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Photo-activated structural changes of bacterial sensory rhodopsin as revealed by
photo-irradiation solid-state NMR
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It is essential to elucidate the photoreaction cycles to understand the
function of photoreceptor membrane proteins. In this study, we have developed photo-irradiation
solid-state NMR spectrometer to detect the photo-reaction pathways of photoreceptor membrane
proteins.

The photoreaction pathways of Y185F-bR were examined using photo-irradiation solid-state NMR
Under irradiation with 520 nm light, the CS state changed to a CS*-intermediate and AT state
transformed to an N-intermediate and transformed to an O-intermediate.

The photoreaction pathways of ppR/pHtrll complex were examined using photo-irradiation
solid-state NMR. The M-, 0- and N' -intermediates were observed by illuminating with green light.
Under blue light irradiation, the M-intermediates transformed to the O-intermediate which is iIn
equilibrium with the N' -intermediate.

Biophysical chemistry



1
I SRI 11(SRIT)
M-
NMR SRl M-
NMR
(bR)
bR Y185F
NMR
NMR
Natronomonas
pharaonis
ppR(SRII) transducer
pHtril 2:2
[20-13C, 14-13C]Ret
[1-13C]Tyr [3-13C]Ala [20-13C,
14-13CJRet [1-13C]Tyr [3-13C]Ala-ppR
pHtril
ppR  pHtril EggPC

ppR/pHtrll

NMR

LED 150 mW, 365
nm, 520 nm, 595 nm

MAS

insitu NMR

MBBA

NMR
H NMR

100 °C

NMR Y185F-bR

AT  CS

AT (K)—>(L)>(M)->N->0-AT
CS—CS*—AT
CS*, O-
in
situ 0-
Y185F-bR

AT(all-trans), CS(13-cis,
15-syn) N-(13-cis,  15-anti),
0-(all-trans), CS*-(13-cis, 15-anti)

(13-cis, 15-sym) Photo-irradiation

CS* ~ ! spinner apparatus
\\ \ for MAS NMR
AT
Sphatie.g "
(alrans) PR
Y185F -bR ]| Photo
irradiation
(13-cls, \Srs\nnl N (L)
Canas I W
S
Y185-bR
NMR

Trichodermaviride

Ac-Aib-Pro-Aib-Ala-Aib-Ala-GIn-Aib-Val-Aib-Gly-L
eu-Aib-Pro-Va-Aib-Aib-GIn-Gln-Phol
Aib

NMR
BCNMR



N- o—
17°
C- 30
32°
C-N

NMR

165°
40 ns MD NMR

NMR

dimyristoylphosphatidylglycerol (DMPG)

a-helix
MAS 13C-NMR
13C
C-NMR
—DMPG
DMPG
K21,R22,K23,R24
N K
ppR(SRI)/pHtrlI
Natronomonas
phraonis
PPR(SRIT) transducer
pHtril 2:2
PPR/pHEr11 K. L. M. O-
M-

[20-%°C, 14-*C]Ret-ppR/pHtrl1
13C NMR (D)

3C NMR 520 nmLED
(L1) C NMR L1
D1
G-
M- M-
M-
365 nm(blue) LED
M-
N- G-
0-
M- 0-
M-
0-
N- 0-
SRII
M- 0-
20

1.Yugo Tasei, Takuya Yamakami, lzuru Kawamura,
Teruaki Fujito, Kiminori Ushida, Motoyuki Sato,
Akira Naito, Mechanism for microwave irradiation
NMR spectroscopy.

J. Magn. Reson., 254, 27-34 (2015).

2. Yugo Tasei, Fumikaza Tanigawa, l1zuru Kawamura,
Teruaki Fujito, Motoyuki Sato, Akira Naito, The
microwave heating mechanism of
N-(4-methoxybenziliden)-4-butylaniline in liquid
crystalline and isotropic phase as determined using
insitu microwave irradiation NMR spectroscopy.
Phys. Chem. Chem. Phys. 17, 9082-9089 (2015).

