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ABSTRACT: pharaonis phoborhodopsin (ppR, also called pharaonis sensory rhodopsin II, psRII) is a receptor
for negative phototaxis in Natronomonas pharaonis. The X-ray crystallographic structure of ppR is very
similar to those of the ion-pumping rhodopsins, bacteriorhodopsin (BR) and halorhodopsin (hR). However,
the decay processes of the photocycle intermediates such as M and O are much slower than those of BR
and hR, which is advantageous for the sensor function of ppR. Iwamoto et al. previously found that, in
a quadruple mutant (P182S/P183E/V194T/T204C; denoted as SETC) of ppR, the decay of the O
intermediate was accelerated by ~100 times (12 ~6.6 ms vs 690 ms for the wild type of ppR), being
almost equal to that of BR (Iwamoto, M., et al. (2005) Biophys. J. 88, 1215-1223). The mutated residues
are located on the extracellular surface (Pro182, Pro183, and Vall94) and near the Schiff base (Thr204).
The present Fourier-transform infrared (FTIR) spectroscopy of SETC revealed that protein structural changes
in the K and M states were similar to those of the wild type. In contrast, the ppRo minus ppR infrared
difference spectra of SETC are clearly different from those of the wild type in amide-I (1680-1640 cm™!)
and S—H stretching (2580-2520 cm™!) vibrations. The 1673 (+) and 1656 (—) cm™! bands newly appear
for SETC in the frequency region typical for the amide-I vibration of the ay- and oy-helices, respectively.
The intensities of the 1673 (+) cm™! band of various mutants were well correlated with their O-decay
half-times. Since the our-helix possesses a considerably distorted structure, the result implies that
distortion of the helix is required for fast O-decay. In addition, the characteristic changes in the
S—H stretching vibration of Cys204 were different between SETC and T204C, suggesting that
structural change near the Schiff base was induced by mutations of the extracellular surface. We
conclude that the lifetime of the O intermediate in ppR is regulated by the distorted o-helix and

strengthened hydrogen bond of Cys204.

pharaonis phoborhodopsin, ppR' (also called pharaonis
sensory rhodopsin II, psRII), from Natronomonas (Natrono-
bacterium) pharaonis, is a seven-transmembrane helical
protein into which a chromophore, all-frans retinal, binds to
a specific lysine residue (Lys205) on the G-helix to form a
protonated Schiff base (/-3). A carboxylic acid, Asp75,
serves as one of two counterions of the protonated Schiff
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base (Figure 1) (4, 5). These structural features are essentially
common among other archaeal rhodopsins such as bacteri-
orhodopsin (BR) (6, 7), halorhodopsin (hR) (8), and sensory
rhodopsin (sR or SRI) (9), which function as an outward
light-driven proton pump, inward light-driven C1~ pump, and
phototaxis sensor other than for phoborhodopsin, respectively
(9). ppR forms a signaling complex with pharaonis halo-
bacterial transducer protein, pHtrll, in the membrane and
transmits light signals to the pHtrII through the changes in
such an interaction (2, 3). pHtrlI activates phosphorylation
cascades that modulate flagella motors. Consequently, these
bacteria avoid short wavelength light (1 < 520 nm), which
contains harmful near-UV rays. The function is called
negative phototaxis (9).

ppR is highly stable within the membrane and detergent
micelles as well as pHtrIl (/0), and a functional expression
system utilizing E. coli cells can provide large amount of
proteins (11, 12). Therefore, ppR and pHtrIl have been well
characterized over the past several years using various
methods (/-3). The crystallographic structure of ppR and
the ppR/pHtrIl complex had been achieved (/3-15), and
light-induced structural changes were also identified by
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FIGURE 1: X-ray crystallographic structure of ppR. The amino acid
residues that were replaced in the present study are underlined, while
other important residues are also indicated. It is suggested that
Thr204 forms a hydrogen bond with Tyr174. Upper and lower
regions correspond to the cytoplasmic and extracellular sides,
respectively. This structure was obtained from the Protein Data
Bank (code 1H68) (/4).

various methods, including UV-vis, electron paramagnetic
resonance (EPR) spectroscopy, and so forth (/-3). Interest-
ingly, the structure and structural changes are almost the same
as those of BR (/6) and hR (8), implying that the functional
differentiation was caused by small structural differences in
some amino acid side chain(s) and/or main chain(s). In fact,
we recently reported that substitution of only three residues,
P200T/V210Y/A215T, converted BR into a negative pho-
tosensor such as ppR (SRII), indicating similar structural
changes between BR and ppR (SRII) (/7). We further
analyzed the early intermediates of the mutant by Fourier-
transform infrared (FTIR) spectroscopy and found that the
structural changes of the a helix and Thr215 corresponding
to Thr204 of ppR (pSRII) are similar to those of ppR (pSRII)
18).

