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Middle rhodopsin (MR) found from the archaeon
Haloquadratum walsbyi is evolutionarily located between
two different types of rhodopsins, bacteriorhodopsin
(BR) and sensory rhodopsin II (SRII). Some isomers of
the chromophore retinal and the photochemical reac-
tion of MR are markedly different from those of BR and
SRIL. In this study, to obtain the structural information
regarding its active center (i.e., retinal), we subjected
MR embedded in lipid bilayers to solid-state magic-
angle spinning nuclear magnetic resonance (NMR)
spectroscopy. The analysis of the isotropic 3C chemical
shifts of the retinal chromophore revealed the presence
of three types of retinal configurations of dark-adapted
MR: (13-trans, 15-anti (all-trans)), (13-cis, 15-syn), and
11-cis isomers. The higher field resonance of the 20-C
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<« Significance »

Here, we analyzed the structure of the retinal chromophore of middle rhodopsin (MR) embedded in lipid bilayers using solid-state NMR
spectroscopy. We recorded the *C NMR signals of three types of retinal configurations of dark-adapted MR exist: (13-trans, 15-anti), (13-cis,
15-syn), and 11-cis isomers. Furthermore, we discretely observed '*C{ NMR signals of Tyr185 in MR with the all-trans and 13-cis isomers. The >N
NMR signal of the protonated Schiff base in MR exhibited a strong electrostatic interaction with the counter ion. Our study makes a significant
contribution to the literature because we highlighted the key structural chromophores of MR.

methyl carbon in the all-frans retinal suggested that
Trp182 in MR has an orientation that is different from
that in other microbial rhodopsins, owing to the
changes in steric hindrance associated with the 20-C
methyl group in retinal. 3C{ signals of Tyr185 in MR
for all-trans and 13-cis, 15-syn isomers were discretely
observed, representing the difference in the hydrogen
bond strength of Tyr185. Further, "N NMR analysis of
the protonated Schiff base corresponding to the all-trans
and 13-cis, 15-syn isomers in MR showed a strong elec-
trostatic interaction with the counter ion. Therefore, the
resulting structural information exhibited the property
of stable retinal conformations of dark-adapted MR.
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Introduction

Microbial rhodopsins have been identified in micro-
organisms, including haloarchaeca and halobacteria, and
have seven-transmembrane helices with all-frans retinal
chromophores via a protonated Schiff base (PSB) [1-3].
In the family of microbial rhodopsins, novel types of
rhodopsins are being identified, despite the similar
basic structural motif (7 transmembrane helices+retinal
chromophore), which are used as tools in optogenetics
[1-3]. Several types of microbial rhodopsins function as
light-driven ion pumps, such as proton pump
bacteriorhodopsin (BR) and proteorhodopsin (PR), chloride
pump halorhodopsin (HR), and sodium ion pump rhodopsin
(NaR) [4-7]. The light-driven divalent sulfate ion
transporter rhodopsin (SyHR) has recently been identified
[8]. The other type involves photoreceptors, such as sensory
rhodopsin I (SRI) and II (SRII) for positive and negative
phototaxis responses, respectively [9—11]. Anabaena
sensory rhodopsin (ASR), with its soluble transducer from
cyanobacteria, regulates the expression of photosynthesis-
related genes [12]. In addition, functional and color
conversions have been achieved by crucial mutations in
genes encoding amino acid residues near the retinal
chromophore [13—15]. Therefore, the structure of the retinal-
binding site plays an important role in understanding its
function.

Middle rhodopsin (MR), isolated from the square-shaped
haloarchacon Haloquadratum walsbyi, is evolutionarily
located between BR and SRII [16,17]. The structure of
the retinal binding pocket in BR is shown with the
corresponding residues of MR in Figure 1. MR exhibits a
larger blue-shifted absorption at 485 nm than BR. Dark-
adapted MR in detergent micelles and phosphatidylglycerol
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/ Tyr185 (MR)

