to detect the rise of this positive

Flash Photolysis Spectroscopyhe apparatus and the ~Signal. Itis noted that thepRy decay rate is slowtf, ~300

procedure for flash photolysis spectroscopy were essentially™s at pH 5) compared with that for BRtz, ~5 ms). Decay
the same as previously describe)( of the positive signal was somewhat faster tppRy decay

(absorbance change at 390 nm). Proton release bgitig
RESULTS decay was not detected for DM-solubilizppR even in
the presence of CI(25). Our present results suggest that
Proton Uptake and Release at pH 5 during the Photocycle a proton-releasing group (PRG) ippR is affected by
of Wild-Type ppR Reconstituted with Phosphatidylcholine the environment: it is exposed to (in micelles or in the
(PC).The time course of light-induced electric signals from membrane) and specific anions such as.Cl
the SnQ electrode, on which PC-reconstituted wild-tygeR Identification and Characterization of PRG of PC-
was adhered to, was measured in the presence or absence &econstituted ppRn BR, four Glu residues are located close
Cl~ at pH 5 (Figure 2, solid lines). A positive change was to the extracellular surface, Glu9, Glu74, Glu194, and Glu204
due to a decrease in local pH on the electrode surface (i.e.,(Figure 1). Two of them, Glul194 and Glu204, are part of
the proton release frompR), and a negative change was the PRG 80—32), from which protons are released to the
caused by proton uptake. When JS&, was used as an extracellular side upon Bjrformation. On the other hand,
electrolyte (Ct-free condition keeping ionic strength), the three carboxylic residues, Glu65, Glu122, and Asp193, exist
electric signal observed after the photoexcitatiopmR had around the extracellular surface ppR (Figure 1). The
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Ficure 4: pH change of the electrode surface 10 ms after photoexcitation of the extracellular Asp or Glu myRtwfder varying
pHs. The electrolyte solution contained 400 mM NaCl. Asp19fpR corresponds to Glu204 in BR, which is thought to be a component
of the PRG.

corresponding residue to Glu204 in BR is conserved as (data not shown). Thus, the decrease in the amplitude of the
Aspl193 inppR while that to Glu194 in BR is replaced by positive signal of the wild type above pH 5.5 in Figure 3
Pro183 inppR (26). Site-directed mutagenesis and pH represents the pH titration curve of Asp193 in tip&R ground
variation analysis were performed to identify the PRG in state because protonation of Asp193 in the ground state is
ppR. Light-induced pH changes at the Sn@lectrode necessary for proton release befpp&y decay. On the other
surface, on which PC-reconstitutpaR or its mutants (E65Q, hand, a decrease in the positive signal below pH 5.5 may
E122Q, D193N, and D193E) were adhered to, were mea-originate from a decrease in the fraction of deprotonated
sured under varying pH. The voltage changes at 10 ms afterAsp193 in theppRy state. This is because Asp193 has the
photoexcitation that represent pH changes induced duringability to release protons only when the pH of the media is
the ppR-toppRy transition are plotted against the pH of the higher than the I§, of itself. Afterward, the fast pH change
electrolyte (Figures 3 and 4). The data show that the mutationof the ppR-toppRv transition may be explained by the
of Asp193 converts the pH profile of the proton release. In balance of proton affinity of Asp193 in the ground state and
the case of the wild type, acidification of the media 10 ms ppRy state as depicted in Figure 5. According to this model,
after photoexcitation was observed at pHs between 5 and 8the product of these two fractions (i.e., the fractions of
in the presence of CJ indicating that fast proton release protonated Asp193 in the ground state and deprotonated
beforeppRy decay occurred under these conditions, while Asp193 in theppRy state) gives the pH profile curve of fast
it was not observed at any pH under the @ee condition. proton release. Regression analysis for the estimation of the
E65Q and E122Q mutants also showed an almost similarpK, value of Asp193 using this model was performed, and
pH profile of fast proton release compared to the wild type. the results are listed in Table 1. The appardfy yalues of
D193N and D193E mutants exhibit no fast proton release at Asp193 in the ground state were estimated to be 6.4, 6.0,
any pH even in the presence of CIThese results suggest and 5.6 for the wild type, E65Q, and E122Q, respectively.
that Asp193 is a critical component of the PRGppR that These values decreased to 4.9, 4.9, and 4.5, respectively, in
releases a proton befopRy decay in a pH- and Ct the ppRy state.
dependent manner. The time course of the light-induced pH change at the
The kinetics ofppRy formation are pH-independerB)( SnQ electrode surface and the flash photolysis data are
and the amount gbpRyv accumulation formed by photoex- compared for D193N and D193E mutants at pH 5 (Figure
citation does not greatly change under pHs between 5 and 96). Different from proton uptake and release under the ClI
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. 2 D193E
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D193E ND ND 0 100 200 300 400 500
E122Q 5.6 45 o e (msec) .
P183E 7.9 5.4 Ficure 6: Light-induced pH and absorbance changes derived from
P183D 6.6,9.4 5.1 PC-reconstituted D193N (a) and D193E (b) mutgpR. The solid
complex 5.6 3.9 lines represent the light-induced pH change, and the broken lines