The chromophore of ppR is photoexcited by blue light,
and the protein undergoes a thermal linear reaction cycle,
the photocycle, through some intermediates accompanying
the conformational change of the protein (/9). The interme-
diates of ppR are denoted as K, L, M, N, and O, analogous
to those of BR (20). The active (signaling) intermediates of
the ppR are referred to as the M and O intermediates (27).
Interestingly, the decay rates of these intermediates are much
slower than those of BR and the O intermediate of hR (20),
despite the similarity in their X-ray crystallographic
structures (/3—15). Upon BRy; formation in the BR photo-
cycle, primary proton transfer takes place from the protonated
Schiff base to its counterion, Asp85 (22). The following
cascade of proton movements, such as uptake from the
intracellular side and the transfer from Asp96 to the
deprotonated Schiff base, results in the proton pumping of
BR from the cytoplasmic to the extracellular side (23). ppR
also exhibits a light-driven proton pumping activity like that
of BR, although the activity is very weak (24, 25). Compar-

Biochemistry, Vol. 47, No. 9, 2008 2867

ing the primary sequence of BR and ppR, it becomes evident
that a change of an amino acid(s) in the cytoplasmic channel
might be responsible for these differences because Asp96
and Thr46 have been reported to be crucial for the proton
pumping mechanism of BR (26, 27). In ppR, Asp96 is
replaced by a neutral residue, Phe86. Thr46, which is
involved in tuning the pK, of Asp96 in BR, is also missing.
Iwamoto et al. previously reported that the M-decay of this
replacement mutant (L40T/F86D) was highly accelerated
from 890 ms for the wild type to about 5 ms (~180 times)
(28), being almost equal to that for BR. These mutated
residues were located on the cytoplasmic side, implying that
M-decay was controlled by a cytoplasmic channel (28).
Thereafter, Iwamoto et al. studied protein structural changes
and the proton transfer reaction during the photocycle of the
F86D mutant of ppR in detail by means of FTIR spectros-
copy (29). Furthermore, the light-induced F-helix movement
on the cytoplasmic side was demonstrated by various groups,
and the movement is believed to play an important role in
the activation of pHtrIl (/, 30).

How about the kinetics for the O intermediate? In BR,
mutations at Glu194 and Glu204, which constitute the proton-
releasing group (PRG) on the extracellular channel, led to
slow O-decay (3/-35). A comparison of the amino acid
alignment of BR and ppR suggests that the extracellular
channel of ppR is more hydrophobic than that of BR (36).
We previously reported that the O-decay of this replacement
quadruple mutant (P182S/P183E/V194T/T204C) was highly
accelerated from 690 ms for the wild type to about 6.6 ms
(~100 times) (37), being almost equal to that for BR.
However, the precise roles of these residues in the structural
change during the photocycle remain unclear.

In order to determine the structural features required for
the regulation of O-decay, we analyzed here protein con-
formational changes during the photocycles of the various
O-decay accelerated mutants in ppR by using FTIR spec-
troscopy. FTIR spectroscopy is a powerful tool for investi-
gating protein structure and the structural changes of
rhodopsins (38). Using this method, light-induced structural
changes in the O-decay accelerated mutants were compared
with those of the wild type upon the formation of the K, M,
and O intermediates. FTIR difference spectra of the K and
M intermediates are similar among the various mutants and
the wild type (5, 39). This result is consistent with previous
reports in which the decay rate constants of these mutants
were essentially the same as those of the wild type of
ppR (37, 40). In contrast, the ppRo minus ppR infrared
difference spectra of the mutants are clearly different from
those of the wild type in amide-I (1680-1640 cm™') and S—H
stretching (2580-2520 cm™') vibrations. The 1673 (+) and
1656 (—) cm™! bands newly appear in the frequency region
typical for the amide-I vibration of the ay- and oy-helices,
respectively. The intensities of the 1673 (+) and 1656 (—)
cm™! bands of various mutants were well correlated with
the decay half-times of ppRo. Since the ay-helix possesses
a considerably distorted structure, the result implies that helix
distortion is required for fast O-decay. In addition, charac-
teristic changes in the S—H stretching vibration of Cys204
were observed in the quadruple mutant (P182S/P183E/
V194T/T204C, see Figure 1). This suggests that structural
change near the Schiff base was induced by mutation of the
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extracellular surface. The implications of these observations
are discussed.

