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ABSTRACT

Pharanois phoborhodopsin  (ppR) from Natronomonas pharaonis is a
transmembrane photoreceptor protein involved in negative phototaxis. Structural
changes in ppR triggered by photoisomerization of the retinal chromophore are
transmitted to its cognate transducer protein (pHtrll) through a cyclic photo-reaction
pathway involving several photointermediate. This pathway is called the photo-cycle. It
is important to understand the detailed configurational changes of retinal during the
photo-cycle. We previously observed one of the photointermediates (M-intermediates)
by in-situ photo-irradiation solid-state NMR experiments (Y. Tomonaga et al., Biophys.
J., 2011, 101, L50-L52). In this study, we further observed the *C CP MAS NMR
signals of late photointermediates such as O- and N’-intermediates by illuminating with
green light (520 nm). Under blue light (365 nm) irradiation of the M-intermediates, *C
CP MAS NMR signals of 14- and 20-**C-labeled retinal in the O-intermediate appeared
at 115.4 and 16.4 ppm and were assigned to the 13-trans, 15-syn configuration. The
signals due to the N’-intermediate appeared at 115.4 and 23.9 ppm and were assigned to
the 13-cis configuration, and were in an equilibrium state with the O-intermediate
during thermal decay of the M-intermediates at -60 °C. Thus, photo-irradiation NMR
studies revealed the photoreaction pathways from the M- to O-intermediates and the
equilibrium state between the N’- and O-intermediate. Further, we evaluated the
detailed retinal configurations in the O- and N’-intermediates by performing a density
functional theory (DFT) chemical shift calculation. The results showed that the
N’-intermediate has a 63° twisted retinal state due to the 13-cis configuration. The
retinal configurations of the O- and N’-intermediates were determined to be 13-trans,

15-syn and 13-cis, respectively, based on the chemical shift values of [20-*C] and



[14-'3C] retinal obtained by photo-irradiation solid-state NMR and DFT calculation.

INTRODUCTION

Pharaonis phoborhodopsin (ppR), also called sensory rhodopsin Il (SRII),
IS a membrane protein isolated from the halophilic and alkaliphilic archaeal
Natronomonas pharaonis, which consists of seven-transmembrane a-helices with a
vitamin-A aldehyde retinal as a chromophore (1). All-trans retinal is predominantly
incorporated into the apoprotein of ppR. ppR functions as a photo receptor protein by
forming a 2:2 complex with the cognate two-helix transducer protein pHtrll to transmit
the photo-signal into the cytoplasm (2-5). The ppR/pHtrll complex is involved in
negative phototaxis through a cyclic photo-reaction pathway called the photo-cycle.
ppR has an absorbance maximum at 498 nm in the ground (G) state under dark
conditions as the initial state. Light absorption transforms ppR from the ground state
(ppRg) to a K(540 nm)-intermediate with an absorbance maximum of 540 nm. This
transformation is initiated by trans/cis photoisomerization of the retinal. The
photo-cycle is followed by several intermediates, such as L(498 nm)-, M(390 nm)-, and
O(560 nm)-, undergoing thermal relaxation processes. Finally, the O-intermediate
thermally returns to the ppRg state (6).

The K-intermediate has a half-life of approximately 1 pys and its retinal is in the
13-cis, 15-anti configuration. Transformation of the K-intermediate provides the
L-intermediate, which has a half-life of approximately 30 pus and a 13-cis, 15-anti
retinal configuration. Subsequently, a proton is removed from the Schiff base (SB) of
the L-intermediate, resulting in transformation to the M-intermediate, which has a long

half-life of approximately 1.7 s. The M-intermediate has a 13-cis, 15-anti retinal



configuration with a deprotonated SB (DPSB). Upon reprotonation, the M-intermediate
transforms into the O-intermediate with a protonated SB (PSB), which has a half-life of
approximately 770 ms and a 13-trans, 13-syn retinal configuration (4-7). The M- and
O-intermediates have long half-lives as compared with the K- and L-intermediates and
thus they are known as late-active intermediates.

Important signal transduction processes such as changes in protein structure are
induced at the late step in the photo-cycle. These changes likely include the formation
of two specific hydrogen bonds, one between Tyrl99"® and Asn74”™™ and one
between Thr189°"R and Glu43"™"/Ser62P™""! as observed in the crystal structure of the
ppR/pHtril complex in the dark state (8), and K and M states (9, 10). Thr204 is another
important residue in ppR, and plays a role in color tuning and in the photo-cycle
kinetics of ppR (11). Further observations have shown that Thr204 is indispensable for
the negative phototaxis function of the complex (12). There is steric hindrance in the
K-intermediate between the Ci4-H of retinal and Thr204 (13). At the same time, a
specific hydrogen bond alteration occurs between Thr204 and Tyrl74 in a
pHtrll-dependent manner (12). Helix movement in ppR and outward tilting of helix F
during the photo-cycle have been suggested by various groups (14-16) and are believed
to be essential steps for the activation of pHtrll. However, no helix tilting was observed
in the crystal structure of the M-intermediate of the ppR/pHtrll complex (9). Following
tilting of the F-helix in ppR, TM2 in pHtrll rotates, transferring the signal to the
phosphorylation cascade to initiate rotation of the bacterial flagellar motor, resulting in
negative phototaxis.

The photo-cycle as described above depends on the photo-isomerization of

retinal. The retinal chromophore in ppR forms a covalent bond with a perfectly



conserved Lys residue (Lys205) bonded to a Schiff base. Animal rhodopsin (type II
rhodopsin) photobleaches, whereas microbial rhodopsin (type | rhodopsin) retains the
retinal through the photo-cycle. Therefore, continuous irradiation of ppR with green
light results in repeated photo-cycles without photo-bleaching and the
photo-intermediates can be trapped in a stationary state using type | rhodopsins such as
ppR (1, 5, 17).

