2790 Biochemistry2003,42, 2790-2796

Proton Transfer Reactions in the F86D and F86E Mutanishafaonis
Phoborhodopsin (Sensory Rhodopsiri Il)

Masayuki lwamotd, Yuji Furutani®' Naoki Kamo? and Hideki Kandori®H

Laboratory of Biophysical Chemistry, Graduate School of Pharmaceutical Sciences, Hokkaidwdiinj
Sapporo 060-0812, Japan, Department of Applied Chemistry, Nagoya Institute of Technology, Showa-ku,
Nagoya 466-8555, Japan, Department of Biophysics, Graduate School of Science, Ky@sityniSakyo-ku,
Kyoto 606-8502, Japan, and Core Research foolition Science and Technology (CREST),
Japan Science and Technology Corporation, Kyoto 606-8502, Japan

Receied October 17, 2002; Résed Manuscript Receed January 19, 2003

ABSTRACT. pharaonisphoborhodopsingpR, also callegbharaonissensory rhodopsin IpsRIl), a negative
phototaxis receptor dflatronobacterium pharaonisan use light to pump a proton in the absence of its
transducer protein. However, the pump activity is much lower than that of the light-driven proton-pump
bacteriorhodopsin (BR)pR’s pump activity is known to be increased in a mutant protein, in which
Phe86 is replaced with Asp (F86D). Phe86 is the amino acid residue corresponding to Asp96 in BR, and
we expect that Asp86 plays an important role in the proton transfer at the highly hydrophobic cytoplasmic
domain of the F86D mutamipR. In this article, we studied protein structural changes and proton transfer
reactions during the photocycles of the F86D and F86E mutargpinby means of Fourier transform
infrared (FTIR) spectroscopy and photoelectrochemical measurements using a tin oxigeg|Sattbde.

FTIR spectra of the unphotolyzed state and the K and M intermediates are very similar among F86D,
F86E, and the wild type. Asp86 or Glu86 is protonated in F86D or F86E, respectively, andtheP

During the photocycle, thely is lowered and deprotonation of Asp86 or Glu86 is observed. Detection

of both deprotonation of Asp86 or Glu86 and concomitant reprotonation of tleestBromophore implies

the presence of a proton channel between position 86 and the Schiff base. However, the photoelectro-
chemical measurements revealed proton release presumably from Asp86 or Glu86 to the cytoplasmic
agueous phase in the M state. This indicates thapgie mutants do not have the BR-like mechanism
that conducts a proton uniquely from Asp86 or Glu86 (Asp96 in BR) to the Schiff base, which is possible
in BR by stepwise protein structural changes at the cytoplasmic sigpRinthere is a single open structure

at the cytoplasmic side (the M-like structure), which is shown by the lack of the N-like protein structure
even in F86D and F86E at alkaline pH. Therefore, it is likely that a proton can be conducted in either
direction, the Schiff base or the bulk, in the open M-like structure of F86D and F86E.

pharaonisphoborhodopsinppR! also calledpharaonis binds through a protonated Schiff base. This feature is
sensory rhodopsin lIpsRIl) (1—8) is a member of an  common among other archaeal rhodopsins such as bacteri-
archaeal rhodopsin family and acts as a negative phototaxisorhodopsin (BR) 9, 10), halorhodopsin (HR)X(1—13), and
receptor folNatronobacterium pharaonighe phototaxisis  sensory rhodopsin (SR or sRIJ14—16) which are an
achieved by modulating the cell swimming behavior through outwardly light-driven proton pump, an inwardly light-driven
light-activated signal transduction froppR to its cognate  Cl pump, and another sensor of phototaxis, respectively.
transducer proteinpHtrll. ppR has seven transmembrane Many investigations concerning the structure and function
helices, on one of which the chromophore,tedinsretinal, of BR have been reported, and consequently, BR is one of
the best understood membrane proteins at present. On the
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(a) ppR during the photocycles. Low-temperature FTIR spectroscopy
clearly showed that Asp86 and Glu86 are protonated in F86D
N and F86E, respectively, and transiently deprotonated during
™, ! > the photocycle. Concomitant protonation of the retinal Schiff
e’ (%hess 5 base suggests the proton transfer occurs from Asp86 or Glug86
S 2w to the Schiff base. However, photoelectrochemical measure-
f\ S.i ‘f ments showed the presence of light-induced fast proton
Q« ( "X:’:‘ release presumably from Asp86 or Glu86 to the cytoplasmic

aqueous phase. Protein structure and proton movement during
the photocycle were discussed by combining the results
obtained from the two different measurements.