MATERIALS AND METHODS

Preparation of the ppR Samples. Mutant proteins of ppR
were prepared as described previously (37, 41). Briefly, the
ppR proteins with a six-histidine tag at the C-terminus were
expressed in E. coli cells, solubilized with 1.0% n-dodecyl
p-D-maltoside, and purified with a Ni-NTA column as
described previously (12, 39). The purified samples were then
reconstituted into L-a-phosphatidylcholine (PC) liposomes
by removal with Bio-Beads (SM2, Bio-Rad, Hercules, CA),
where the molar ratio of added PC was 50 times that of the
PPR proteins.

FTIR Spectroscopy. Low-temperature FTIR spectroscopy
was performed with 2-cm™! resolution as described
previously (5, 29, 39). The ppR samples in PC liposomes
were washed three times with a buffer at pH 7.0 (2 mM
phosphate) for the measurement of the K and M intermedi-
ates or pH 5.0 (2 mM citrate, 5 mM NaCl) for the
measurement of the O intermediate. Then a 90 uL aliquot
of the sample (0.1—1 mg) was dried on a BaF, window with
a diameter of 18 mm. After hydration by H,O, the sample
was placed in a cell, which was mounted in an Oxford DN-
1704 cryostat equipped in the Bio-Rad FTS-60 spectrometer.

The ppRk minus ppR difference spectra were measured
at 77 K as follows (39). Illumination of the ppR film with
450 nm light for 2 min at pH 7.0 and 77 K converted ppR
to ppRk, and subsequent illumination with >560 nm light
forced ppRk to revert to ppR as described previously (39).
The ppRy minus ppR difference spectra were measured at
230 K and pH 7.0 as follows (5). To convert ppR to ppRuy,
the sample was irradiated with >480 nm light for 2 min:
subsequent illumination with UV light changed ppRm back
into ppR. The difference spectrum was calculated from the
spectra constructed with 128 interferograms before and after
the illumination. Twenty-four spectra obtained in this way
were averaged for the ppRx minus ppR and ppRy minus
ppR spectrum.

Unlike for ppRk and ppRy, it is difficult to obtain the pure
ppRo minus ppR spectrum. We previously reported the ppRo
minus ppR spectrum for the sample in the absence of NaCl
at 260 K and pH 5, where the contribution of ppRy was
estimated by use of UV/visible absorption of ppRy and ppRo
and subtracted by the scaled ppRy minus ppR spectrum (40).
Since the O-decay half-times of the wild type and various
mutants were estimated in the presence of NaCl (37), we
examined the optimal conditions of low-temperature FTIR
spectroscopy to accumulate ppRo for a sample containing
NaCl. We tested various temperatures (220-260 K) and
pH (5-7) by monitoring the O-specific C—C stretch of retinal
at 1179 cm™! (40) and established the following conditions.
The difference spectra were obtained by subtracting the
spectra after illumination from those during illumination for
hydrated films prepared at pH 5.0 (5 mM NaCl). A band
path filter possessing the transmittance between 350 and 500
nm (40) was used, which is advantageous to accumulate
ppRo. We measured the spectra of the wild type, P183E,
and T204C at 260 K, while the spectra of SETC and SET
were smaller at 260 K, presumably because of the shortened
lifetimes. Therefore, we measured the ppRo minus ppR
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FIGURE 2: ppRg minus ppR (a), ppRy minus ppR (b), and ppRo
minus ppR (c) difference FTIR spectra of SETC (—) and the wild
type (+++) in the 1800-900 cm™! region. Difference FTIR spectra
of the wild type are reproduced from ref 39 for K and ref 5 for M
(+++) for comparison. These spectra were measured at 77 K (a)
and 230 K (b) for the sample at pH 7. The ppRo minus ppR spectra
were measured at 260 and 240 K for the wild type and SETC,
respectively, at pH 5 (c). One division of the y-axis corresponds to
0.016 absorbance units.

spectra of SETC and SET at 240 K. It should be noted that
the spectra of SETC and SET at 240 K were similar to those
at 260 K, although the latter were much noisier. Eight spectra
obtained from the 128 interferograms were averaged, and
we call the spectra the ppRo minus ppR in the present study.
Although the ppRo minus ppR spectra possibly contain ppRu
and the N-like species, their contributions are not serious
(see below).