Figure 1

(PG) liposomes has three retinal isomers, as revealed by
extraction of retinal and HPLC analysis: all-trans (36.5%),
13-cis (56.4%), and 11-cis (7.6%) in micelles and all-trans
(58.2%), 13-cis (38.9%), and 1l-cis (2.9%) in liposomes
[16,18]. The individual absorption maxima and independent
photochemical reactions corresponding to these three
isomers have also been demonstrated via UV-Vis and flash
photolysis experiments [19]. Notably, MR is the only
microbial rhodopsin with the 1l-cis retinal as a
chromophore like animal rhodopsins. Both K and M
intermediates of MR appear only in the photocycle of
all-trans isomers. The production of these intermediates is
one of the key functional events among microbial
rhodopsins. Therefore, it is expected that the photocycle of
all-trans isomers through K and M-intermediates is
functionally important. However, the type of function in
MR is still unknown. MR does not show H* pump activity
even though it establishes a BR-like fast photocycle [16].
Additionally, regarding NpSRII in Natronomonas pharaonis,
Thr189 and Tyr199 are used to form a complex with its
cognate transducer protein, while Tyr174 and Thr204 play
an essential role in the expression of negative phototaxis
[13,20,21]. The complex of the A201T/M211Y MR mutant
(with residues corresponding to those of ApSRII; i.e.,
Tyr185, Thr201, Tyr211, and Thr216) with the transducer
protein Htrll shows phototaxis response to >460 nm light;
however wild-type MR does not [16]. Therefore, it is
important to consider that among microbial rhodopsins,
MR has unique properties and clarify why the dark-adapted
MR shows extremely short wavelength light absorption and
has multiple retinal isomers.

Solid-state nuclear magnetic resonance (NMR)
spectroscopy, which offers the possibility to observe not
only the structure and dynamics of proteins in cell
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Structure of all-trans retinal and surrounding residues in the retinal-binding site of BR [PDB: 1C3W] together with the

corresponding residues of MR (Ile47, Asp84, Trpl82, Tyr185, Asp213, and Lys217). The 14-C, 20-C, and PSB positions are shown with

dotted lines.
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membranes, but also photo intermediates by isomerization
of retinal, has already been applied in structural studies of
several rhodopsins [22-26].

Therefore, in this study, we investigated the structural
characteristics of the retinal chromophore in MR via *C
and N solid-statte NMR spectroscopy to the end of
elucidating the structure of dark-adapted MR, which has
multiple retinal isomers.

Materials and Methods

Expression and reconstitution of MR into lipid bilayers

MR was overexpressed in Escherichia coli C41 (DE3)
cells. The bacteria were grown in M9 medium containing
50 mg of [BC{]Tyr and ['N{]Lys (Cambridge Isotope
Laboratories, Andover, MA, USA) per liter at 37°C until an
ODyg, of 0.8 was reached. After adding 1 mM isopropyl
thiogalactoside (IPTG) and 5 pM [14, 20-'3C]-labeled
all-trans retinal, protein expression of the protein was
performed at 25°C for 15 h followed by cell lysis via
ultrasonication, after which the protein was solubilized
using n-dodecyl-f-D-maltoside (DDM). The recombinant
MR with a C-terminal His-tag was purified using nickel-
nitrilotriacetic acid agarose. Thereafter, the MR was
reconstituted into an L-o-phosphatidyl-DL-glycerol (Egg-
PG) membrane at a molar ratio of 1:30 at pH 7.0.

Solid-state NMR experiments

The reconstituted sample (approximately 8.0 mg of
protein) was concentrated via centrifugation and packed
into the central part of a 4.0-mm diameter zirconia rotor
under dim light. The rotor was maintained in the dark for
two days. 1*C and N solid-state NMR experiments were
performed on a 600 MHz Bruker Avance III spectrometer
equipped with a '"H-X double-resonance probe. Further, 1*C
and "N cross-polarization and magic-angle spinning (CP-
MAS) experiments were performed at a setting temperature
of 10°C under a MAS frequency of 9.3 kHz, while *C-1*C
dipolar-assisted rotational resonance (DARR) [27] experi-
ments were performed at a mixing time of 500 ms with
64 and 2048 acquisition points in the f; and f, dimensions.
A spinal-64 proton high-power decoupling field of 78 kHz
was employed during each acquisition [28]. *C chemical
shifts were externally referenced to the methylene
resonance of adamantane at 40.48 ppm (trimethylsilyl-
propanesulfonate (DSS) at 0.0 ppm), while N chemical
shifts were externally referenced to the '"NH,CI crystal at
38.34 ppm. The acquired NMR data were phased and
baseline-corrected using the TOPSPIN software. A
deconvolution procedure was applied to the "N CP-MAS
spectrum to obtain the values of chemical shift, line width,
and signal intensity values in the spectral region of PSB.
Furthermore, two peaks were used to reproduce the
experimental spectra corresponding to all-trans and 13-cis
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isomers. The best-fitting results were obtained based on the
Gaussian shapes corresponding to two peaks using Bruker
TOPSPIN software.