represent the light-induced absorbance change at 390 or 560 nm.
Each measurement was performed at pH 5 in the presence of 400
mM NaCl.

a Measurements were done in the presence of 400 mM NaCEND
not determined.

free condition of the wild type, those of D193 mutants did were estimated to be 7.9 and 5.4 in the presence of Cl
not coincide with the formation and decay ppRo. The (Table 1). In the case of P183D, we were not able to estimate
proton uptake of these mutants was somewhat faster thara single X, value for the PRG in the ground state, for
ppRo formation, and a part of proton uptake is likely to begin reasons that are not clear at present. Instead, Ky@aues,
beforeppRv decay ppRo formation). This is also confirmed 6.6 and 9.4, were estimated. If we assume that Ke/plue
by a relatively larger negative value for the voltage change of Asp183 in P183D mutant is around-8, the complex
beforeppRv decay (Figure 4a,b), suggesting a perturbation pH dependence of proton release in this mutant (Figure 7)
of the relationship between proton uptake and release withmight be accounted for by considering that th€, jn the
the formation and decay of photointermediates in these PRG is affected by the protonation state of the 183rd amino
mutants. acid. Our present results indicate that the introduction of a
Effects of Introduction of Carboxylic Acid at Position 183 carboxylic residue at position 183 qpR increases the
on Proton Release during the Photocycle of PC-Reconstitutedapparent [, of the PRG. Interestingly, removing Cfrom
ppR.Asp193 is a critical component of the PRGppR as the solution in the cell did not affect th&kpof the PRG in
seen from the above results. As mentioned eapi@R lacks these mutants, suggesting that the negative charge of the
an amino acid residue that corresponds to the PRG in BR.carboxylic side chain affects Chinding to the extracellular
We introduced Asp/Glu residues instead of Pro at position surface ofppR. Light-induced pH changes and absorbance
183 to produce an environment similar to that of the PRG changes at 390 or 560 nm were compared at pH 6 in Pro183
as in BR on the extracellular surfacegfR. The amplitudes  mutants (Figure 8). Similar to the case of the wild type,
of the pH change for thepR-toppRy transition of P183E proton uptake observed after proton release duringpiie
and P183D mutants are plotted against the pH of the mediato-ppRy transition of these mutants did not coincide with
in the presence or absence of Figure 7). It can be seen  ppRy decay.
that the pH, where fast proton release befpp&y decay Effects of Transducer Binding on Proton Release during
occurs, extends to a more alkaline region in these mutantsthe Photocycle of PC-Reconstituted ppRe analyzed the
than in the wild type (cf. Figure 3). The appareitwalues effects of pHtrll binding on proton release during the
of the PRG in the ground state and @Ry state in P183E  photocycle ofppR to consider the structure and structural
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Ficure 7: pH change of the electrode surface 10 ms after photoexcitation of the P183E (a, b) and P183D (c, )pRutauder varying
pHs. The electrolyte solution contained 400 mM NaCl (a, c) or 133 miyBRg(b, d). Pro183 irppR corresponds to Glu194 in BR, which
is thought to be a component of the PRG in BR.