RESULTS

Properties of the Mutant Proteins. We first examined the
retinal configuration of SETC and other mutant proteins by
using HPLC column chromatography (47). Consequently,
we found that all mutants used in this study (SETC, SET,
P183E, and T204C) had only all-trans retinal like the wild
type (data not shown). This fact suggests that these mutations
do not change the structure of the retinal binding pocket. In
the UV—vis spectra, SET and P183E showed visible absorp-
tion spectra identical to those of the wild type ppR (Amax =
498 nm). In contrast, SETC and T204C exhibited red-shifted
visible absorption spectra (Amax = 504 nm). This is consistent
with previous results in which Thr204 in ppR was shown to
be one of the important residues for color tuning (4/—43).

Infrared Spectral Changes of the SETC Mutant of ppR
upon the Formation of the K, M, and O Intermediates in the
1800-900 cm™! Region. Figure 2a shows the ppRx minus
ppR infrared spectrum of SETC measured at 77 K and pH
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7.0 (—), which is compared with that of the wild type ()
(39). The vibrational bands at 1550 (—)/1538 (+) cm™! and
1204 (—)/1195 (+) cm™! in SETC correspond to the C=C
and C—C stretching vibration of the retinal chromophore,
respectively. The lower frequency shift of the former
corresponds to the spectral red-shift upon the formation of
the K intermediate, while the latter frequency shift represents
retinal isomerization from the all-frans to the 13-cis form
(39). In addition, similar difference spectra in Figure 2a show
that similar structural changes occur in the K formation
between SETC and the wild type.

Figure 2b compares the ppRy minus ppR infrared spectra
of SETC (—) and the wild type (++*) at 230 K and pH 7 (5).
Similar difference spectra between them also indicate similar
structural changes upon the formation of the M intermediate.
In the SETC spectrum, the 1542 (=) cm~! band corresponds
to the ethylenic C=C stretching mode of the unphotolyzed
state. The 1239 (=), 1203 (=), and 1164 (—) cm™' bands
are also attributable to the C—C stretching vibrations of the
retinal chromophore in the all-frans form.

While we can trap ppRk and ppRy under the suitable
experimental conditions (temperature and illumination wave-
length), that is not the case for ppRo. ppRo is normally
observed as a mixture with ppRy and an N-like state. In the
previous study, we obtained the ppRo minus ppR spectrum
after subtracting the contribution of ppRy; estimated by using
the UV —visible absorption of ppRy and ppRo (40). By using
12,14-D,-labeled retinal, it was clearly shown that ppRo
possesses an all-trans retinal (40). The C—C stretching
vibration was observed at 1179 cm™!, which was similar but
slightly higher in frequency than that (1168 cm™!) of the O
intermediate of BR (44, 45). Since the O-decay half-times
of the wild type and various mutants were previously
estimated in the presence of NaCl (37), we newly established
the experimental conditions to accumulate ppRo for these
proteins. The dotted line in Figure 2¢ shows the difference
spectrum of the wild type, which exhibits the greatest
intensity at 1178 cm™'. This suggests that ppRo is optimally
accumulated under the present conditions. The ethylenic
C=C stretching vibrations at 1545 (—)/1532 (+) cm™! are
also characteristic for the O state. It should be noted,
however, that this spectrum is considerably different from
the ppRo minus ppR spectrum in the absence of NaCl (40).
The difference possibly originates from (i) the effect of NaCl
and (ii) the contamination of other intermediates such as
ppRum and the N-like species. The present spectrum shows a
positive band at 1192 cm™!, characteristic frequency of the
protonated 13-cis chromophore as seen for ppRg (Figure 2a),
which was absent in the previous ppRo minus ppR spectrum
in the absence of NaCl (40). Therefore, it is likely that there
is an N-like state containing the protonated 13-cis-retinal in
the presence of NaCl. From the intensities at 1192 and 1178
cm™!, 20-30% N-like state may be involved as the product.
We found that prolonged illumination further intensified the
1192 cm™! band (data not shown), from which characteristic
bands of the O-like (1178 cm™!) and N-like (1192 cm™!)
species can be separated. It should be noted that the intense
peaks at 1665 (—)/1644 (+) cm™! correlate with the 1178
cm™! band, not with the 1192 cm™! band, both characteristic
of ppRo. The peaks at 1665 (—)/1644 (+) cm™! do not
originate from ppRy because they are absent in the ppRu
minus ppR spectrum ((+++) in Figure 2b). Thus, in this article,
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FIGURE 3: ppRk minus ppR (a), ppRym minus ppR (b), and ppRo
minus ppR (c) difference FTIR spectra of SETC (—) and the wild
type (+++) in the 1780-1610 cm™! region, which are reproduced
from Figure 2. One division of the y-axis corresponds to 0.016
absorbance units.