Results and Discussion

3C NMR signals of retinal isomers in MR

In the MR reconstituted into PG liposome, the main
retinal configurations in the dark were all-trans and 13-cis
forms as observed via HPLC [18]. First, we performed an
in-situ analysis of the composition of the retinal isomers
of dark-adapted MR embedded in PG liposome using *C
solid-state NMR experiments. As shown in Figure 2 (a),
the comparison of the C CP-MAS NMR spectra
corresponding to stable isotope-labeled and non-labeled
MR samples showed that [14, 20-'*C]retinal and
[*C{]Tyr NMR signals could be distinguished from the *C
NMR signals corresponding to naturally abundant proteins
and lipids. Further, using the extensive C NMR data
[22,29-31] obtained for the structure of retinal in rhodopsin
proteins and retinal compounds summarized in
Supplementary Table S1, we identified the following
chemical shift values for the 13-trans, 15-anti (all-trans)
isomer in MR: 14-3C: 8=124.5 ppm (Fig. 2 (b)) and
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Figure 2 (a) '3C CP-MAS NMR spectra of stable-isotope labeled
(black) and non-labeled (red) MR in PG liposome at 10°C. SSB,
spinning side band. (b) Expanded 14-'3C resonance in the 111-133
ppm region. (¢) Expanded 20-'*C resonance in the 3—-32 ppm region.

3C chemical shift / ppm
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20-13C: 6=14.6 ppm (Fig. 2 (¢)). Although the NMR signal
of 14-BC and 20-C in the 13-cis form appeared at
approximately 116 ppm and 23.0 ppm, respectively, the
signal intensity was relatively low (Figs. 2 (b) and (c)).
Reportedly, a 20-3C signal of an 11-cis retinal compound
in C,Dy has been observed at approximately 17-19 ppm
[31]. The signal of the 11-cis form with an extremely low
intensity was observed at 19 ppm (Fig. 2 (c)). Thus, we
estimated the fractions of the three retinal isomers from the
individual peak areas of 20-'3C based on the differences in
the spectra corresponding to stable-isotope labeled and
non-labeled MR (Fig. 2 (a), black and red, respectively) as
all-trans, ~72.9%; 13-cis, ~19.7%; and 11-cis, ~7.4%. For
this reason, we suggested that the all-trans isomer in the
dark-adapted MR was predominant in the PG membrane.
Thus, the 20-*C signal of the all-trans isomer in MR
appeared at 14.6 ppm and showed higher field shift
compared with those of BR at 15.2 ppm, NpSRII at 15.3 ppm
[32], and SRI at 15.8 ppm [33] (as a reference of *C NMR
to DSS). The all-trans retinal in BR has a steric hindrance
with Trp182, as well as a short inter-atomic distance of
3.35 A between the 20-methyl carbon and indole nitrogen
of Trp182 based on solid-state NMR data and crystal
structural information (Fig. 1) [34,35]. Further, the
comparison of the UV resonance Raman spectra of
wild-type BR and the WI182F mutant showed a strong
interaction between the indole ring of Trpl182 and both
19-C and 20-C of retinal [36]. Trp182 in BR plays an
important role in re-isomerization from 13-cis to all-trans
in the later stage of the photocycle [37]. The higher field
resonance of the 20-C methyl carbon in the all-frans retinal
observed in this study suggested that in MR, Trp182 has an

orientation that is different from that which it shows in
other microbial rhodopsins, owing to the changes in steric
hindrance associated with the 20-C methyl group in retinal.
Particularly, the chemical shift value of 20-C in MR was
clearly different from that of NpSRII, which has almost
the same maximum absorption wavelength and only the
all-trans isomer. Additionally, considering microbial
rhodopins, it is possible that a rearrangement of a water
molecule hydrogen bonded to the indole ring of conserved
Trp (Trp182 in BR) occurred in MR. Therefore, the unusual
20-C NMR signal of MR possibly suggested that the
interaction of 20-C methyl groups in the retinal with
Trp182 is related to MR having multiple isomers of MR.