MATERIALS AND METHODS

Preparation of the ppR Sampl®lutant proteins oppR
were prepared as described previoug, @8). Briefly, the
ppR proteins possessing a histidine tag at the C-terminus
FIGURE 1: X-ray crystallographic structures gpR (a) and BR  were expressed i&. coli, solubilized with 1.5%n-dodecyl

(b). The retinal chromophore, which is bound to Lys205 or Lys216 B-p-maltoside (DM), and purified with a Ni column. The
on helix G through the Schiff base, and Phe86 or Asp96 are deplctedpurified ppR sample was then reconstituted intea-

as bold sticks in the ribbon drawing of the backbone structures of . . . . ;
ppR and BR, respectively. These structures were taken from the phosphat_ldylchollne (PC) liposome b)_/ dialysis, where the
Protein Data Bank [entry 1H68 fapR (20) and entry 1C3W for molar ratio of the added PC was 50 times thappR.

BR (54)]. FTIR SpectroscopyFTIR spectroscopy was applied as
described previously2@, 24, 38). The ppR sample in PC
liposomes was washed twice with buffer at pH 7.0 (2 mM
phosphate) or 9.0 (2 mM borate). Ninety microliters of the
ppR sample was dried on a Bawindow with a diameter
of 18 mm. After hydration by either 0 or D,O, the sample
was placed in a cell, which was mounted in an Oxford DN-
1704 cryostat equipped in the Bio-Rad FTS-40 spectrometer.

The ppR« minus ppR difference spectra were measured
as follows @2). lllumination of theppR film at pH 7.0 with
450 nm light at 77 K for 2 min convertggpR toppR«, and

One of the remarkable differences is tR lacks an  Subsequent illumination with 560 nm light changegdpR«
internal proton donor for reprotonation of the Schiff base Pack intoppR. The difference spectrum was calculated from
via a cytoplasmic proton-conducting channel. In BR, Asp96 the spectra co_nst_ructed with 128 mterferogram_s befpre gnd
donates a proton to the Schiff base from the cytoplasmic after the illumination. Twenty-fou_r spectra obtained in this
side in the M-to-N transition. The corresponding amino acid W&y Were averaged for thepRq minusppR spectrum.
residue inppR is Phe86 (Figure 1). Therefore, in the proton ~ The ppRw minus ppR difference spectra were measured
pump ofppR, a proton must be transferred from an aqueous @t 250 K and pH 7.0 as follows2§). To convertppR to
phase to the deprotonated Schiff base in the decay of the MPPRw, the sample was irradiated for 90 s witid80 nm light;
intermediate. It was reported that replacement of Phe86 with Subsequent illumination with UV light chang@@dRy back
Asp (F86D) increases the proton pumping activityppR into ppR. The dlfferen_ce spectrum was caIcuIate(_j from the
(25), suggesting that Asp86 can act as an internal proton SPectra c_ons_tructed with 64 interferograms after minus before
donor, like Asp96 in BR. Is the replacement of a single amino the illumination. Twenty-four spectra obtained in this way
acid at position 86 sufficient to conveppR into a BR-like ~ Were averaged for thgpRy minusppR spectrum.
pump? It is noted that the photocycle kinetics of F86D are  For the measurement of the N-like intermediate ofdpR
similar to those of wild-typepR, both being much longer ~mutants, we used an alkaline film (pH 9.0). The sample was
than those of BRZ5, 28). illuminated with>480 nm light for 60 s at 270 K. The N-like