3.Kyosuke Oshima, Aris Shigeta, Yoshiteru Makino,
lzuru Kawamura, Takashi Okitsu, Akiyoshi Wada,
Satoru  Tuzi, Tetsuo Iwasa, Akira Naito,
Characterization of photo-reaction pathway of a
bacteriorhodopsin  Y185FR mutant using in situ
photo-irradiation solid-state NMR spectroscopy.
Photochem. Photobiol. Sci. 14, 1694-1702 (2015).

4.AkiraNaito, 1zuru Kawamura, Namsrai Javkhlantugs,
Recent solid-state NMR studies of membrane-bound
peptides and proteins.
Annu. Rep. NMR Spectrosc., 86, 333-411 (2015).

5.Takashi Nagao, Daisuke Mishima, Namsrai
Javkhlantugs, Jun Wang, Daisuke Ishioka, Kiyonobu
Yokota, Kazushi Norisada, lzuru Kawamura,
Kazuyoahi Ueda, Akira Naito, Structure and
orientation of antibiotic alamethicin in phospholipid
bilayers as revealed by chemical shift oscillation
analysis of solid state nuclear magnetic resonance
and molecular dynamics simulation.
Biochim. Biophys. Acta, 1848, 2789-2798 (2015).

6.Hideaki Yoshitake, Talyo Kodate, Teppel Takagi,
lzuru Kawamura, Akira Naito, Polysilsequioxanes
withbmixed self-assembled organic tethers: Alkyl
chains and alkanoate-aminopropy! pairs.
Reactive and Functional Polymer, 99, 9-16 (2016).

7. T.Asakura, K. Horiguchi, A. Aoki, Y. Tasei, A.
Naito. Parallel B-sheet structure of alanine
tetrapeptide in the solid state as studied by solid-state



NMR spectroscopy, J. Phys. Chem B. 120,
8912-8941 (2016).

8.

10.

11

12.

13.

14.

15.

16.

17.

DOI: 10.1021/acs.jpch.6b06292

K Kamgar-Parsi, J. Tolchard, B. Habenstein, A.
Loquest, A. Naito, A. Ramamoorthy
Structural biology of calcitonin: from agueous
therapeutic properties to amyloid aggregation. Isr.
J. Chem. (2016) 57, 634-650 (2017).
DOI: 10.1002/ijch.201600096.
K. Norisada, N. Javkhlantugs, D. Mishima, |..
Kawamura, H. Saito, K. Ueda, A. Naito
Dynamic structure and orientation of melittin
bound to acidic lipid bilayers, asreveaed by
solid-state NMR and molecular dynamics
simulation. J. Phys. Chem. B. 121, 1802-1811
(2017).
DOI: 10.1021/acs.jpch.6b11207

T. Asakura, K. Miyazawa, Y. Tasel, S. Kametani,
Y. Nakazawa, A. Aiki, A. Naito
Packing arrangement of **C selectively labeled
sequence model peptides of samia cynthi ricini
silk fibroin fibers studied by solid-state NMR.
Phys. Chem. Chem. Phys. 19, 13379-13386
(2017).
DOI: 10.1039/c7cp01199g

T. Asakura, A. Nishiura, S. Kametani, S.
Kawanishi, A. Aoki, F. Suzuki, H. kaji, A. Naito
Refined crystal structure of samia cythiaricini silk
fibroin revealed by solid-state NMR investigations.
Biomacromolecules 18, 1965-1974 (2017).

DOI: 10.1021/acs.biomac.7b00441

K. Kamgar*Parsi, L. Hong, A. Naito, C. L.
Brooks 111, A. Ramamoorthy
Growth-incompetent monomers of human
calcitonin lead to a noncanonical direct
relationship between peptide concentration and
aggregation lag time. J. Biol. Chem. 292,
14963-14976 (2017).
DOI: 10.1074/jbc.M117.791236

A. Naito, Y. Tasei, A. Nishimura, T. Asakura
Packing arrangements and intersheet interaction of
aanine oligopepyides as revealed by relaxation
parameters obtained from high-resolution 13C
solid-state NMR. J. Phys. Chem. B, 121,
8946-8955 (2017).
DOI: 10.1021/acs.jpch.7b07068

A. Naito, N. Motsumori, A. Ramamoorthy
Dynamic membrane interaction of antibacterial
and antifungal biomolecules, and amyloid
peptides, revealed by solid-state NMR.
BBA-General Subgect, 1862, 307-323 (2018).