Photo-irradiation solid-state NMR spectroscopy has been used to reveal the
photo-activated intermediates of retinal membrane proteins. For example,
photo-activated intermediates have been characterized by *C NMR studies of [**C]
retinal and >N NMR studies of [¢-°N]Lys of bacteriorhodopsin (bR) (18-21). The
light-adapted state and the M- and N-intermediates of bR have been investigated using
photo-irradiation solid-state NMR spectroscopy (19, 20). The early M-intermediate, Mo,
and late M-intermediate, M,, in the bR photo-cycle have been characterized by in-situ
photo-irradiation solid-state NMR spectrometry (22-24). The combination of NMR
spectroscopy with a dynamic nuclear polarization (DNP) method revealed the
heterogeneity of dark-adapted bR and distortion in the K-intermediate, and four discrete
L-intermediates were detected (25, 26). In addition to bR, the photoactive site of
channelrhodopsin-2 was revealed (27). Thus, we have developed an in-situ
photo-irradiation solid-state NMR apparatus that allows irradiation of the sample with
extremely high efficiency and enables observation of the photo-intermediates and
photoreaction processes of photoreceptor membrane proteins (28-35).

We previously trapped several photo-intermediates in the photo-stationary state
using in-situ photo-irradiation solid-state NMR and observed the M-intermediates of

ppR under green light irradiation (29). Continuous irradiation of ppR with green light



(520 nm) resulted in the accumulation of late-active intermediates such as multiple
M-intermediates (M1, M2 and M3) because of their long life times as compared with
the early photo—intermediates such as the K- and L-intermediates. Generally, the
half-lives of the late intermediates of sensory-type rhodopsin are much longer than that
of ion pump-type rhodopsins such as bR (5). It is reasonable that the longer half-lives
time of the photo-intermediates in sensory rhodopsins are accompanied by dynamic
conformational changes to allow signal transmission to the transducer protein and signal
amplification during the photo-cycle, while the fast photocycle is advantageous for
transporting ions during the photocycle of ion pump-type rhodopsins.

In this study, we focus on observing the late photo-intermediates after the M-
intermediates by performing in-situ photo-irradiation solid-sate NMR measurements
using two LED light sources, one each at 520 nm (green light) and 365 nm (blue light).
We previously showed that the *C NMR signal from [20-*C] retinal responds
sensitively to changes in the 13C=14C configuration in retinal. Similarly, the *C NMR
signal from [14-"3C] retinal should be sensitive to changes in the 15C=N{ configuration
in retinal. Here, we specifically detected the **C NMR signal from [14, 20-*C] labeled
retinal in ppR. Based on the chemical shift values for [20-*C] and [14-*C] retinal in
the late-active intermediates, and the results of density functional theory (DFT)

calculations, we discuss the detailed configurations of these intermediates.

MATERIALS AND METHODS
Sample preparation
[14, 20-*C]-Labeled-retinal-ppR with a His-tag (6xHis) at the C-terminal was

over-expressed in Escherichia coli BL21(DE3) strain in LB medium by induction with



1 mM isopropyl-1-thio-B-D-galactoside (IPTG) and 10 pM [14, 20-
13C]-labeled-all-trans-retinal. Protein expression was performed at 25°C for 15 hrs. To
purify the sample, the cells were lysed by ultra-sonication, then the proteins were
solubilized using n-dodecyl-p-D-maltoside (DDM) and purified with Ni-NTA column
(QIAGEN, Hilden, Germany) as previously described (29, 36, 37). pHtrlI(1-159) was
also prepared by the same method as described previously (29). After purification, ppR
was mixed with pHtrll at a 1:1 molar ratio by electrophoresis and by monitoring UV-vis
absorption and thermal stability (38) of the ppR/pHtrll complex. The complex was
reconstituted into membrane, using DDM micelles incorporating a lipid film of
L-a-egg-phosphatidylcholine (egg-PC) (ppR:egg-PC molar ratio of 1:30), then DDM
was removed by using Bio-Beads (Bio-RAD, Hercules, CA). The reconstituted samples
were suspended in 5 mM 2-[4-(2-hydroxyethyl-1-piperazinyl) ethanesulfonic acid
(HEPES), 10 mM NaCl buffer solution (pH 7) to provide ppR and ppR/pHtrll complex

embedded in egg-PC lipid bilayers.

Solid-state NMR experiments

The fully hydrated sample was concentrated by centrifugation so that the molar
ratio of water : lipid : protein was reached to 8350 : 30 : 1 with the hydrated ratio of
300 %. Consequently, 66 mg of hydrated sample with 9 mg of protein was packed into a
5.0 mm outer diameter (0.d.) zirconia pencil-type rotor with a tightly sealed glass cap.
Solid-state NMR experiments were performed on a CMX-400 Infinity (Chemagnetics,
Fort Collins, CO) solid state NMR spectrometer equipped with an in-situ
photo-irradiation NMR system using resonance frequencies of 400 and 100 MHz for *H

and °C nuclei, respectively. *C cross-polarization magic-angle spinning (CP-MAS)



experiments (39) were performed using the following conditions: **C 90° pulse of 5.4
us, *H decoupling amplitude of 50 kHz, temperatures of -40 and -60 °C and a MAS
frequency of 4.0 kHz. TPPM proton high power decoupling (40) was employed during
each acquisition. Typically, 40000 transients were accumulated for about 44 hrs. to
obtain each 1D CP MAS NMR spectrum. *3C chemical shifts were referenced to the

carbonyl resonance of glycine powder at 176.03 ppm (tetramethylsilane (TMS) at 0.0

ppm).

In-situ photo-irradiation solid-state NMR measurements

In-situ continuous photo-irradiation was carried out using an optical fiber
passed from outside the magnet through a tightly sealed glass cap made from a glass rod
glued to a zirconia rotor (29, 30, 33). The glass rod was grained so as to provide
illumination perpendicular to the rotor wall. The fluid membrane proteins were attached
to the side wall of the rotor as a thin film and then light was directed perpendicular to
the rotor wall from inside the spinner. If the irradiation is not perpendicular to the rotor
wall, the light is completely reflected off the surface of the film sample and does not
penetrate into the sample. Use of CMX-400 Infinity NMR spectrometer equipped with
this photo-irradiation system allowed us to efficiently irradiate samples in the rotor with

green (520 nm) and blue (365 nm) LED light sources.