Assessment of the Tyr185 NMR signals assigned by
DARR

Figure 3 shows the *C DARR spectra of [14, 20-13C]
retinal and ["*C(] Tyr-labeled MR in the dark. From this
figure, it is evident that the NMR signals of the methyl
carbon at the 20-13C of retinal as well as that of the carbon
at the 14-3C position showed two cross peaks with the C(
of Tyr: 20-83C in all-trans/**C{ Tyr at 14.6/159.5 ppm, and
20-3C in 13-cis, 15-syn/3CC Tyr at 23.2/159.0 ppm. As a
reference for the retinal-binding site of BR with the
corresponding residues of MR in Figure 1, the correlated
Tyr NMR signal could be assigned to Tyr185 in MR, which
is closest to retinal. Interestingly, the chemical shift values
of C{ in Tyrl85 differed slightly, between two
conformations, and were thus assigned to the all-trans and
13-cis/15-syn configurations. Further, the structure of the
retinal-binding site could be altered depending on the
retinal configurations in the dark-adapted MR. Such
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Figure 3 Cross peaks observed in the *C-*C DARR NMR spectra of stable-isotope labeled MR in the PG liposome over a mixing time of
500 ms. The sets of cross peaks for 20-C of all-trans and 13-cis, 15-syn isomers are represented using green and blue lines, respectively.



structural changes in specific residues corresponding to
retinal isomers in the dark adaptation have been similarly
reported as simultaneous observations of the two signals of
Tyr185 in dark-adapted BR [38]. Further, it has been
reported that the chemical shift value of Tyr CC is sensitive
to hydrogen bond formation [23,39,40]. The Tyr185 NMR
signal corresponding to the all-frans isomer of MR at
159.5 ppm was similar to that of Tyr185 in BR (160.0 ppm)
and Tyr174 in NpSRII (159.7 ppm) [41,42]. In contrast, the
signal of Tyr179 in ASR showed a lower chemical shift at
156.4 ppm given that ASR has no corresponding Asp
residue, rather has Pro206, which does not form hydrogen
bonds [26]. Thus, the value of C{ Tyrl85 indicated that
Tyrl185 in MR, at least, forms a hydrogen bond. It also
suggested that Tyr185 in MR can interact with Asp213 or
Thr216 via hydrogen bonding, e.g., Tyrl174-Thr204 in
NpSRII [43]. The conserved Tyr is an essential residue in
the reaction center of microbial rhodopsins given that its
mutants have a significant effect on the efficacy of the
light-driven proton pump in BR or the light-induced signal
transduction in NpSRII [11,44]. Further, given importance
of the formation of the Tyr185-Thr215 hydrogen bond in
the signal transduce-able BR mutant with respect to the
expression of negative phototaxis [20], the hydrogen bond
between Tyr185 and Thr216 in MR plays an essential role
in the signal transduce-able mutant of MR [16]. In the case
of NpSRII, it has been reported that the surrounding
residues around the retinal chromophore largely contribute
to the color tuning of the protein [45]. Furthermore, the
Tyr-retinal interactions in MR may be related to the slight
differences in the maximal absorption wavelength (A,,,,) of
485 nm (all-trans) and 479 nm (13-cis, 15-syn) [19].
Unfortunately, the cross peak between 20-C and 14-C from
11-cis was not identified owing to the extremely low
population of this isomer. Therefore, our results suggested
that Tyr185 is one of the residues that controls the A, as
well as the proportion of the retinal conformation in
dark-adapted MR.

5N NMR signal of the PSB

In MR, the retinal chromophore is covalently bonded
to Lys217 via a PSB linkage. In the "N CP-MAS NMR
spectrum of ['“N]Lys-labeled dark-adapted MR, NMR
signals corresponding to the free Lys side chain, Arg side
chain, backbone amide nitrogen, and PSB were identified,
as shown in Figure 4 (a). The PSB signal appeared at
approximately 184 ppm, and the two peak components of
PSB were simply estimated as an intensity ratio of 3.5
(at 184.5 ppm) : 1 (at 181.0 ppm) based on spectral
deconvolution analysis, as shown in Figure 4 (b).
Consequently, we suggested that the PSB signals in
dark-adapted MR at 184.5 ppm could be attributed to the
all-trans form, while that at 181.0 ppm could be attributed
to the 13-cis, 15-syn form based on the *C NMR intensity

Kawamura et al.: Structure of a retinal chromophore of thodopsin 181

Backbone
(a) amide

Lys

200 150 100 50 0

SN chemical shift / ppm

© N\WA\NW

PSB
(all-trans) ~ / .~ PsB
200 190 180 170

N chemical shift / ppm

Figure 4 (a) "N CP-MAS NMR spectra of the dark-adapted MR
in PG liposomes at pH 7.0. (b) Expanded "N NMR signal of PSB in
MR between 160 and 210 ppm is indicated in the upper panel. At the
bottom, the PSB signals are shown in the upper interpreted via
deconvolution with the two components that provided a good fit line
(red line), i.e., all-trans (green line) and 13-cis, 15-syn (blue line). The
chemical shifts of all-zrans and 13-cis, 15-syn isomers are indicated
using dotted lines.

