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Study on the mechanism of biological function of novel photo-receptive membrane
protein rthodopsins related to the origin of eukaryotes
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In this study, we aimed to reveal the molecular functions and functional expression mechanisms of the trans

membrane photoreceptive proteins heliorhodopsin (HeR) and schizorhodopsin (SzR), which were first reported in 2018

and 2019, respectively. X-ray crystallography showed that HeR forms a dimer in which two protomers are inter-connected

via their long extracellular loops. A lateral hole structure in HeR to take in retinal from the outside was also found. On the

other hand, SzR was found to have a light-driven inward proton pumping function, taking protons into the cell with light.

X-ray crystallography also suggested that SzR has short transmembrane helices, which allow for efficient proton transport.

Although SzR is evolutionarily positioned between conventional microbial rhodopsin and HeR, the protein structure is

close to the former, indicating that it is a member of microbial rhodopsin and not HeR. The photo-functional mechanisms

of HeR and SzR revealed in this study provide new insights into the forms of light utilization acquired by Asgardian

archaea just before they evolved into eukaryotes.
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Fig. 1. The X-ray crystallographic structure of HeR
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Fig. 2. Experimental results showing the inward H*
transport of SzR studied in E. coli (left) and mammalian
cells (right). The number of protons transported by SzRs
is larger than that of another group of inward H" pumps
(PoXeR, NsXeR) of bacteria.
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Fig. 3. Focusing on the intracellular side of the hydrogen
ion transport pathway of SzR, glutamate 81 (ES81) is
separated from the solvent only by two leucines because
TMBG6 is too short to cover the intracellular side like other
rhodopsins. Between the Schiff base and ES81, a leucine
(L78) blocks the pathway, and it is thought that during
photoactivation, H* is transferred into the cell with the

rotational motion of L78.

RANI D 7 v 2 X B DSVEIEC B H Lo il &
WMo TWAZ ENHALNI/ -7 (Fig. 3), KFEA
IOV EICHDT I BRUERY T B H
W EBRIZ o T I Z 8 BNEBICHRA L
RLTNWT EbRI N,
ZHLIERRE L LT, KTk o THEEENT D
& B N BNEICE R AN D IAB, HIR 7V # R
VERIZEE D SRR SO R ~ERE R SN D &
W, SzR M H OWIAE HEEE T L2 Lz,

R

ARFEIT, R THIH T HeR & SzR D SLIRHEE %
PE L7z, HeR I BR & 1E7 2 BRECHI N K& < B
20, SHICEITHTHMETHRELTNDICS
b b3, s L FF—rofakic < o
PIER R STz, L LA AV Bkien vz &
5. HeR BAG-T 2 HBLON > 7 F IRES AT A
DIFAET D ATRetED @ < . ZOMRICIT A% E 6
ROMIENLETH D,

—J5, SzZR OGN BITT AH NV KT —F T HNE
KA A~DELOBFEIZB N T, KB EMBEOH
LRGN T DB, JE OJEERE R DN & HY
Ry 7ua RTV U afFoOL ol b B RB L
THEY, 5%1F. AROTAHNVRT =% T OHFT
MO N & HEREN E DX 9 2 &E 2 R4 0
Dy, OIS RS LB L 7R B,

FIZAHGE T 5200272 » 72 SzR Dk A B = X
A, & N EOERNIZTFEET A 4 ks o]
BN, EOX L THET DA A4 OFEES )
MZRETHONEND | KX 7RIS 7= 72250 A
G250 THY, MOX X IEDLT AT =
A LD~ DOIRN D LW S ND, EHIT, MO
PRRAIRL S BT~ 5 O D70 EDFEIFA T = X LD
FFESe. MR DEEPEALIZFE S MfRE TH LT & K
— VAT EOBEMBIC T 72— e LT,
SzR DEZFIE~DIEH b HIFF S 5,

BE 3
1. Pushkarev, A. et al.: Nature, 558, 595-599 (2018).

2.Bulzu, P. A. et al.: Nat. Microbiol., 4,1129-1137 (2019).
3. Shihoya, W. et al.: Nature, 574, 132-136 (2019).