changes of the complex around Asp193. A truncaldttll DISCUSSION
(pHtrll1-159) (33) whose amino acid residues after position

- In the present report, the properties of proton release and
159 were deleted, was used for the experimpHtril1—1s9 b P prop P

uptake during the photocycle gipR reconstituted with

has sufficient ability for tight binding wittppR (27, 33— phosphatidylcholine (PC) were investigated. We showed that
36). Figure 9 shows thpHirll 150 concentration dependency  pC-reconstituteghpR releases a proton befoppRy decay
on the pH of fast proton release during Ry formation. during the photocycle at pHs between 5 and 8 in the presence

The molar ratios opHtrll;1—1s9to ppR are O ppR only, closed  of CI~. These results are different from those measured in
circles), 0.5 (open circles), 1 (closed triangles), 2 (open the solubilized state25) or under the Ci-free condition of
triangles), and 3 (closed diamonds). It can be seen that thethe reconstituted stat@@), where proton uptake occurs first
pH, at which proton release occurs befppRy decay, shifts ~ upon ppRy decay ppRo formation) followed by proton

to lower value depending upon the molar ratiqbftrll ;159 release uporppRo decay. In the case of BR, fast proton
to ppR. These results indicate that transducer binding alters'elease from the proton-releasing group (PRG) to the media
the K, of Asp193 inppR. The pH profile curves at a higher ~ 0CCUrs upon BR formation 38, 39), coinciding Wlth primary
concentration ofpHtrll;_1s (times two and three molar proton _transfer from the pr_otonat_ed Schiff base to its
ratios) are the same, suggesting saturation of binding underSCuUnterion, Asp8s. The PRG in BR is thought to be Glu194
these conditions because of the 1:1 (or 2:2) stoichiometry and Glu204 §0-32 40) or a whole hydrogen-bonded

- L . network including Arg82, Glul94, Glu204, and water
&?{éﬁitiﬁ?ﬁlleﬁ:fgoacé Cc:erlr(g:;ﬁrse?jf tgi;ﬁ(;)lritl'g:ted molecules 41). When one of the Glu residues is replaced

i ) by another, BR loses the ability release protons normally,
concentration-dependent decrease irpiiéy decay rateZ7) resulting in the delay of proton release until the last step of

was confirmed. TheHtrll concentration dependence of the  the photocycle30—32, 40). Our present results are interest-
shifts in Ka and ppRv decay rates was similar (data not jng because PC-reconstitutgR releases protons at the
shown). The apparenti value of Asp193 in the ground  similar timing as BR (at least before the decay of the M-state)
state angpRy state decreased to 5.6 and 3.9, respectively, under certain conditions, althoughpR lacks one of the
under the complete binding condition (Table 1). residues corresponding to the PRG in BR.
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Ficure 8: Light-induced pH and absorbance changes derived from
PC-reconstituted P183E (a) and P183D (b) mupg®R. The solid

lines represent the light-induced pH change while the broken lines

Biochemistry, Vol. 43, No. 11, 2008201

r/Pm 1 8;

Ficure 10: Putative hydrogen-bonding network in the extracellular
channel ofppR. Water molecules and the putative @linding site

are depicted as blue and green spheres, respectively, and putative
hydrogen bonds are displayed by green broken lines. This structure
was taken from the PDB (code 1H68).

to Glu204 in BR. Ikeura et al.Bjophys. J. in press)
estimated thelg, of Asp193 to be 5.7 by pH titration analysis
of the visible absorption spectra. The estimated value of 6.4
for the K, of Asp193 in the ground state in this study is
not so different from 5.7, supporting each others results.
Using rapid scan FTIR spectroscopy, Bergo et dR)(
reported the deprotonation of an unknown Asp/Glu residue
whose K, was <7 uponppRy formation. Our present results
might explain their observation (i.e., the unknown carboxylic
residue is probably Asp193). Our results also reveal that the
pK, of Aspl193 should decrease to 4.9 in theRy state,
implying that the environmental change occurs around
Asp193 during the photocycle. This may be induced by a

represent the light-induced absorbance change at 390 or 560 nmprotein conformational change at the extracellular side similar
Each measurement was performed at pH 6 in the presence of 4000 that of BR because theélp of the PRG also decreases in

mM NacCl.