we regard the spectrum ((¢**) in Figure 2c) obtained in this
way as the ppRo minus ppR.

The solid line in Figure 2¢ shows that of SETC measured
at 240 K and pH 5. Similar difference spectra in the
fingerprint region (1300-1100 cm™") as well as the HOOP
region (1000-900 cm™") imply similar configuration changes
of retinal between SETC and the wild type. In particular,
three peaks at 1203 (=), 1192 (+), and 1178 (+) cm™! with
similar amplitudes between the solid and dotted lines in
Figure 2c strongly suggest that similar intermediate states
are formed between SETC and the wild type. Thus, we
regard the solid line in Figure 2c as the ppRo minus ppR
spectrum of SETC, as described from the chromophore
structure. Nevertheless, a prominent spectral difference
between SETC (—) and the wild type (++*) was seen in
the 1800-1600 cm™! region that monitors protein structural
changes. This suggests that the protein structures of the
O intermediate are different between SETC and the wild
type, which is possibly correlated with the lifetime of ppRo
(37). Below, we analyze the spectra of this frequency
region in more detail.

Infrared Spectral Changes of the SETC Mutant of ppR
upon the Formation of the K, M, and O Intermediates in the
1780-1610 cm™ Region. As described above, the infrared
difference spectrum in this frequency region contains vibra-
tional bands of protein. In previous papers, we showed that
carbony] stretching vibrations of Asn105 appear at 1700 (+)/
1704 (=) cm™!, at 1707 (+)/ 1701 (=) cm™!, and at 1708
(+)/1702 (=) cm™! in the ppRx minus ppR (Figure 3a, (***)),
ppRm minus ppR (Figure 3b, dotted line), and ppRo minus
ppR (Figure 3c, (***)) spectra, respectively (5, 40, 46). These
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spectral features are essentially preserved in SETC, though
the bands are considerably reduced in the ppRo minus ppR
(Figure 3c, (—)) spectrum. Thus, the local structure around
Asnl05 is similar during the photocycles of SETC and the
wild type.

We also assigned the protonated carboxyl stretching
vibrations of Asp75 at 1765 cm™! in both ppRy minus ppR
and ppRo minus ppR spectra (5). It should be noted that the
ppRo minus ppR spectrum of the wild type shows a shoulder
band at 1757 cm™! regardless of the presence ((—) in Figure
3c) and absence (40) of NaCl, which was also reported by
other groups (47, 48). In the ppRy minus ppR and ppRo
minus ppR spectra of SETC, the frequencies of these bands
are similar to those of the wild type, whereas the intensity
of the bands significantly decreased in the ppRo minus ppR
spectrum of SETC (Figure 3c, (—)). In particular, the
negative band 1724 cm™! disappeared in SETC, whose origin
is currently unidentified. These observations were common
in the SET mutant of ppR (data not shown), suggesting that
the structural changes of these residues might be inhibited
upon the formation of the O intermediate and might be
related to O-decay acceleration.

Secondary structural alterations can be monitored by amide
I vibration at 1690-1610 cm™'. In the ppRk minus ppR
spectrum, the 1650 (=) cm™! band of the wild type
disappeared in SETC, while the 1663 (—) cm™! band newly
appeared in SETC that is characteristic of an oy-helix. The
disappearance of the 1650 (—) cm™! band and the appearance
of the 1663 (—)-cm™! band were also observed in the T204C
single mutant (see Figure 5a), but not observed in the SET
mutant (data not shown), implying that this structural
perturbation was caused by a mutation at the Thr204
position. The FTIR spectra of M and O intermediates in
the T204C single mutant were quite similar to those of
the wild type (see Figure 5), and the decay-rate constants
of M and O intermediates of T204C were similar to those
of the wild type (37). Therefore, these structural changes
are not correlated with the O-decay acceleration of the
ppR mutants.