of the retinal isomers. The deconvolution result was
ignored as a slight contribution from the 11-cis isomer.
Based on a previous report on the all-trans and 13-cis
isomer PSB-counter ion model complexes, a linear
relationship in the range of 20 ppm or more exists between
the N chemical shift of PSB and the A,,,, depending on the
halide ion species (Fig. 5 (a) and (b)) [46,47]. MR showed
the shortest A,,,, among the microbial rhodopsin families.
Specifically, the A, values corresponding to the three
retinal configurations of MR were distinguished as 485 nm
(all-trans), 479 nm (13-cis, 15-syn), and 495 nm (11-cis) by
the extraction of single component UV-Vis spectra [19]. As
a reference for the maximum MR data, the value for MR
was plotted together with those for BR [48], Krokinobacter
rhodopsin 2 (KR2) [40], ASR [49], Thermophilic thodopsin
(TR) [50], and NpSRII [51] as shown in Figure 5 (a) and
(b). MR with the all-trans form (485 nm/184.5 ppm) agreed
well with the trend of the linear relationships shown in the
model compound (Fig. 5 (a)). Compared with the values of
other rhodopsins, MR had a lower field resonance of PSB
with a shorter A,,,. Further, MR with the 13-cis, 15-syn
form (479 nm/181.0 ppm) also showed agreement with the
trend, but deviated more strongly from the model behavior
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[46]. '*N PSB chemical shift values of BR [48], KR2 [40], TR [50], and NpSRII [51] are recalibrated to the reference signal of '>NH,CI.

than BR with the 13-cis, 15-syn form as shown in Figure 5
(b). It was also observed that PSB in both the all-trans and
13-cis retinal isomers of MR exhibited a strong electrostatic
interaction with the counter ion. The most promising
counter ion candidates were Asp84 in helix C and Asp213
in helix G. Possibly, the relative positions of PSB and the
carboxyl groups (COO") of Asp84 and Asp213 are closer
than those in the other microbial rhodopsins. During the
all-trans photocycle, structural changes in the [-sheet
occur in the hydrophilic part of the protein, suggesting
an extracellular BC loop, as observed via time-resolved
FT-IR spectroscopy [18]. Quantum mechanics/molecular
mechanics (QM/MM) calculations involving NpSRII
have suggested that the A, at 498 nm is induced by a
displacement of helix G, resulting in the observed distance
between PSB and Asp201 [52]. Thus, our "N NMR result
suggested that the strong electrostatic interaction between
PSB and Asp84 in helix C or Asp213 in helix G is
significantly linked to the shorter A, of the all-frans form
in MR. In the case of the NpSRII D75E mutant, the
population of 13-cis species in the dark increased as the
proportion of 13-cis to all-trans became 6:4, given that it
may be closer to the relative interatomic distance between
PSB and the counter ion Glu75 [53]. Thus, it could be
suggested that MR is capable of forming a stable 13-cis

isomer based on electrostatic interactions with Asp84 or
Asp213 as well as the contacts between retinal and
surrounding residues containing the above-mentioned
interactions of 20-C methyl groups with Trpl82.
Additionally, the deviation of the value corresponding to
the 13-cis, 15-syn form of MR from the trend of the model
compound could be attributed to the tilt around the C=N
and N-Ce (Lys217) bonds, which are influenced by closer
counter ions or surrounding residues (Fig. 5 (b)). The cause
of the formation of the 11-cis form in MR, which is a minor
conformation, is unknown, but it can be suggested that the
structure of the 11-cis retinal isomer is also regulated by the
interactions between retinal and the surrounding residues.

Conclusions

In this study, we applied solid-state NMR analysis to
dark-adapted MR in a PG membrane. The structures of the
three retinal isomers in MR were determined from the
results of the '3C solid-state NMR. We recorded the higher
field resonance of 20-'*C NMR signal of all-trans retinal in
MR compared with that of other microbial rhodopsins,
suggesting the difference in the interaction of 20-C methyl
group with Trpl82. The all-trans and 13-cis, 15-syn
isomers showed a difference in the hydrogen bond strength



of Tyrl185. Further, the N signal of PSB revealed the
existence of strong electrostatic interactions with the
counter ion for all-frans and 13-cis, 15-syn isomers. Based
on the structural information obtained via solid-state NMR,
we suggested that the characteristic interactions at the
retinal binding site affects the retinal isomers of the dark-
adapted MR. Therefore, solid-state NMR spectroscopy is a
promising tool for studying the structures of several
coexisting retinal isomers as well as the interactions of PSB
in microbial rhodopsin.
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