In this paper, we analyzed proton transfer reactions during intermediate that formed reverted to the original state within
the photocycles of F86D and F86E (Phe86 to GlupiiR 2 min at 270 K, as shown by the similar but inverted spectral
by using Fourier transform infrared (FTIR) spectroscopy and shape. The difference spectrum was calculated from the
photocurrent measurements. FTIR spectroscopy is a powerfulspectra constructed with 32 interferograms before and after
tool for studying the molecular structure and structural the illumination. Twenty-four spectra obtained in this way
changes of rhodopsins. It is particularly useful in investigat- were averaged.
ing protonation changes in carboxylates, and the correlation Photoelectrochemical Measuremeritfie apparatus was
with changes in retinal chromophore and protein structures. essentially the same as described previou3Fy éxcept for
Using this method, light-induced structural changes in F86D the samples. ThppR sample reconstituted into PC liposomes
and F86E were compared with those of the wild type with was used here instead of the DM-solubilized sample used
regard to the K22) and M @4) intermediates. In addition,  for the previous study3{). TheppR sample in PC liposomes
photoelectrochemical measurements using a,&héztrode was washed twice with distilled water. Fifty microliters of
(29—37) were applied in investigating transient pH changes the ppR sample was dried on a Sp@lectrode with a

The K intermediate is highly stable ippR, and the L
intermediate ofppR can be observed only at room temper-
ature @2, 23). The presence of the N intermediate was
suggested by multiexponential global analysis of the photo-
cycle of ppR (1), but it is not well-understood. In fact, one
FTIR study of ours revealed thapR does not possess an
N-like protein structure that is characteristic of the N
intermediate of BR44). ppR can pump protons from the
cytoplasmic to the extracellular side in the absence of a
transducer25—27), but the pump efficiency is low26).
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FIGURE 2: ppR« minusppR IR difference spectra of F86D (a) and
F86E (b) in the 1826760 cnt! region. Difference IR spectra of
the wild type @2) are reproduced as dotted lines for comparison.
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Ficure 3: ppRuw minusppR IR difference spectra of F86D (a) and
F86E (b) in the 1826760 cnt? region. Spectra are measured at
250 K and pH 7. Difference IR spectra of the wild ty@d)Y are
reproduced as dotted lines for comparison.

one of them as a working electrode on which the sample to the C=C stretch, C-C stretch, and hydrogen out-of-plane
was deposited and the other as the counter electrode. ThédHOOP) vibrations of the retinal chromophore in the K

cell was composed of SnQa thin depositegpR layer, an
electrolyte solution, and SnO The electrolyte solution
contained 0.13 M N&O, and a mixture of six buffers (citric

intermediate, respectivel2?). The characteristic vibrational
bands at 1704-) and 1700 ¢) cm ! have been assigned
as the G=O stretching vibrations of Asn105 ippR and

acid, MES, HEPES, MOPS, CHES, and CAPS, whose PPR«, respectively §9).

concentrations were 1 mM each). The mixture of six buffers

There are no spectral changes in the 180010 cn?!

has almost equal buffer capacity for the whole pH range thatregion, where protonated carboxylie=© stretching vibra-

was studied. The pH was adjusted withS@, or NaOH to
the desired value.

The light source was a 300 W xenon arc lamp in
combination with an infrared cutoff filter and color filter
(HA50 and Y44, Toshiba), which provided440 nm light.

tions appear. This indicates there are no structural changes
of Asp86 and Glu86 in F86D and F86E, respectively, upon
retinal isomerization. In BR there is no structural change
for the corresponding residue, Asp96. We previously showed
that more extensive protein structural changes occur during

The actinic light, the duration time of which was 4 ms, was the formation of K inppR than in BR 22). Greater structural
provided to the electrochemical cell through a mechanical changes are observed at position 1050pR than at the

shutter. The two SnPelectrodes were connected to an
amplifier (Bioelectric Amplifier MEG-1200, Nihon Koden)
equipped with low-cut filters ranging from 0.08 to 150 Hz.

corresponding position 115 in BR, which is located A
from the retinal chromophore&9). However, it is likely that
structural changes do not reach position 86, whick-i®2

The low-cut frequency was set to 15 Hz in these measure-A from the retinal at the K state (Figure 1a).

ments. The output of this amplifier was connected to a digital

Infrared Spectral Changes of the F86D and F86E Mutants

oscilloscope (Hewlett-Packard model 54520C) to store the ¢ ppR Measured at 250 igure 3 shows thppRy minus

signal.