DOI: 10.1016/j.bbagen.2017.06.004
A. Naito, K. Okushita, K. Nishimura, G. B.
Bouitis, A. Aoki, T. Asakura
Quantitative analysis of solid-state homonuclear
correlation spectra of antiparallel b-sheet alanine
tetramers. J. Phys. Chem. B, 122, 2715-2724
(2018).
DOI: 10.102V/acs.jpch.b11126
B. Mijiddorj, S. Kaneda, H. Sato, Y. Kitahashi, N.
Javkhlantugs, A. Naito, K. Ueda, |. Kawamura
Therole of D-allo-isoleucine in the deposition of
the anti-L eishmania peptide bombinin H4 as
revealed by 3P solid-state NMR, VCD
spectroscopy, and MD simulation. BBA-Proteins
and Proteomics, 1866, 789-798 (2018).
DOI: 10.1016/j.bbapap.2018.01.005

, 79, 27-30

(2018).

« NMR
-Narrrow is beautifull-,”
67, 13-15 (2018).

19.Y. Makino, 1. Kawamura, T. Okitsu, A. Wada, N.

Kamo, Y. Sudo, K. Ueda, A. Naito
Retinal configuration of ppR intermediates
revealed by photo-irradiation solid-state NMR and
DFT,” Biophys. J. in press (2018).

DOI: 10.1016/j.bpj.2018.05.030

20. Akira Naito, Yugo, Tasei, Akio Nishiura, Tetsuo

Asakura
Unusual dynamics of alanine residues in polyalaine
region with staggered packing structurevof Samia
cynthia ricini silk fiber in dry and hydrated states
studied by "*C solid-state NMR and molecular
dynamics simulation. J. Phys. Chem. B. in press
(2018).

DOI: 10.1021/acs.jpcb.8b03501

40

NMR

15 2015 6
24 2015 6 26

Akira Naito, Yoshiteru Makino, Hiroki
Yomoda, Yuya Tomonaga, Tetsuro Hidaka,
lzuru Kawamura, Yuki Sudo,

Determination of photo-intermediates and

photo-reaction pathways of photoreceptor

membrane proteins by in-situ

photo-irradiation solid-state NMR.

The 6t Asia-Pacific NMR Symposium 2015
8 13 8 15 Hong Kon, China.

Akira Naito, Yugo Tasei, Teruaki Fujito,

lzuru Kawamura,

The microwave heating mechanism of MBBA

as studied by microwave irradiation NMR

spectroscopy.

The 19t International Society of Magnetic

Resonance Conference 2015 8 16

2015 8 21 Shanghai, China.

lzuru Kawamura, Ryota Nishikawa, Takashi

Okitsu, Akimori Wada, Yuki Sudo, Naoki

Kamo, Akira Naito,

13C solid-state NMR study of

hydrogen-bonding alteration of Tyrl74 and

Tyr199 of phoborhodopsin in the lipid

environments.

The 19t International Society of Magnetic

Resonance Conference.2015 8 16

2015 8 21 Shanghai, China.
Yoshiteru Makino, Hiroki Yomoda, Yuya
Tomonaga, Tetsurou Hidaka, lzuru

Kawamura, Takashi Okitsu, Akimori Wada,
Yuki Sudo, Akira Naito,
Color-discriminating retinal configuration
changes of sensory rhodopsin as revealed by
in situ photo-irradiation solid-state NMR.
The 19t International Society of Magnetic
Resonance Conference 2015 8 16
2015 8 21 Shanghai, China.

Aris Shigeta, Kyosuke Oshima, lzuru
Kawamura, Takashi Okitsu, Akimori Wada,
Satoru Tuzi, Akira Naito,

Structure changes in the photo-excited



10.

11.

12.

13.

14.

process of bacteriorhodopsin studied by
photo-irradiation solid-state NMR.