Stationary trapping of photo-intermediates using in-situ photo-irradiation
solid-state NMR
In-situ photo-irradiation is particularly useful for studying the photo-cycle of

several retinal binding membrane proteins. The half-life of the M-intermediate in ppR is



approximately 1.7 s, which is much longer than that of the other intermediates, as
shown in Fig. 1(A). Thus, continuous irradiation of a sample with green light (520 nm)
(Green) traps the M-intermediates in a stationary fashion as schematically shown in Fig.
1B(b), making it possible to detect relatively short-lived intermediates in the stationary
state when their half-life differs from those of other intermediates. After green light is
turned off (Dark 2), the M-intermediates relax to the G-state (Figure 1B(c)). Difference
spectrum between Green and Darkl which is observed in the dark condition (Fig.
1B(a)) (Green — Dark1: Fig. 1B(d)) indicates the photo reaction pathway from Dark1 to
Green and shows that the G-state is transformed to the M-intermediate. Namely, a
negative peak shows the reactant and the positive peak shows the product. Similarly,
thermal relaxation process from Green to Dark2 is shown in the difference spectrum
subtracting Green from Dark2 (Dark2 — Green; Fig. 1B(e)) which indicates that the
M-intermediate is transformed to the G-state.

The trapping efficiency can be increased by decreasing the temperature because
the photoreaction is a thermal process except for the photoillumination process (G — K),
and therefore lowering the temperature extends the half-life of the M-intermediates. The
M-intermediates can be eliminated by illuminating with 365 nm LED light since the
M-intermediates have a maximum absorbance frequency of 390 nm, which is different
from the absorbance frequencies of the other intermediates. The M-intermediates can
therefore be selectively eliminated by directly irradiating with 365 nm blue light,
allowing detection of the activation of consecutive photoreaction processes, such as the
double-photon process, by illuminating with multiple wavelengths. It is thus possible to

select a particular intermediate by adjusting either temperature or wavelength.



Figure 1.

Computing method to evaluate **C chemical shift values of retinal

BC chemical shifts of backbone Co, C=0 and sidechain CB signals are
significantly displaced for a variety of amino acid residues in polypeptides and proteins,
depending on their local conformation such as a-helix, p-sheet or random coil (41). **C
chemical shifts of [20-'*C] retinal are correlated with 13-cis/trans of 13C=14C
configuration and [14-3C] retinal are correlated with 15-syn/anti of
15C=NC( configuration as experimentally obtained from various retinal proteins and
summarized in Table S1. Here, we calculate the **C chemical shift values of retinal
carbons to elucidate the relation between the **C chemical shift values and retinal
configuration.

The *3C chemical shift calculations were performed using the GIAO method (42—
46) in the Gaussian09 (47) program with the B3LYP/6-311+g** theory/basis set
combination. The calculated chemical shifts were converted to ppm relative to TMS. A
schematic structure of retinal, used in the chemical shift calculation, is shown in Fig. 2.
Retinal binds to the protein through the side chain of Lys 205, as shown in Fig. 2. The
Schiff base was considered to be protonated in the calculation. The initial structure of
the retinal was in the all-trans configuration of the crystal structure (pdb 1D:1JGJ) (48),
which corresponds to the G state configuration. We investigated the configurations of
the O- and N’-intermediates by evaluating the dependence of the *C NMR chemical
shift on the configuration of retinal according to the rotation of the dihedral angles of
12C-13C=14C-15C, 14C-15C=NC(-Cg, and 15C=N(-Ce-Cd, abbreviated ®, ¥, and X,

respectively (Fig. 2). The geometries of the heavy atoms of retinal were fixed in each
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dihedral angle and only the hydrogen atoms were optimized with the same theory/basis
set conditions before calculation of the chemical shift values. The basis set dependence
of the calculation of chemical shift was examined for G-state of retinal using several
basis sets. The results were shown in Table S2. It showed that the calculated values are
almost the same as those in these large basis sets. In this work, the largest basis set of

6-311+G** in the table was used in all the calculation.

Figure 2

RESULTS AND DISCUSSION
Photoreaction pathways under green light irradiation of the ppR/pHtrll complex
In-situ photo-irradiation solid-state **C CP-MAS measurements were performed
on the [20-*C]-labeled-retinal-ppR/pHtrll complex at -40 °C. We obtained the
photoreaction pathways under illumination with green light by first observing the *C
CP-MAS NMR spectrum of the ppR/pHtrll complex in the dark condition (Darkl) at
-40 °C (Fig. 3A(a) and Figure S1A(a) for full spectrum) and then the *C CP-MAS
spectrum under illumination with 520 nm green light (Fig. 3A(b) and Fig. S1A(b) for
full spectrum) to observe the intermediates in stationary state.

The [20-3C] retinal signals shown in Fig. 3A(a) and A(b) heavily overlapped
with the lipid signals. The difference spectrum (Green — Dark1) was therefore obtained
as shown in Fig. 3A(d), and Fig. S1A(d) for full spectrum to analyze the photoreaction
pathways induced by photo-irradiation. The difference spectrum between the light and
dark states indicated that the negative peaks correspond to the reactant state and the

positive peaks correspond to the product state. Thus, the *C CP-MAS NMR signal of
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the G-state at 13.5 ppm decreased and those of the M-intermediates at 22.1 ppm and
22.9 ppm (M1 and M2), the N’-intermediate at 23.9 ppm and the O-intermediate at 16.1
ppm, all increased. We discuss the assignment of the N’- and O-intermediates in a later
section. The *C CP-MAS NMR signals of the [20-'*C] retinal-ppR/pHtrll complex
show the process of transforming from the G-state (13.5 ppm) to a number of
photo-intermediates. We previously reported that the G-state was transformed to three
kinds of M-intermediates (M1, M2, M3) upon illumination with green light at -20 °C
(29). In the present experiment, at -40° C, we observed photo-intermediates in the 13-cis
form (22.9, 22.1, and 23.8 ppm) which were assigned to M1, M2, and N’-intermediate,
respectively. The signal at 23.8 ppm was previously assigned to M3-intermediate. The
photo-intermediate in the 13-trans form (16.1 ppm) was assigned to the O-intermediate.
In summary, the 13-trans form product peak at 16.1 ppm can be assigned to the
O-intermediate and the 13-cis form can be assigned to the M-intermediates (22.1, 22.9
ppm) and the N’-intermediate (23.9 ppm), as discussed below. The chemical shift values

are summarized in Table 1.