RESULTS

ppR infrared difference spectra of F86D (a) and F86E (b)
measured at 250 K and pH 7. These spectra are compared
with the previously reported spectrum for the wild-type

Infrared Spectral Changes of the F86D and F86E Mutants protein ¢-) (24). The ethylenic &C stretching mode of

of ppR upon Formation of the K Intermediakégure 2 shows
the ppR« minusppR infrared difference spectra of F86D (a)

the unphotolyzed state appears as a negative peak at 1545
cm! for both F86D (a) and F86E (b), and is identical to

and F86E (b) measured at 77 K and pH 7. The spectra arethat of the wild type 24). Like the ppR« minusppR spectra

compared with the previously reported spectrum for the wild-

type protein {--) (22). Almost identical difference spectra
were obtained for F86D and F86E, indicating similar

(Figure 2), almost identical difference spectra were obtained
for F86D and F86E except for the protonated carboxyte C
O stretching region, suggesting similar protein structural

structural changes on formation of the K intermediate. The changes on formation gfpRy among F86D, F86E, and the

positive bands at 1544, 1198, and 994 ¢m™* correspond

wild type.
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Ficure 4: ppRw minusppR IR difference spectra of F86D (a) and
F86E (b) in the 18051695 cnt?! region. Spectra are measured at
250 K and pH 7. Difference IR spectra of the wild ty@d) are
reproduced as dotted lines for comparison.

Certain spectral differences were observed in the £800
1700 cm?! region which monitors the €0 stretching
vibrations of protonated carboxylates (Figure 4). The positive
peak of the wild type+¢+) at 1765 cm? originates from the
C=0 stretch of Asp75, as a consequence of the proton
transfer from the Schiff base to Asp75 upon formation of
ppRv (24). The frequency is identical in F86D (a) and F86E
(b). The environment of Asp75 is highly hydrophobic in
F86D, F86E, and the wild type, as well as the environment
for Asp85 in BR @4). In addition, the bands at 1706-)
and 1701 £) cm™! are due to the €0 stretch of Asn105
(24), and they are not influenced by the mutation at position
86.

Biochemistry, Vol. 42, No. 10, 2002793
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Ficure 5: Difference IR spectra of F86D (a) and F86E (b) at 270
K and pH 9 in the 180861695 cn1? region.ppRy minusppR IR
difference spectra of F86D [a+()] and F86E [b {--)] at 250 K
and pH 7 are reproduced from traces a and b of Figure-§ (
respectively.

at 1395 cm? (Figure 3b) may originate from the stretching
vibration of the deprotonated Glu86. The proton from Glu86
may be transferred to an internal proton acceptor, or released
to the aqueous phase. The Schiff base cannot be the acceptor,
because the infrared spectrum of F86E (Figure 3b) exhibits
fingerprint vibrations (13081100 cn1?) identical to those

of the wild type. This fact strongly suggests that the
intermediate of FB6E possesses a deprotonated retinal Schiff
base.

Infrared Spectral Changes of the F86D and F86E Mutants
of ppR Measured at 270 Krhe infrared spectra of F86D
and F86E at 250 K clearly showed the structural changes of
Asp86 and Glu86 (Figure 4), respectively. Since proton pump

Characteristic spectral features of the Phe86 mutants areyctivity is enhanced in these mutants, Asp86 and Glu8é are

the appearance of a negative band at 1745 and 1740 cm
in F86D (a) and F86E (b), respectively. In F86D, a positive
peak also appeared at 1721 @énfa). In contrast, no clear

probably involved in the proton transport, and the observed
structural changes are correlated with such function. How-
ever, there was no evidence of proton transfer from Asp86

positive peak was observed in F86E (b). These new bandsyr Glug6 to the Schiff base at 250 K, even though GIug6

were shifted to 1741+)/1714 &) and 1736 ) cm™* for
F86D and F86E, respectively, inO (data not shown). Thus,

it is likely that the new bands originate from the carboxylic
C=0 stretches of the protonated Asp86 or Glu86. This
observation implies that theKp of Asp86 and Glu86 is
higher than 7, which is consistent with the highly hydro-
phobic environment around position 86 in the crystal
structure ofppR (Figure 1a).