While the ppRy minus ppR spectra exhibit similar amide
I vibrations between SETC and the wild type (Figure 3b),
the ppRo minus ppR spectra are significantly different
between them (Figure 3c). In the wild type, strong bands at
1665 (—) and 1644 (+) cm™! ((+-+) in Figure 3c) indicate
that the ppRo formation accompanies structural perturbation
of the a-helix, where the hydrogen bond is strengthened.
Such a spectral feature is entirely different in SETC. In
SETC, the bands at 1673 (+)/1656 (—) cm™! newly appeared
in the frequency region typical for the amide I vibration of
the ay- and oy-helices, respectively. It should be noted that
such a spectral feature was observed for SET (data not
shown), but not for T204C (see Figure 5), suggesting that
the helical perturbation in ppRg originates from the amino
acids at the extracellular surface.

Correlation between the Band Intensities at 1673 cm™
and the O-Decay Half-Time. Are these structural changes
of a-helices correlated with an acceleration of O-decay? We
previously found that besides the SETC mutant, some
mutants, P183E, T204C, and SET, accelerated O-decay (37).
Therefore, we measured the ppRo minus ppR spectra of these
mutants and analyzed the bands at 1673 (+)/1656 (—) cm™!
as shown in the inset of Figure 4. Open circles in the upper

1

Sudo et al.
~ 0.008
o L
] i g
= L 5
; 2
= 0006 - 2 1
) i 5
£ | SET £ ]
o SETC* O , ‘
C" 0004 I~ . O 1680 1675 1670 1665
"B B < Wavenumber (cm'w)
bisa B -~
F=} L ~
©
@ 0002 *
Q L
g L
Qo L W.T.
T
2 0 T204C* ’
Ko} r wT*
< -
IIIIII 1 lIIIIIII 1 1 IIIIIII
10 100 1000
—
o L
] 8
0.004 |- £
2
rog
l <
3
.-
0.002 |- £
[=)

T T T
1655 1650 1645 1640

Wavenumber (cm’l)

-0.002

Absorbance at 1656 cm™1 (W.T.

-0.004 L2 i1 Ll L el
10 100 1000

Decay half-time of ppRg (ms)

FIGURE 4: Relationship between absorbances at 1673 (upper panel)
and 1656 (lower panel) cm™! in the ppRo minus ppR spectra and
the O-decay half-time (O). The closed circles (@) show the
relationship between the absorbances and the O-decay half-time in
the presence of azide. The O-decay half-times are from ref 37. Solid
and dotted lines are fitting curves. The inset shows the ppRo minus
ppR difference FTIR spectra of the wild type and various O-decay
accelerated mutants in each frequency region (spectra for wild type,
T204C, P183E, SETC, and SET from the bottom to top at 1673
cm™!, and for SETC, SET, T204C, P183E, and wild type from the
bottom to top at 1656 cm™!). One division of the y-axis corresponds
to 0.004 absorbance units.

panel of Figure 4 plot the intensities of the bands at 1673
cm™! versus O-decay half-times in the literature (37). In
the cases of T204C and SETC, we could not directly
determine the O-decay half-time because of the slow decay
of the preceding ppRw (37). Therefore, we predicted the half-
time from the pK, values of Asp75 because the decay half-
times were well correlated with the pK, value of Asp75 as
reported previously (37). In addition, we used O-decay half-
times in the presence of azide (@) (37), which selectively
accelerates M-decay (49). Consequently, the O-decay half-
times are positively correlated with the enhanced intensities
of the bands at 1673 cm™! ((—) and () in Figure 4). Such
a positive correlation shows that the structural changes in
ppRo are crucial for the acceleration in O-decay.
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FIGURE 5: ppRk minus ppR (a), ppRy minus ppR (b), and ppRo
minus ppR (c) difference FTIR spectra of T204C (—) and the wild
type (+++) in the 1800-900 cm™! region. These spectra of T204C
were measured at 77 K and pH 7 (a), 230 K and pH 7 (b), and 260
K and pH 5 (c). One division of the y-axis corresponds to 0.013
absorbance units.