Figure 3

Table 1

Relaxation process from the green light irradiation state (Green) to the short dark
state (Dark?2)
The green light irradiation state was relaxed to the dark state by the process of

thermal relaxation. Fig. 3A(c) and Fig. S1IA(c) for full spectrum shows the **C CP-MAS
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NMR spectrum of ppR/pHtrll complex obtained one day after terminating green light
irradiation. The difference spectrum shown in Fig. 3B(e) and Fig. S1A(e) for full
spectrum was obtained by subtracting the initial dark state (Darkl) from the second
short dark state (Dark2). The peak at 23.9 ppm remained unchanged while the peaks at
22.1 and 22.9 ppm decreased in intensity. The difference spectrum shown in Fig. 3B(f)
and Fig. S1A(f) for full spectrum was obtained by subtracting the green light
illumination state (green) from the second short dark state (Dark2). The peaks at 22.1,
22.9 and 16.1 ppm decreased and the G-state increased in intensity. These results
indicate that the peak at 23.9 ppm is not due to the M-intermediates but rather to the
N’-intermediate, and therefore the half-lives of the M-intermediates at 22.1 and 22.9
ppm and of the O-intermediate at 16.1 ppm are much shorter than that of the
N’-intermediate at 23.9 ppm. Therefore, we conclude that the M- and O-intermediates
relaxed to the G-state, and the N’-intermediate relaxed more slowly than the M- and

O-intermediates.

Photoreaction pathway from the M-intermediates to the O-intermediate

A N-like intermediate with an absorbance maximum at 500 nm was previously
observed in pharaonis phobohodopsin in the 13-cis form in a transient absorption study
(49) that used azide to accelerate the decay of the M-intermediates (50). To confirm the
existence of this N-like-intermediate, the sample in the present study was irradiated with
near-UV (blue) light at 365 nm to eliminate the M-intermediates (51), which have a
maximum absorbance of 390 nm, after the accumulation of photo-intermediates by
irradiation with 520 nm light.

Irradiation of the ppR/pHtrll complex with 520 nm green light at -40 °C

13



converted the G-state to the O-, M- and N’-intermediates (Fig. 3B(d) and Fig. 4A(a)).
We found that the signal at 23.9 ppm did not decay upon irradiation with 365 nm light
(Fig. 4A(b)). As described above, M-intermediates have an absorbance maximum at 390
nm due to the deprotonated Schiff base. Therefore, M-intermediates immediately decay
upon illumination with 365 nm blue light (51) and thus the remaining signal
corresponding to the 13-cis form is assigned to the N’-intermediate (23.9 ppm).

After the M-intermediates of the ppR/pHtrll complex were trapped at -40 °C in a
stationary manner by illumination with green light (Fig. 4A(a)), irradiation with LED
light at 520 nm was switched to 365 nm (Fig. 4A(b)). During this process, the
intensities of the M-intermediates decayed while the intensities of the O-intermediate
and the G-state increased (Fig. 4A(c)), whereas the N’-intermediate did not decay over
the same period (Fig. 4A(b)). Furthermore, it is noted that the M-intermediates were
transformed to the O-intermediate following irradiation with 365 nm blue light (Fig.
4A(c)). The M-intermediates are reportedly transformed back to the G-state by
irradiation with blue light (365 nm) (51), since the M-intermediates have a maximum
absorption of 390 nm. However, it was found in this experiment that the
M-intermediates are transformed to the O-intermediate upon irradiation with 365 nm
blue light (Fig. 4A(c)). As described above, spectroscopic evidence for the formation of
an N’-intermediate was recently obtained in a transient absorption study (50), which
reported that decay of the M-intermediates does not directly produce the
N’-intermediate but rather produces an O-intermediate that is in equilibrium with the
N’-intermediate. Based on previously reported finding and the results of the present
in-situ photo-irradiation solid-state NMR experiments, we summarize the photoreaction

cycle of the ppR/pHtrll complex as follows (Fig. 5). The M-intermediates are converted
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to the O-intermediate under irradiation with 365 nm blue light through a double-photon
process, and the O-intermediate is then converted to the N’-intermediate until an
equilibrium state is achieved in which the intensity of the N’-intermediate is higher than
that of the O-intermediate (Fig. 4A(b)).

It has been reported that M-intermediate is converted to ppR’-intermediate at low
temperature of -160 °C under near UV-light irradiation and then back to ppR-state (52).
This kind of ppR’-intermediate was not possibly accumulated at -40 and -60 °C in the
present experiment. Moreover, it is not ruled out the possibility that *C NMR signals of
ppR’-intermediate are completely overlapped with those of ppR and thus

ppR’-intermediate is not identified in this experiment

Double-photon process from the G-state to the O-intermediate

We identified the transformation process from the G-state to the O-intermediate
by observing the difference in the 3C CP-MAS spectrum upon the blue light (365 nm)
irradiation of the G-state. The **C CP-MAS NMR spectral measurement of the [20-'3C]
retinal-ppR/pHtrIl complex was first performed under initial dark conditions (Dark1) at
-40 °C. Upon switching directly from the initial dark condition (Dark1) to 365 nm blue
light illumination, the M-intermediates were converted to the O-intermediate through a
double-photon process (Fig. 4B(d)). Consequently, the O-intermediate was converted to
the N’-intermediate until an equilibrium state (Fig. 4B(e)). This pathway was clearly
observed in the difference spectrum generated by subtracting the blue light (365 nm)

illumination state from the Dark2 state (Fig. 4B(f)).