The BRy minus BR spectrum exhibits the 1742)(1736
(+) cm! bands because of the alteration of the Asp96
hydrogen bonds4Q). Thus, similar environmental changes
occur at Asp86 in the F86D mutant ppR upon formation
of M. Having a lower frequency (1721 c (Figure 4a)
than that of Asp96 in BR (1736 cr implies a stronger
hydrogen bond of the-€0O group in F86D. No positive peak
in the ppRv minusppR spectra of F86E (Figure 4b) suggests

appears to be deprotonated in the M state of F86E. Therefore,
we next measured the spectra at higher temperatures, where
further protein structural changes should take place. We
prepared an alkaline film in this study, because the neutral
film sample produces both M and O intermediates 260

K that makes the analysis complicated. In contrast, at pH 9,
only the M state is formed in a wide temperature range {250
290 K), where neither the N nor the O state was formed
(24).

Figure 5 compares the spectrum measured at 270 K for
the hydrated film at pH 9 with that in Figure 4 (250 K and
pH 7). The negative peaks at 1743 (a) and 1740cth)
were present at pH 9 in F86D and F86E, respectively,
indicating the protonation of Asp86 and Glu86 in the
unphotolyzed state, respectively. Th&,pvalues of the
carboxylates are thereby9. In F86D, the positive peak at

that Glu86 is deprotonated in the M state. The positive peak 1721 cmt in theppRy minusppR spectrum at 250 K [Figure
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Ficure 6: Difference IR spectra of F86D (a) and F86E (b) at 270
K and pH 9 in the 1808920 cnt? region.ppRy minusppR IR
difference spectra of F86D [a-()] and F86E [b {--)] at 250 K
and pH 7 are reproduced from traces a and b of Figure-8 (
respectively.
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FIGURE 7: (a—c) Photoelectrochemical responses of F86D (a), F86E
(b), and the wild type (c) at 293 K and pH 7.0. A positive signal
is due to a decrease in the local pH, i.e., proton release [y}

and a negative signal is caused by proton uptake. The electrolyte
solution contained 0.13 M N8O, and a mixture of six buffers
(see Materials and Methods). (d) Relative amplitudes of the first
proton releasing (positive) signals of F86D)(and F86E @) at
varying pHs. Each maximum value is adjusted to 1.

of the difference spectra at 270 K (solid lines in Figure 6)
were almost identical with those of thgpRy minus ppR

spectrum at 250 K (dotted lines in Figure 6). This fact implies
that the intermediate of thgpR mutants at 270 K possesses

deprotonation of Asp86. Spectral differences were also an M-like protein structure, not an N-like one. In other words,

observed for F86E, where the absorbance at 4300

proton transfer from Asp86 or Glu86 may takes place without

cm* decreases at 270 K (Figure 5b). We inferred that Glu86 |arge protein structural changes.

is already deprotonated at 250 K from the spectral compari-

Itis also noted that the intensity of the positive 1190¢m

son between F86E and the wild type (Figure 4). Nevertheless,hand is smaller than that of the RRminus BR spectrum
Figure 5b suggests the presence of the positive signal at(41), suggesting that all protons of carboxylates at position

1730-1710 cm'?; thus, Glu86 is partially, not fully, depro-

86 may not necessarily be transferred to the Schiff base. In

tonated at 250 K, and deprotonation of Glu86 is complete fact, deprotonation of Glugé at 250 K (Figure 4b) is not

at 270 K.

accompanied by protonation of the Schiff base (Figure 3b).

Asp86 or GluB6 is deprotonated at 270 K for the hydrated Therefore, the proton of Glu86 needs to be transferred to
film of F86D or F86E, respectively. Then, the next question another internal acceptor or released to the agueous phase.
is the location to which the proton is transferred. Figure 6 To examine the latter possibility, we next studied photo-

shows a wider frequency region (180920 cnr?) than

Figure 5. This figure clearly exhibits the appearance of the

positive peak at 1190 cmi in both F86D (a) and F86E (b).

This band is characteristic of an N-like chromophore, i.e.,

protonated 13:is form (40). In addition, the appearance of
the positive peak at 1555 cthin both F86D (a) and F86E

electrochemical responses of the Phe86 mutants.
Photoelectrochemical Responses of the F86D and F86E
Mutants of ppRWe measured photoelectrochemical signals
of F86D and F86E by using the Spélectrode to investigate
proton uptake and release during their photocycles. Figure
7 shows the flash-induced photoelectrochemical responses