05 |-

Relative voltage change (a.u.)

pH

Ficure 9: Effects of transducer binding on pH change of the
electrode surface 10 ms after photoexcitatiop@R under varying
pHs. The molar ratios gbHtrll to ppR were 0 ppR only, closed
circles), 0.5 (open circles), 1 (closed triangles), 2 (open triangles),

the M-state of BR46). Thus, forppR also, primary proton
transfer from the protonated Schiff base to its counterion
(Asp75) would lead to a similar protein conformational and
environmental change around Aspl193 as for BR via a
hydrogen-bonding network that constitutes Arg72 and water
molecules (Figure 10). In the DM-solubilized state, tig p

of Asp193 might be lower in the ground state and/or higher
in the ppRy state than that in the PC-reconstituted state,
which inhibits fast proton release befqupRy decay. The
pKa of Asp75 of ppR is also likely to be affected by DM
solubilization @).

The present results suggest that Ginding is necessary
for fast proton release from Asp193 befgeRy decay. In
the crystal structure gipR (17) presented by Royant et al.,
the existence of a Cibinding site was proposed between
Arg72 and Asp193 (Figure 10, green sphere). Our previous
study @3, 44) also supports Clbinding around Arg72 or
Aspl93. Therefore, it is probable that thi€pf Asp193 is
regulated by ClI bound to the proposed binding site, which
means that the negative charge of Gllectrostatically

and 3 (closed diamonds). The electrolyte solution contained 400 stabilizes the protonated state of Asp193 in the ground state.

mM NacCl. The largest values for each condition were taken to be
unity.

Molecular Mechanism of Proton Release during the
Photocycle in ppRFrom the results in Figure 4, a critical
component of the PRG ippR is Asp193, which corresponds

This may be a crucial factor for the fast proton release of
ppR which lacks one of the corresponding residues of the
PRG in BR.

The inconsistency of proton uptake, which was observed
after the fast proton release upon pER-toppRy transition,



3202 Biochemistry, Vol. 43, No. 11, 2004 Iwamoto et al.

with ppRy decay was revealed. The reason may be as Concluding RemarksThe analysis of proton uptake and
follows: (1) There exists an unknown substateppRy, release of PC-reconstitutggpR using a Sn@ electrode
which accepted the proton from the media somewhere in suggested the similarity betwegpR and BR in protein
the protein other than the deprotonated Schiff base. Sinceconformational or environmental changes during the pho-
the transition between these tvppRy states is spectrally  tocycle, at least around the extracellular channel. Thus,
silent, we might not be able to observe it from an absorbancesimilar conformational changes must be used during the
change at 390 nm. (2) There exists two populations, one of photocycle for the expression of different functions among
which releases and takes in protons uporpipie, formation archaeal rhodopsins. In the present report, conformational
and decay, respectively, and the other takes in and releaseshanges that occur beforgpRy decay were primarily
them uponppRo formation and decay. Therefore, opposite discussed. Our next focus will be on the protein conforma-
signals may cancel each other during hERv decay or tional changes and accompanying proton transfer reactions
ppRo formation process. The origin of the inhomogeneity during later steps (e.gopRo) of the ppR photocycle. These
would be from an insufficient separation of the twidp of studies will provide us with information not only about the
Asp193 between the ground apdRy states. crucial factor for signaling to the transducer but also for the
Production of the BR-like PRG in pptroduction of a functional differentiation of archaeal rhodopsins.
carboxylic residue at position 183 @pR increased the
apparent K value of the PRG from 6.4 to 7.9 (ground state) REFERENCES
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