Figure 4
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Figure 5

Photo-reaction pathways of ppR from the G-state to the M-intermediates at -40°C

We obtained the *C CP-MAS NMR signals of [20-*C] retinal-ppR without pHtrl|
reconstituted in egg-PC under the initial dark conditions (Fig. 6A(a)) followed by green
light illumination with a 520 nm LED (Fig. 6A(b)). The difference spectrum (Fig.
6A(c)) between the M-intermediates and the G-state (Fig. 6A(a) - A(b)) indicated the
transformation process from the G-state to the M-intermediate.

The *C CP-MAS NMR spectra of [20-*C] retinal-ppR under the green light
illumination with a 520 nm LED (Fig. 6B(d)) and in the subsequent dark condition
(Dark2) (Fig. 6B(e)), and the difference spectrum (Fig. 6B(f)) between the dark2
condition and the green light condition (Fig. 6B(e) - B(d)), indicated that the
M-intermediate transformed to the G-state via a thermal relaxation decay process at
-40 °C in ppR alone.

The 3C NMR spectra of [14-3C] retinal-ppR (Fig. 6C and D) and the difference
spectrum also indicated the process G-state — M-intermediate — G-state, as for
[20-3C] retinal-ppR. In addition, the chemical shift values of [14-*3C] retinal-ppR were

121.7 ppm (G-state) and 126.8 ppm (M-intermediate) at -40 °C (Table 1).

Figure 6

Photoreaction pathways from the M-intermediate to the O-intermediate in ppR

The M-, N’- and O-intermediates were observed under continuous green light (520
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nm) illumination at -40 °C using ppR/pHtrll complex. In contrast to the case of
ppR/pHtril, in the ppR alone, the N’- and O-intermediates could not be trapped at
-40 °C, indicating shorter half-lives than those of ppR/pHtrll complex. As expected,
these intermediates were successfully trapped at -60 °C (Fig. 7A(a)).

In-situ photo-irradiation solid-state *C CP-MAS measurements were performed
on [20-'*C] retinal-ppR alone at -60 °C. Under illumination with green light, the
difference *C CP-MAS NMR spectrum of [20-*C] retinal-ppR (green light
illumination (Green) — initial dark condition (Darkl)) indicated the transformation
process from the G-sate (13.6 ppm) to the O-, M- and N’-intermediates (16.4, 22.3 and
23.9 ppm) (Fig. 7A (a)). After stationary trapping of these photo-intermediates, the light
source was switched from 520 nm to 360 nm. The result indicated that the signal of the
M-intermediates (22.6 ppm) decreased and the signal of the O-intermediate (16.4 ppm)
increased (Fig. 7A(b)). The absorbance maximum of the M-intermediate was 395 nm
and thus this result indicated that the M-intermediates were transformed to the

O-intermediate by irradiation with 365 nm blue light (Fig. 7A(c)).

Figure 7

Relaxation process from the O-intermediate to the N’-intermediate.

We obtained the relaxation process from the O-intermediate to the N’-intermediate,
from the difference spectra shown in Fig. 7B. The difference *C CP-MAS NMR
spectrum of [20-"3C] retinal-ppR between the blue (365 nm) state (Blue) and initial dark
conditions (Darkl) indicated that the product photo-intermediates were the O- and

N’-intermediates in the blue light (365 nm) illumination state. By turning off the
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irradiation, the O-intermediate was converted to the N’-intermediate, as with the
ppR/pHtrll complex (Fig. 7B(e)). This pathway was clearly observed in the difference
spectrum generated by subtracting the blue light (365 nm) illumination state from the

Dark?2 state (Fig. 7B(f)).

Chemical shift values of [14-**C] retinal for the intermediates in ppR

We revealed the configurations of the O- and N’-intermediate by measuring the
B3C CP-MAS NMR spectra of [14-'*C] retinal-ppR. The chemical shift values of
[14-'3C] retinal contain important information regarding the 15-syn/anti configuration
(20, 33). The spectra shown in Fig. 8 show the region from 100.0 ppm to 150.0 ppm for
the same experiments as shown in Fig. 7 and indicate the chemical shifts of [14-*C]
retinal-ppR. At -60 °C, in-situ photo-irradiation solid-state **C CP-MAS spectra were
observed for [14-'*C] retinal-ppR and the signal at 127.1 ppm was assigned to [14-*C]
retinal in the M-intermediates resulting from a transformation process from the G-sate
to the M-intermediates under green light (520 nm) illumination (Fig. 8A(a)).
Subsequent blue light (365 nm) illumination resulted in an intense signal from the
O-intermediate, as with the signal of [20-'*C] retinal-ppR shown in Fig. 7. Therefore,
the main positive peak in the difference spectrum (Fig. 8A(b)) was assigned to the
O-intermediate and the chemical shift value of [14-*C] retinal was 115.4 ppm. As
discussed above, the M-intermediates transforms to the O-intermediate upon blue light
(365 nm) illumination and thus the chemical shift value at 115.4 ppm was indeed due to
the O-intermediate (Fig. 8A(c)). The spectrum shown in Fig. 8B(d) also indicated that
the 115.4 ppm signal is assignable to the O-intermediate due to the double photon

process from the G-state to the O-intermediate upon blue light (365 nm) illumination.
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The difference spectrum shown in Fig. 8B(e) clearly indicated that the 115.4 ppm
signal also belonged to the N’-intermediate because the N’-intermediate showed a very
long half-life and the signal intensity remained unchanged at -60 °C as shown in Fig.
7(b, ). In addition, the thermal relaxation pathway of the O-intermediate was observed

as a decrease in the signal at 115.4 ppm (Fig. 8B(f)).