(b) is also characteristic of an N-like state. Since protonation of F86D (a), F86E (b), and the wild type (c) measured at
of the chromophore is accompanied by deprotonation of pH 7. The SnQ@electrode is highly sensitive to a pH change
carboxylates at position 86, it is likely that the proton transfer at the electrode surfac84—36, 42). A time-differentiated
takes place from Asp86 or Glu86 to the Schiff base. Part of positive signal is due to a decrease in the local pH, i.e., proton

the strong positive band at 1392 chmay originate from

release fronppR, and a negative signal is caused by proton

the stretching vibration of the deprotonated Asp86 (a) or uptake. A previous study of wild-typppR solubilized in

Glu86 (b).
The intermediate of the Phe86 mutantsppR at 270 K

DM showed that proton uptake preceded proton release
during the photocycle, and that uptake and release coincide

possesses deprotonated carboxylates at position 86 and with the formation and decay gipRo, respectively 87).

protonated 13:is chromophore, which are characteristic of

Essentially the same result was obtained for wild-tpp&

the N state of BR. An N-specific protein structure can be reconstituted into PC liposomes (Figure 7c), where NaCl in

described in the BR minus BR spectrum by the highly
dichroic strong amide | vibrations at 1671, 1663 (),
and 1649 {) cm™! (41). Interestingly, the amide | vibrations

an electrolyte solution was replaced with JS&, in the
present measurement. In Figure 7c, after light excitation, a
negative signal followed by a slow positive signal was
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observed, indicating the proton uptake and following release FTIR spectroscopy revealed the unique environmental
during the photocycle oppR. The crossover point at zero changes around position 86 in the M intermediate, though
represents the time to reach the peak of the pH change. Thighe ppRv minus ppR spectra of the Phe86 mutants were
value for the wild type £200 ms, Figure 7c) was close to similar to that of the wild type (Figure 3). Asp86 or Glu86
the time at whichppRo accumulates mostly during the is protonated in F86D or F86E, respectively, and th&ig p
photocycle g, 6), showing proton uptake and release coincide values> 9. They drop to release a proton in late intermedi-
with the formation and decay obpRo, respectively. A ates. This feature is also noted in BR, where the direction
previous study of pR frontHalobacterium salinarunsug- of the proton from Asp96 is toward the Schiff base. In
gested that the signal of proton uptake and release predomicontrast, protons are released from Asp86 or Glu86 to the
nantly originates from the groups at the extracellular side cytoplasmic aqueous phase in the Phe86 mutarppRf as
(43). revealed by the photoelectrochemical measurements (Figure

Panels a and b of Figure 7 show the photoelectrochemical7). The K, values in the M-like states are7.5, and slightly
responses of F86D and F86E, respectively. In contrast tohigher in Asp86 (Figure 7d). A longer side chain in F86E
the wild type, for F86D and F86E a sharp positive signal might destabilize the protonation state of Glu86 in the M-like
appears, followed by a relatively slow negative signal. These intermediate.
results suggest that proton release precedes proton uptake Our FTIR data indicated protonation changes in both
during the photocycle of the Phe86 mutants. A fast increasecarboxylates at position 86 and the Schiff base. Therefore,
in the positive signal implies that proton release takes placeit is evident that there is a transient proton channel in the
before the formation of the O state. Therefore, proton releasecytoplasmic region of the mutappR, which is presumably
presumably occurs in the M state. Together with the FTIR used by the proton pum2€). An interesting observation is
data, we concluded that the proton release signals in F86Dthat a proton is released to the aqueous phase even though
and F86E originate from deprotonation of Asp86 and Glu86, there is a proton channel between Asp86 or Glu86 and the
respectively. There is a third positive component in the-0.5  Schiff base. A similar observation, i.e., proton release from
1.5 s region of F86D (Figure 7a), which coincides with that Asp96, has been reported for some BR mutants, such as
of the wild type (Figure 7c). Replacement of Phe86 with D85N (44, 45) and the blue form of D212N4g). In these
Asp at the cytoplasmic side is not likely to change the proton cases, however, the proton acceptor of Asp96, the Schiff
uptake and release at the extracellular side. We infer thatbase, is protonated during the photocycle so that Asp96 has
the lack of a signal like that of the wild type in F86E (Figure to release a proton to the cytoplasmic aqueous phase when
7b) is caused by (i) the slower recovery of the negative signal its pK, is lowered. Our finding with the mutappR is unique
in F86E (up to 1 s) than in F86D and (ii) the greater in this sense; a proton is released despite the presence of
amplitude of the signal in F86E than in F86D. These factors the deprotonated Schiff baseppRy. This suggests that there
would mask the signal like that of the wild type present in is a mechanism that prevents an internal proton transfer from
F86E. Asp86 or Glu86 to the Schiff base in the mutapR. In