The lower panel of Figure 4 shows similar analysis for
the negative band at 1656 cm™'. It should be noted that this
frequency region contains many vibrational bands such as
the amide I vibration of the oy-helix and the C=N stretching
vibration of the retinal Schiff base. Nevertheless, a similar
positive correlation was obtained.

Infrared Spectral Changes of the SETC Mutant of ppR
upon the Formation of the K, M, and O Intermediates in the
S—H Stretching Frequency Region (2580-2525 cm™'). Fre-
quencies of the cysteine S—H stretches are well isolated from
other vibrations (50). This is advantageous for analyzing their
hydrogen-bonding conditions as has been shown for the LOV
domains of phototropin (51, 52). It is further useful for the
analysis of the engineered BR (50) and SRII (53), where an
alteration in the hydrogen bonding of specific amino acids
was mimicked by introducing a cysteine. Similarly, we can
monitor the S—H stretching vibration in the O-decay
accelerated mutant (SETC) because this mutant has only one
cystein residue (Cys204).

Figure 5 compares the ppRx minus ppR, ppRy minus ppR,
and ppRo minus ppR difference infrared spectra between
T204C (—) and the wild type (***). The 1547 (—)/1537 (+),
1204 (—)/1194 (+), 1239 (—), 1202 (—), 1164 (—), and 1202
(—)/1180 (+) cm™! bands in T204C originate from the retinal
chromophore in Figure 5a, b, and c, which are very similar
to those of the wild type. The protonated carboxyl stretching
vibration bands of Asp75 at 1765 cm™! in both the ppRy
minus ppR and ppRo minus ppR spectra and the amide I
vibration bands were also very similar to those of the wild
type, implying protein structural changes similar to those of
the wild type during the photocycle in the T204C mutant.
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FIGURE 6: ppRk minus ppR (a), ppRm minus ppR (b), and ppRo
minus ppR (c) difference FTIR spectra of T204C (+++) and SETC
(—) in the 2600-2500 cm™! region. One division of the y-axis
corresponds to 0.0007 absorbance units. The ppRy minus ppR and
PPRo minus ppR difference FTIR spectra are increased by a factor
of 2.5 and 2, respectively, for the sake of comparison.

Furthermore, we previously confirmed that the T204C mutant
of ppR mediated normal phototaxis like the wild type (53).
Thus, the T204C mutant retains the structural changes of
the wild type and is useful for the analysis of protein
conformational changes and hydrogen bonding alteration of
the S—H stretching vibration of Cys204 (53).

Figure 6 shows infrared spectral changes of the SETC (—)
and T204C (-++) of ppR upon formation of the K, M, and O
intermediates in the S—H stretching frequency region. The
S—H vibration bands in SETC appeared at 2559 (—)/2550
(+) cm™! for the ppRg minus ppR and 2555 (—)/2564 (+)
cm™! for the ppRy minus ppR spectra. In the ppRg minus
ppR (Figure 6a) and the ppRy minus ppR spectra (Figure
6b), both the dotted and solid lines look similar in this
frequency region, indicating similar structural changes of
Cys204 upon the formation of K and M intermediates. In
contrast, the dotted and solid lines in Figure 6¢ are clearly
different. The O intermediates of T204C and SETC possess
the S—H stretch of Cys204 at 2568 (+++) and 2549 (—) cm™',
respectively. It should be noted that the hydrogen-bonding
conditions of Cys204 are affected by mutations at the
extracellular surface. These characteristic changes of the
S—H group of Cys204 are probably related to the accelera-
tion in O-decay. Interestingly, the upshift of the S—H
stretching vibration of Cys204 is also observed for the
spectrum in the presence of pHtrll (53).

DISCUSSION

In the present study, we studied structural alterations of
the O-decay accelerating mutants of ppR by means of low-
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temperature FTIR spectroscopy. The C=C and C—C stretch-
ing vibrations of the retinal chromophore were similar
between the wild type and SETC for the unphotolyzed, K,
M, and O intermediate states (Figure 2). Light-minus-dark
FTIR spectra were further similar for the K and M states. In
contrast, protein structural alterations in the O state were
highly different between the wild type and SETC. The most
prominent spectral feature of SETC was the absence of the
amide T vibration of the wild type at 1665 (—)/1644 (+) cm™!
and the concomitant appearance of the amide I vibration at
1673 (+)/1656 (=) cm™! (Figure 3c). In various O-decay
accelerating mutants, the absorbances of the bands at 1673
(+)/1656 (=) cm™! were well correlated with the O-decay
half-time (Figure 4). The frequencies are characteristic for
the amide-I vibrations of the oy- and oy-helices. Since the
ay-helix possesses a considerably distorted structure, helix
distortion is probably required for accelerating O-decay in
PPR.