4. Inoue, K. et al.: Nat. Commun., 7, 13415 (2016).

5. Inoue, K. et al.: Sci. Adv., 6, eaaz2441 (2020).



WEDRER

HEEFRE R
[ Bl
1. FHERmEmfia RS ooy liEL L ZED

W A F7 = K I

OHF EE— & 3 BIEMEREREE - S50 2
FEEERFZERD R A 25K 2021 4F 3 H 18 B4R -
AV Ve

i

v

2. Discovery and functional analysis of novel retinal
proteins
OKeiichi Inoue X V=7 L% = AT 4 —F
L (= =—T 4> vy FEZEGEH) 2019
11 A 22 B O

EEEEE A0

1. XBEhX X7 Ba K7 roblzbT4Ame
JEDHTT= 73 BR
OHb £— BRI HZANY —Hha -
READA A EAffsRE 2021 424 H 21 A,
FrTAv

2. Photobiology of new microbial rhodopsins
OK. Inoue BPS - Biophysical Society 65th Annual
Meeting February 22-26, 2021, Online

3. Sir Martin Wood Prize Lecture: The emerging world
of microbial rhodopsins in photobiology
OK. Inoue MRC LMB Seminar November 26, 2020,
Online

4. Sir Martin Wood Prize Lecture: The emerging world
of microbial rhodopsins in photobiology
OK. Inoue MPI-FKF Seminar November 11, 2020,
Online

5. WAEMT KT OkEE & AOHIE
Ot b E— & 58 ALY EARFES -
> 7R 7 I [Biomolecular Design to Control Their
Functions| 20209 H 17 H, A7 A

6. The diversity of photobiological functions of
microbial rhodopsins
O K. Inoue 2020 World Conference on Protein
Science July 6-10, 2020, Sapporo, Japan (3% = &
Az X0 Bt k)

7. T D CHERENE 2 X 7 BRI
O£ E— & 41 EDULFHEFTOR 2020 4 6
H20 B, FH Gz i L0 BEfEPLL)

8. Photobiology and Photochemistry of Microbial

10.

11.

12.

13.

14.

15.

16.

Rhodopsins

Ok #£=— 2019 4% ExCELLS #F VU bV —
N 202042 H 7 H. B

WD BT DNBEREL T DT A T =
LN

Ok =— % 3 BEESCHRERHIIBIZE S 2019
12 A 26 B, B

Spectroscopic and structural studies on new types of
rhodopsins: Heliorhodopsin and schizorhodopsin

O K. Inoue Indo-Japan workshop Frontiers in
Molecular Spectroscopy From Fundamentals to
Applications in Chemistry and Biology November 1,
2019, Kobe, Japan

ICREEME L X7 ER AR v R O it
oAU A e KTV DR L R

OH b £— BAREYWIL A HEE ST
2 2019410 A 29 H, FLig

ST OREE L A = R WINE RS, RIS
YR a KT DT YA v

O} E £— HERKT VEIRFES [Emnd
5] 2019410 H 10 H, <IE
BHITHERT 2MEY R0 R7 LU — R
O b %2— FESTHAREYWH AT T
LYy MM sy gy [FZURTEORE
e BERE - TV ) 20194E9 A 24 A, Hiky
A DFFOSHEREMENE & o X7 Hm R v
DEFMEE AT N =T 4 7 ADPEDD
Ok £— BA~V— MESOWEITEN L E
BHIATEHRI U T 7208 - B B — DS IR
AAEMER R 1 MEAS 20199 14 H,
NI

HE S0 b M B O FF OIS 1 R 72 DK
7w b ik D AR

Ok £— % 92 A FERRE 2019 4F9 A
18 B, ik
HZRFBES 7 B ERa RT Y D%
FR72HERE A 1 = X I & INER S GK

O b 22— 5 1 BT HAWIFERT (ATD KF17
JHEEDTIES 2019 429 10 H, K.k

[ fisRHE T )

1.