Figure 8

Conformation of retinal in the late photo-intermediates

We have assigned the *C NMR chemical shift values for the late
photo-intermediates M-, O- and N’-intermediates (Table 1). The configuration of the
M-intermediates was clearly shown to be 13-cis,15-anti by comparing the present result
with previous studies of Salinibacter sensory rhodopsin | (SrSRI), bR and its mutant
Y185F-bR (20, 30, 33) (Table S1). Furthermore, the deprotonated Schiff base state in
the M-intermediates was obtained as a result of the fast transformation process initiated
by blue light (365 nm) illumination. This comparison and our previous studies in ppR
and SrSRI (31, 30) allow the 13C=14C configuration of retinal in the O- and
N’-intermediates to be assigned to the 13-trans and 13-cis forms, respectively. The
15C=N( configuration is more challenging because the value of 115.4 ppm is the
boundary region between the 15-syn and 15-anti forms. For example, in the study of
Y185F-bR, the CS* intermediate has been assigned to the 15-syn form and the chemical
shift value of [14-3C] retinal was 115.3 ppm (33). On the other hand, the
N-intermediate of wt-bR has been assigned to the 15-anti form and the chemical shift

value of [14-13C] retinal was 115.2 ppm (53) (Table S1). The following is a detailed
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discussion of the configurations of the O- and N’-intermediates as elucidated by DFT

calculation.

Determination of the dihedral angles @ for the O- and N’-intermediates
We elucidated the configuration of the O- and N’-intermediates by investigating
the relationship between the **C NMR chemical shift values and configuration by using
DFT calculation. The crystal structure (pdb 1D:1JGJ) (48) corresponding to the G state
was used as a starting configuration, and has the dihedral angles ®=-177°,
¥ =-175°and X =-66°. The chemical shift values of 20-°C and 14-"°C for this
configuration were calculated to be 17.5 and 128.1 ppm, respectively, and these values
are shown in Table 2. Touw et al. (54) previously calculated the chemical shift at 20-*C
for all-trans-retinal to be 18.0 ppm (54), which is very similar to the value obtained in
this work. However, these calculated values show some discrepancy with the
experimental values, of 13.6 and 121.6 ppm, with the calculated chemical shift values
being 3.9 and 6.5 ppm larger than the experimental 20-*C and 14-3C values,
respectively. Touw et al. (54) also showed a similar discrepancy. Therefore, in the
following discussion, the calculated values will be discussed with corrected values by
adding 3.9 and 6.5 ppm to the experimental values for 20-'*C and 14-3C in retinal,
respectively.
The dependence of the chemical shift value of 20-*C in retinal on the dihedral
angles @ and YW were investigated and the results are shown in Fig. 9(A) and (B),
respectively. The chemical shift at 20-*3C in retinal drastically changes according to the
rotation of dihedral angle @ but it is almost independent of the change in the dihedral

angle . These results indicate that the value of 20-*C can be used to determine the
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configuration with dihedral angle ®. The experimental chemical shift values of 20-**C
for the O- and N’-intermediates were 16.4 and 23.9 ppm and thus the corrected values
of these conformations should be 20.3 and 27.8 ppm, respectively. The positions of
these values are shown in Fig. 9(A). The corresponding dihedral angle @ for the
O-intermediate configuration was estimated as -150° and for the N’-intermediate it was

estimated as -63°, as shown in Table 2.

Figure 9

Table 2

Determination of the dihedral angle ¥ for the O-intermediate

The dihedral angle @ in the O-intermediate was estimated to be -150° and thus
the dihedral angle W was investigated for this intermediate next. The dependence of the
chemical shift value of 14-*C in retinal on the dihedral angle W was evaluated by
setting @ at -150° and X at -66°. The results are shown in Fig. 10 (dashed line) and
indicate that the chemical shift value for the 15-syn form was larger than that of the
15-anti form. However, previous experiments showed the opposite. For example, the
values of 14-3C for 15-anti and 15-syn were 122.0 ppm and 110.5 ppm for bR as shown
in Table S1 and thus the calculated chemical shift of the syn-state should be up-field
compared to that of the anti-state.

We resolved this discrepancy by conducting calculations using the trans
configuration for dihedral angle X (X = -180°) because in this configuration we would

expected a y-effect between the 14-*3C proton and the ¢ proton (55). The results are also
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shown in Fig. 10 and indicate that the chemical shift value of 14-*C in the syn
conformation (¥ = 0°) changed by -4.0 ppm from anti (¥ = -180°) configuration (Fig.
10, (dashed line)). This change in chemical shift allowed estimation of the configuration
of the O-intermediate. The experimental chemical shift value of 14-*C of the
O-intermediate was 115.4 ppm, as summarized in Table 1, and thus the offset value of
this configurations should be 121.9 ppm, corresponding to a dihedral angle ¥ of 0°. The
configuration of the O-intermediate can thus be determined to have the dihedral angles
@ and W of -150° and 0°, respectively, as listed in Table 2. These results indicated that
the configuration of the O-intermediate was, in general, in the 13-trans and 15-syn

form.

Figure 10

Determination of the dihedral angle ¥ for the N’-intermediate

The dihedral angle of W was estimated in a manner similar to that discussed
above. The conformation of the N’-intermediate was calculated using the dependence of
the chemical shift value of 14-*3C in retinal on the dihedral angle ¥ and the results are
shown in Fig. 11. The dihedral angle @ in the N’-intermediate was set at -63° as
estimated in Fig. 9(A). Two sets of values were used in the calculations for the dihedral
angle X: the crystal value of -66° and the trans form value of -180°, and both the results
are shown in Fig. 11. The curves of the chemical shifts allowed estimation of the
conformation of the N’-intermediate. The chemical shift value of 14-*C of the N’-
intermediate was 115.4 ppm, as summarized in Table 1, and thus the offset value of this

conformation should be 121.9 ppm. However, three points correspond to the dihedral
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angle W in Fig. 11: the dihedral angles ¥ and X are (¥ = -175° and X = -66°), (¥ =
-175° and X = -180°), and (¥ = -17° and X = -180°). Although the dihedral angle ® in
the N’-intermediate was determined as -63°, the remaining dihedral angles ¥ and X

could be any of these three possibilities.

Figure 11

CONCLUSION

It is demonstrated that in-situ photo-irradiation solid-state NMR spectroscopy
allows us to stationary observe photo-intermediates and photo reaction pathways of
photo receptor membrane protein such as ppR/pHtrll complex system to gain insight
into the signal transduction mechanism.