The signal amplitudes of our photoelectrochemical mea- other words, BR has a specific mechanism that conducts a
surements are not necessarily quantitative, because adsorptioproton uniquely from Asp96 to the Schiff basé7(49).
of the reconstitutegpR samples was not perfectly controlled. Even when the Ig, of Asp96 is first lowered in BR, Asp96
Since the release signal appears to depend on pH, we nexis likely to be inaccessible to the bulk in the M-to-N
tested the pH dependence of the photoelectrochemicaltransition. This makes the direction of a proton from Asp96
responses of F86D and F86E. Figure 7d shows the relativeto the Schiff base. Then, Asp96 is open to the bulk for proton
amplitudes of the first proton releasing signals in F8GL) (  uptake. This mechanism seems to be lackingpR. InppR,
and F86E @) at varying pHs. Under acidic conditions (pH the open structure at the cytoplasmic side appears to be
<6), proton uptake precedes release also in the case of Phe8formed at once so that a proton can be conducted from Asp86
mutants (data not shown). Fast proton release (Figure 7a,b)or Glu86 in either direction, the Schiff base or the bulk.
was detected at pH 6; the amplitudes seem to be saturated  Proton conduction from Asp86 or Glu86 to the Schiff base
at pH 8.5-9.0. Kinetic profiles were similar between pH 7 seems to be less favorable in the mutppR than in BR.
and 9, while amplitudes were stronger at alkaline pH (not Interestingly, protein structures of the unphotolyzed states
shown). Figure 7d suggests that th&,pf Asp86 and Glu86  of ppR and BR are similar (Figure 1). Therefore, such a
in the M state is~7.5, and slightly higher in Asp86. The difference should be explained in terms of protein structural
stronger proton affinity at position 86 in the M state of F86D changes. In this regard, the appearance of the N-like protein
is consistent with the infrared spectra in Figure 4, where structure may be an important factor. BRossesses the 13-
F86D only exhibits a positive band at 1721 ¢m cischromophore with a protonated Schiff base, deprotonated

Asp96, and largely changed protein structure. Protonation

DISCUSSION of the Schiff base is not a prerequisite for the formation of

In this paper, we analyzed proton transfer reactions during N-like structure in BR. When Asp96 is replaced with Asn,
the photocycles of the F86D and F86E mutantppR by the M state is highly stabilized at alkaline pH. Previous FTIR
using FTIR spectroscopy and photoelectrochemical methods.spectroscopy of the D96N protein of BR revealed the
The ppR« minus ppR spectra of the Phe86 mutants were appearance of the \state after M, where the chromophore
identical to that of the wild type (Figure 2). We concluded is M-like (deprotonated) but the protein structure is N-like
that the protein structural changes ppR« that are more (largely changed)q0). We recently found thgtpR does not
extended than those in BR22) do not involve change at  have such an N-like protein structure even at alkaline pH
position 86, which is~12 A from the retinal chromophore  (24). Our study clearly showed that there are no N-like
(Figure 1a). protein backbone structures, even though the N-like state
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appeared in terms of the X3 chromophore with protonated

Schiff base and deprotonated carboxylates at position 86
(Figure 6). Thus, the lack of the N-like protein structure may .,

be correlated with the unique property gfR (the mutant
PPR).

It is noted that an opening of the F helix is reported for
ppR as well as for BR in a spin-labeling experimehf. (

52),
conducting channel is transiently formed at the cytoplasmic 25.
side. Nevertheless, protein structural changes leading to F

which is consistent with the observation that the proton

helix opening might be different betwegpR and BR. In

BR,

Asp96 forms a hydrogen bond with Thr46 in the B helix,

while the corresponding amino acids@dR are phenylala-

nine and valine at positions 86 and 40, respectively. We 28.

previously reported that the F86D/L4A0T mutapR (28, 53)

has much shorter photocycle kinetics than F86D and the wild
type, being similar to those of BR. Therefore, it is interesting 30,
to examine the protein structural changes and proton transfer

reactions in F86D/L40T, which is our next focus.
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