Then, how do such structural changes occur? ppR has a
relatively hydrophobic proton conduction channel at the
extracellular (EC) side compared to that of BR, where
Ser193, Glul94, and Thr205 in BR are replaced by the
hydrophobic residues Pro182, Pro183, and Vall94, respec-
tively (Figure 1) (36). On the basis of knowledge about BR
and the present FTIR and previous flash-photolysis data for
ppR (29, 37), we inferred the following mechanism. A
hydrogen-bonding network on the EC side plays an important
role for O-decay in BR where polar residues must take part
in proton transfer from Asp85 to the proton release group
(PRG). In the case of ppR, a proton pump occurs in the
absence of the transducer protein, but the efficiency is lower
than that in BR (24, 25). Thus, the proton attached to Asp75
is transferred to the EC aqueous phase through a limited
hydrogen-bonding network (proton pump) or to the retinal
Schiff base (no pump) during the O-decay of the wild-type
ppR. In SETC, a newly formed hydrogen-bonding network
must help the proton transfer in the EC region, leading to
the fast decay of O. Helical perturbation is presumably a
prerequisite for such proton conduction. This is supported
by the observation that mutation at PRG leads to a slower
O-decay in BR (33, 34), though the O intermediate of BR
does not possesses a band at 1673 cm™! (54). On the EC
channel, we reported that Arg72 formed a hydrogen bond
with Aspl93 (55), which is a putative proton-releasing
residue (56). The O-decay process is probably regulated by
such a hydrogen-bonding network.

Another noteworthy issue is the 2561 (—) cm™! band in
the ppRo minus ppR spectra of SETC and T204C, which is
upshifted to 2568 cm™! for T204C but downshifted to 2549
(+) cm™! for SETC. The FTIR spectra were almost identical
between the wild type and T204C (Figure 5). Therefore, the
replacement of Pro182, Prol83, and Vall84 is responsible
for the downshift of the S—H stretch in SETC. This clearly
shows the existence of a long-range interaction between the
EC surface and the Schiff base, which is important for the
acceleration of O-decay. The frequencies at 2568 and 2549
cm™! correspond to weak and moderate hydrogen bonding,
respectively. The X-ray crystallographic structure and previ-
ous reports suggest the existence of a hydrogen bond between
Thr204 and Tyr174 (Figure 1) (13-15, 43), which is crucial
for phototaxis function (53). Thus, our measurements of
the S—H stretching frequency region probably monitored the
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hydrogen bond between Cys204 and Tyr174. If this is the
case, the hydrogen bond between Cys204 and Tyrl74
becomes weak upon the formation of the O intermediate in
T204C (slow O-decay), whereas it becomes strong in SETC
(fast O-decay). These structural changes may be a key factor
to keep slow O-decay in ppR and fast O-decay in pumping
rhodopsins, BR and hR. It is believed that the long-lived M
and O intermediates are important for signal transduction to
cognate transducer protein, pHtrll, because these intermedi-
ates occur in the signaling state (27), whereas the life-times
of the M and O intermediates of BR and O intermediate of
hR, which are ion-pumping proteins, are much shorter than
photosensors, sR and ppR (19), because they are indispen-
sable to efficient pumps. Does the acceleration of O-decay
influence signal transduction and pumping activity? This is
our next focus.

In conclusion, we found characteristic bands at 1673 (+)/
1656 (—) cm™! in the O-decay accelerated mutants. The
absorbance of the bands was well correlated with the O-decay
half-time. This suggests that helical distortion is important
for the acceleration in O-decay. In addition, we demonstrated
that characteristic changes in the S—H stretching vibration
of Cys204 was observed in SETC, suggesting that structural
perturbation near the Schiff base was caused by an accelera-
tion in O-decay on the extracellular surface. Thus, FTIR
analysis of the O-accelerated mutants provided us with
information about the mechanism of the slow O-decay in
ppR. The effect on phototaxis and proton pumping of ppR
is an important question that should be examined because
the O intermediate is one of the active intermediates for
signal transduction and one of the important intermediates
for ion pumping.
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