T AT KT —3 7 H kO Har S BREh R N ) &
Fua kRT3 a R OfE - 6 -

IR SE



OHFL E— Tl W A48 ME MO S,
B BEHh gy a1 AR, kHE &N
B wL RS HL sRE FSEE EAR B 5 47 A
ARG FRIERRRES 2021 26 H 4 B, AT
A

T ATV R O RO 8 A LB EV R N ) &
0 hURVT, UV u RV UDEERA =R
UN

OHfF £ WABHEE AR S,
BIS Bh, F thE, IR /A, KH 520 N\
JZo0 = ALY & S VN 1) P T N7 NI S E N
£ 8101 FFES (2021)2021 3 H 21 B, A
N AV

WEREVR N & HOR L 7Rl Yy K7y oo
HY ik A 7 = X A D536 J OREIERF I

OHFL E— Tl W 4% ME MO S,
B BEHh s #hiE, IR AR, kHE &N
B wL IR L RIS B AR B BARAER
TRV F IR 46 [HIFFRRE 2020 43R 2020
FE12H 1A, &R ArI4 v

N g Ryt vya K7y 2008
NS NI E T 7 I — DRI A
FTITRA

OH E=x—. O. Bga, #Rw HH % 13 [4H+
Bahne 20194E9 H 17 0, AR
X —CE MAEDTLa K7y v ot
b

O E £— BERFHEHLAIEFRER T E
IF— 201949 A 10 H, M4

Frére N7 7 7 I U —Schizorhodopsin (SzR)
I K DB E 7 b ik

Ok F£—. AW B, M. Singh, 58 HE,
B OEFPR B K NE B2,
R. Ghai, O.Béja, #IRFHH 5 46 AR TFL
FEhimae 20194F6 A 21 H, <X
Methanoculleus J&7 — %7 Bk Vo K7 v
DENLE TEHERFZE

OJIks e, 48 HE, HE £=— %471
RS FRIERRE 2021 426 H 4 H, AT
A
HEEERNEE e RS Y R Y
Yo7 N UHgE A T = A N

OHFL E— Tl W 4% ME MO &S,
ERE . A thaa, Il (hE, V2 &L I

== SN
NN

10.

=&
5718\

1.

B, FREC B, TR BEOZE 43 A ARS T
EMFRES 2004E 12 H4H, T4
AN Fu RFv ey m RSy r s 2008
TANZRES VX E 7 7 IV —DRREZD
B&RE. JERUG

Ok #F=—, 0. Bé&a, Ml FH 5 42 [FIHA
O TFIEME RS 20194212 A 3 B, 1%
2O r RFYy, ~N)da Ry by
va K7y i A2onT

Ok F2—, 0.Béja, HH FHist AR IES
MR35 12 X 2 IR O B W A 98 23 |
20194F 11 H 7 H, [IE

Schizorhodopsin D JEEREIA A} & 7' 1 |k ik &
EDFFA T =K A

Ok E—. AH H, M.Singh, 5EHE, &
H# B S S, PR B I RO,
WG #.~. R. Ghai, O.Béja, il 7 ISSP
J—rvay 7 TvFF— xR0 F0NH
REFEBLOWEL &L ) 0194E9 H 6 H.

¥
W. Shihoya, K. Inoue, M. Singh, M. Konno, S.
Hososhima, K. Yamashita, K. Tkeda, A. Higuchi, T.
Izume, S. Okazaki, M. Hashimoto, R. Mizutori, S.
Tomida, Y. Yamauchi, R. Abe-Yoshizumi, K.
Katayama, S. P. Tsunoda, M. Shibata, Y. Furutani, A.
Pushkarev, O. Béja, T. Uchihashi, H. Kandori & O.
Nureki. Crystal structure of heliorhodopsin. Nature
(2019) 574, 132-136.
K. Inoue, S. P. Tsunoda, M. Singh, S. Tomida, S.
Hososhima, M. Konno, R. Nakamura, H. Watanabe,
P. A. Bulzu, H. L. Banciu, A. Andrei, T. Uchihashi, R.
Ghai, O. Béja & H. Kandori. Schizorhodopsins: A
family of rhodopsins from Asgard archaea that
function as light-driven inward H" pumps. Sci. Adv.

(2020) 6, eaaz2441.

A. Higuchi, W. Shihoya, M. Konno, T. lkuta, H.
Kandori, K. Inoue & O. Nureki. Crystal structure of
schizorhodopsin reveals mechanism of inward proton
pumping. Proc. Natl. Acad. Sci. USA (2021) 118,
€201632811.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