We observed the M-, O- and N’-intermediates from ppR and ppR/pHtrll complex
reconstituted in egg-PC membrane by irradiation with green light using in-situ
photo-irradiation solid-state NMR. Changes in the *C CP-MAS NMR signals resulting
from switching the wavelength of light used for continuous irradiation from green light
(520 nm) to blue light (365 nm) revealed the pathways of the late photo-active
intermediates from the M-intermediates to the O-intermediate. Interestingly, one of the
multiple M-intermediates previously reported was identified as an N-like-intermediate
reported in bR which we designated the N’-intermediate. The N’-intermediate is
produced from the O-intermediate in ppR, while the N-intermediate is produced from
M-intermediate in bR. This result indicates that large structural changes of the proteins
IS necessary to produce the N’-intermediate which is in an equilibrium state with the

O-intermediate. In addition, half-life of the N’-intermediate for ppR/pHtrll complex
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showed longer than that for ppR. In the physiological point of view, we suggested that
the N’-intermediate might play important role in signaling processes as a pre-amplitude
mechanism because it has a long half-life and is in equilibrium with the O-intermediate.
Detailed configurations of the O- and N’-intermediates were revealed to be 13-trans,
15-syn and 13-cis, respectively, by NMR experiments and DFT calculation and showed
that the chemical shift values of [14-*C] retinal are useful for determining the 15-syn or
15- anti configuration. The results of our DFT calculation are the first step of the trial to
find the conformation of the intermediate states of the retinal which would be difficult
to get only from the experimental work. Further refinement of the calculation will be

needed to confirm the proposed intermediate conformations in future.

SUPPORTING MATERIAL
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Tables

Table 1 *C chemical shift values of retinal obtained from NMR experiments

chemical shift [ppm]

Configuration

20-°C 14-°C

ppR/pHtrll(-40°C)  G-state 13.5+0.8 13-trans, 15-anti
O-intermediate  16.1+1.1 13-trans
M-intermediate ~ 22.1, 13-cis, 15-anti

22.9+1.2

N’-intermediate  23.9+0.9 13-cis

ppR (-40°C) G-state 13.5+0.7 121.7+0.5 13-trans, 15-anti
M-intermediate = 22.3+1.3 126.8+1.1 13-cis, 15-anti

ppR(-60°C) G-state 13.6£1.5 121.6+1.7 13-trans, 15-anti
O-intermediate  16.4+1.3 115.4+1.8 13-trans
M-intermediate = 22.6+1.2 127.1+1.7 13-cis, 15-anti
N’-intermediate  23.9+1.5 115.4+12 13-cis
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Table 2 *C chemical shift values of retinal calculated by DFT, and the
conformation of retinal in several photo-intermediates.

Chemical shift [ppm] Dihedral angle [degree]

Configuration

20-%c  14-%C ) ¥ y
G-state 17.5 128.1 -177%  -175%*  -66%  13-trans, 15-anti
O-intermediate 20.3 121.9 -150 0 -180  13-trans, 15-syn

-175  -180 13-cis, 15-anti
N’-intermediate 27.8 121.9 -63 -7 -180 13-cis, 15-syn
-175  -66° 13-cis, 15-anti

*Ref. (48) (pdb ID:1JGJ)
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Figure Legends

FIGURE 1. A. Typical photo-cycle of the ppR/pHtrll complex. The M- and
O-intermediates have much longer half-lives than the K- and L-intermediates. B.
Schematic experimental protocol and analysis strategy. First, in-situ photo-irradiation
solid-state NMR spectrum of the G-state was observed in the dark state (Darkl) (B(a)),
then the spectrum of the M-intermediate under illumination with green light (Green)
(B(b)), and finally in the second dark state (dark2) (B(c)) in which the M-intermediate
decreases and the G-state increases. We analyzed the photoreaction pathway and
eliminated overlapping signals by obtaining the difference spectra. The difference
spectra shown are: B(d) = (b) — (a) showing that the G-state is transformed to the
M-intermediate; B(e) = (c) — (b) showing that the M-intermediate is transformed to the
G-state; B(f) = (c) — (a) showing that the the G-state is transformed to the
M-intermediate. A negative peak in a difference spectrum indicates the reactant and a
positive peak indicates a product.

FIGURE 2. Schematic structure of retinal covalently bonded through a Schiff base.
The letters o, B, vy, 9, € are the positions of the carbons of Lys205 in ppR. Circled
numbers are the positions of carbons observed by *C CP-MAS solid-state NMR. The
dihedral angles @, ¥ and X are defined as 12C-13C=14C-15C, 14C-15C=N(-Ceg, and
15C=N(-Ce-C9, respectively.

FIGURE 3. A. C CP-MAS NMR spectra of the [20-*C] retinal-ppR/pHtril
complex at -40 °C using a 4 kHz MAS frequency, (a) acquired under initial dark
conditions (Darkl), (b) acquired under irradiation with green light (520 nm) (Green)
and (c) obtained one day after turning off irradiation (dark2). B. The difference spectra
obtained by (d) Green — Darkl (process from Darkl to Green), (e) Dark2 — Darkl
(process from Dark1 to Dark 2) and (f) Dark2 — Green (process from Green to Dark?2).

FIGURE 4. C CP-MAS NMR difference spectra of the [20-*3C] retinal labeled
ppR/pHtrll complex were measured at -40 °C using 4 kHz MAS. A. (a) The difference
spectrum obtained by subtracting the initial dark conditions (Darkl) from the green
light (520 nm) illumination state (Green) (Green — Dark1). (b) The difference spectrum
obtained by subtracting the initial dark conditions (Dark1) from the blue light (365 nm)
illumination state (Blue) after the green light stationary state Blue — Darkl. (c) The
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difference spectra obtained by Blue — Green, which is identical to (b) — (a). B. (d) The
difference spectrum obtained by subtracting Darkl from Blue (Blue — Darkl). (e) The
difference spectrum obtained by subtracting the Darkl from the second dark condition
(Dark2) after turning off irradiation (Dark2 — Darkl). (f) The difference spectra
obtained by subtracting Blue from Dark2 (Dark2 — Blue), which is identical to (e) — (d).