The 19t International Society of Magnetic
Resonance Conference 2015 8 16

2015 8 21 Shanghai, China.
__In-situ NMR
Y185F
53 2015 9 13
2015 9 15
__In-situ NMR D96N-bR
M-
54 NMR 2015 11 6 2015
11 8
13-cis, 15-anti
in-situ NMR
54 NMR 2015 11 6 2015
11 8
_In-situ NMR
ppR/pHtrll
54 NMR 2015 11 6 2015
11 8
Akira Naito,

Photoreaction pathways of photoreceptor
membrane proteins revealed by in-situ
photo-irradiation solid-state NMR.

2015 International Chemical Congress of
Pacific Basin Society 2015 12 15
2015 12 21 Honolulu, Hawaii.
lzuru Kawamura, Ryota Nishikawa, Takashi
Okitsu, Akimori Wada, Naoki Kamo, Akira
Naito,

Solid-state NMR studies for chromophore
protein interaction changes in pharaonic
phoborhodopsin.

2015 International Chemical Congress of
Pacific Basin Society 2015 12 15
2015 12 21 Honolulu, Hawaii.

NMR  MD

2016
6 7 —9

T. Nagao, D. Mishima, N. Javkhalantugs, J. Wang,
D. Ishioka, K. Yokota, K. Norisada, I. Kawamura,
K. Ueda, A. Naito
Structure and orientation of antibiotic peptide
alamethicin in membrane environment as revealed
by chemical shift oscillation analysis of solid state
NMR and MD simulation.
ICBRBS2016 Kyoto Augast 21-26, 2016
S. Kaneda, Y. Kitahashi, I. Kawamura, A. Naito

Analysis of interaction of antimicrobial peptides
bombinin H2 and H4 with the mimetic bacterial
membrane by *'P solid-state NMR.ICMRBS2016
Kyoto Augast 21-26, 2016

Y. Otani, A. Shigeta, Y. Kebukawa, K. Kopbayashi,
T. Okitsu, A. Wada, S. Tuzi, A. Naito, I. Kawamura

Structural change of Tyrl85 in the vicinity of the

17.

18.

19.

20.

21.

22.

23.

24.

25

26.

27.

28.

retinal chromophore in bacteriorhodopsin by *C
solid-state NMR ICMRBS2016 Kyoto Augast
21-26, 2016

Y. Makino, I. Kawamura, T. Okitsu, A. Wada, S.
Sudo, N. Kamo, A. Naito, K. Ueda

Structural changes of retinal in sensory rhodopsin
II as revealed by in situ photoirradiation solid-state
NMR

ICMRBS2016 Kyoto, August 21-26, 2016

A. Naito, Y. Makino, K. Oshima, Y. Otani, A.
Shigeta, I. Kawamura, T. Okitsu, A. Wada, S. Tuzi,,
T. Iwasa,

Photoreaction pathways of bacteriorhodopsin and
its mutants as revealed by in-situ photo-irradiation
solid-state NMR. ICRP2016, Potsdam, Germany
Oct. 2-7, 2016

A. Naito, High resolution solid-state NMR
spectroscopy. Development and application to
structural biochemistry. 55
2016 11 16 —18
BC NMR
DMPC
55 2016 11 16
—18
NMR 11
55 2016 11 16
—18
, In-situ NMR
D96N
55 2016 11 16 —
18
P NMR H2
H4
55 2016 11 16
—18
K. Haya, I. Kawamura, A. Naito, Secondary

structural change of glucagon during fibril
formation process with DMPC lipid bilayers as
revealed by "*C solid-state NMR.

54

2016 11 25 —27

.'Y. Otani, A. Shigeta, Y. Kebukawa, K. Kobayashi, T.

Okitsu, A. Wada, S. Tuzi, A. Naito, I. Kawamura
Structure of Tyr185 in dark-adapted
bacteriorhodopsin as studied by solid-state NMR.

54

2016 11 25 —27
A. Naito
Microwave irradiation solid-state NMR

spectroscopy to reveal microwave heating and
energyflow mechanism of liquid crystals.