FIGURE 5. The photo reaction pathway of ppR including the N’-intermediate, as
revealed by in-situ photo-irradiation solid-state  NMR measurements. The
O-intermediate is in an equilibrium state with the N’-intermediate. The A maximum of
the N’-intermediate was estimated at 500 nm (50). The transition process from the
M-intermediates to the O-intermediate is shown by a blue arrow. The pathway for
thermal relaxation from the M-intermediates to the N’-intermediate, and subsequently
from the N’-intermediate to the G-state, remain unclear and thus are designated with a
black dashed arrow. The general configurations of the O- and N’-intermediates were the
13-trans, 15-syn, and the 13-cis forms, respectively.

FIGURE 6. '*C CP-MAS NMR spectra of [20-3C, 14-3C] retinal-ppR without
pHtrll at -40 °C under 4 kHz MAS. A. The *C NMR spectra of [20-"*C] retinal-ppR
indicated the transformation process from the G-state (13.5 ppm) to the M-intermediate
(22.3 ppm), (a) acquired under initial dark conditions (Dark1), (b) acquired under green
light (520 nm) illumination states (Green), and (c) the difference spectrum obtained by
subtracting (Dark1) from (Green) (Green — Dark1). B. **C NMR spectra of [20-°C]
retinal-ppR showing the thermal relaxation process from the M-intermediate to the
G-state, (d) acquired under green light illumination states (Green), (e) acquired under
short dark conditions (Dark?2) after turning off irradiation, and (f) the difference
spectrum obtained by (Green) from (Dark2) (Dark2 — Green). C. **C NMR spectra
showing the region from 100.0 ppm to 150.0 ppm for the same experiment as A, (g)
acquired under initial dark conditions (Dark1), (h) acquired under green light
illumination states (Green), and (i) the difference spectrum obtained by subtracting the
(Dark1) from (Green) (Green — Dark1). D. *C NMR spectra showing the region from
100.0 ppm to 150.0 ppm for the same experiment as B, (j) acquired under green light
illumination states (Green), (k) acquired under short dark conditions (Dark?2) after
turning off irradiation, and (1) the difference spectrum obtained by subtracting (Green)
from (Dark2) (Dark2 — Green). The spectra shown in C and D indicate the
transformation process from the G-state (121.7 ppm) to the M-intermediate (126.8 ppm)
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and the thermal decay process.

FIGURE 7. 'C CP-MAS NMR signals of [20-*C] retinal-ppR alone at -60 °C under
4 kHz MAS. A. The difference spectra of the [20-*C] retinal-ppR were obtained, (a) by
subtracting the initial dark conditions (Darkl) from the green light illumination (520
nm) states (Green) (Green — Dark1), (b) by subtracting (Dark 1) from blue light (365
nm) illumination state (Blue) (Blue — Darkl) and (c) (Blue — Green). The difference
spectrum shown in (a) indicates the transformation process from the G-state (13.6 ppm)
to the M- (22.3 ppm), N’- (23.9 ppm) and O-intermediates (16.4 ppm) upon green light
(520 nm) illumination. The difference spectra shown in (b) and (c) indicate that the
O-intermediate (16.4 ppm) was trapped upon the subsequent blue light (365 nm)
illumination. B. The difference spectra of [20-'*C] retinal-ppR obtained (d) (Blue —
Dark1), (e) by subtracting the short dark conditions after turning off irradiation (Dark2)
(Dark2 — Dark1) and (f) (Dark2 — Blue).

FIGURE 8. '*C CP-MAS NMR signals of [14-'3C] retinal-ppR alone at -60 °C under
4 kHz MAS. A. The difference spectra of [14-'3C] retinal-ppR obtained (a) by
subtracting the initial dark conditions (Darkl) from the green light (520 nm)
illumination states (Green) (Green — Darkl), (b) by subtracting (Darkl1) from the blue
light (365 nm) illumination state (Blue) (Blue — Darkl) and (c) Blue — Green. The
difference spectrum shown in (a) indicates the transformation process from the G-state
(121.6 ppm) to the M-intermediates (127.1 ppm) upon green light (520 nm) illumination.
The difference spectra shown in (b) and (c) indicate the transition process from the
M-intermediates to the O-intermediate (115.4 ppm) upon subsequent blue light (365
nm) illumination. B. The difference spectra of [14-'3C] retinal-ppR obtained (d) by
subtracting (Darkl) from (Blue) (Blue — Darkl), (e) by subtracting (Dark1) from the
short dark conditions after turning off irradiation (Dark2) (Dark2 — Darkl) and (f)
Dark2 — Blue. The difference spectra shown in (e) and (f) indicate that the remaining
signal at 115.4 ppm belongs to the N’-intermediate.

FIGURE 9. The dependency of the chemical shift value of 20-*3C in retinal on the
dihedral angles ® and ¥ is shown in (A) and (B), respectively. In (A), only the
dihedral angle ® was rotated from the trans (-180°) to the cis ( 0°) configuration by
setting W and X at -175° and -66°, respectively (48). In (B), only the dihedral angle W
was rotated from the anti (-180°) to the syn ( 0°) configuration by fixing ® and X to
-177° and -66°, respectively (48). The calculated chemical shift values were converted
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to ppm from TMS.

FIGURE 10. The chemical shift value of 14-*C in retinal was calculated by changing
the dihedral angle W. The @ angle was fixed at -150°, as estimated for the
O-intermediate conformation discussed in Fig. 9. The X angle was set at the crystal
conformation (48) of -66° in (A), and the trans conformation (48) of -180° in (m).

FIGURE 11. The chemical shift value of 14-3C in retinal was calculated by changing
the dihedral angle ¥ and fixing ® at -63°, as estimated for the N’-intermediate
configuration discussed in Fig. 9. The X angle was set at the crystal configuration (48)
of -66° in (A) and the trans conformation (48) of -180° in (m).
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