The 7" Asia Pacific NMR Symposium, Bangalore
(India), Feb. 16-19 (2017)

61
2017 5 12

13C 13C

66 2017



5 29 =31
29. K. Oshima, Y. Otani, A. Shigeta, Y. Makino, L.
Kawamura, T. Okitsu, A. Wada, S. Tuzi, T. Iwasa, A.
Naito
Photo-intermediates in the photo-reaction pathways
of bacteriorhodopsin as revealed by in-situ
photo-irradiation solid-state NMR.
ISMAR2017, Quebrc, Canada, July, 23-25, 2017
30. A. Naito, T. Nagao, K. Norisada, N. Javkhlantugs,
D. Mishima, D. Ishioka, K. Yokota, J. Wong, L
Kawamura, H. Saito, K. Ueda

Dynamic structure and orientation of Melittin and

alamethicin as revealed by solid-state NMR and

MD simulation

ISMAR2017, Quebrc, Canada, July, 23-25, 2017
31..A. Naito

Pressure and photo induced structural changes of

photoreceptor proteins as revealed by solid-state

NMR

IMBP2017, Kyoto (Japan), August 20-24 (2017)
32. M. Batsaikhan, S. Kaneda, N. Javkhalantugs, K.

Ueda, H. Sato, A. Naito, I. Kawamura

Membrane binding structure of Bombinin
H2 and H4 peptides in leishmanial mimetic
membrane as studied by solid-state NMR and MD

simulation.
55 2017 9
19 —21
33.
Insitu
55 2017 9
19 —21

34. Y. Makino, I. Kawamura, T. Okitsu, A. Wada, Y.
Sudo, N. Kamo, A. Naito, K. Ueda

B3C NMR

55 2017 9

19 —21

35._A. Naito
Microwave heating mechanism of liquid crystals
as revealed by microwave irradiation NMR
Magnetism and Magnetic Materials, London (UK),
Oct. 09-10 (2017).

36. A. Naito
Photoirradiation and microwave irradiation NMR
spectroscopy. Application to photoreceptor retinal
proteins and liquid crystals.
Taiwan-Japan  Biomedical = Symposium on
Magnetic Resonance, Tainan (Taiwan), Oct. 15-17

(2017).
37.
13C NMR
(2017)
2017 11 14 —16
38. Batsaikhan, Mijiddori,
Phe-Phe
(2017)

2017 11 14 —16
39.

(2017)
2017 11 14 —16
40. A. Naito, T. Nagao, K. Norisada, N. Javkhlantugs,
D. Mishima, 1. Kawamura, K. Ueda

Dynamic membrane bound structure of melittin
and alamethicin as revealed by solid-stac NMR
and MD simulation.

Biophysical Society 62" Annual Meeting, San
Francisco, USA, Feburuary 17-21, 2018

6

1. 176
2015 4

NMR

NMR(Narrow is beautiful)
NMR (Bulletin of the
nuclear magnetic society of japan)
Vol. 7, pp 8-10, 2016 11
3.. A.Naito, Y. Makino, I. Kawamura
In-situ photo irradiation solid-state NMR
spectroscopy applied to retinal-binding
membrane proteins. Modern Magnetic
Resonance, Springer 1-22 (2017).
DOI:10.1007/978-3-319-28275-6_51-1
4. A.Naito, Y. Makino, Y. Tasei, I. Kawamura
Photoirradiation and microwave irradiation
NMR. Experimental Approaches of NMR
Spectroscopy. Methodology and Applicatioin to
Life Science and Material Science, The Nuclear
Magnetic Resonance Society of Japan ed.
Springer, pp 135- 170 (2018).
DOI:10.1007/978-981-10-5966-7 5
5. 1. Kawamura, K. Norisada, A. Naito
Structure determination of membrane peptides
and proteins by solid-state NMR. Experimental
Approaches of NMR Spectroscopy.
Methodology and Applicatioin to Life Science
and Material Science, The Nuclear Magnetic
Resonance Society of Japan ed. Springer, pp
253-296 (2018).
DOI:10.1007/978-981-10-5966-7 9

15 .
pp 1-244 (2018).
ISBN978-4-06-153898-6

o
NAITO, Akira

80172245

®
KAWAMURA, Izuru

20452047
SUDO Yuki

10452202

(4)
KAMO Naoki
Wada Akimori



