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4D Dynamics and Assembly of Protein Translocation Systems
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The dynamics of protein translocation across the membranes remain largely
unknown. This study advanced the four-dimensional structural analysis of protein translocation
across membranes. We prepared a single-unit protein translocation system using a nanodisc system and

observed it by high-speed atomic force microscopy. We incorporated the latest Al technologies to
analyze the images, revealing structural changes in the protein translocation motor during the
protein translocation reaction.



X C—-19, F-19—1 (@)

1. WFERHE S WO 5

AFESE [ A MR LENRE] T DT L — 2L LT T U T ONIE - L2 L &5
HAF w7 Ip 2 7 gk B A RN . F OEARFELOMIAZ B4, % X7 B O E
i e PBEHDAZGERE L, I HEOENEEED — 2> Th D, N7 T U T TIEANREIZ Sec b T >
Zm s (SecYEG) & HLE LTZEAERBTEIEL, Sec hT A ar a7 L4550 7%
Hk a2 > TN D, WEPHMES X7 EORETX, Sec N AmaraklBL-0b, SME
NEMBAEND, ZO—HOMIAN Z > X7 BHEIZIEZ < ORTRED Y . FRHDE LN
FENTIREE 2R 2 o RV E T D, ZHHRTBES - B AV IK L, WENRESIRE AR L
FERE L CUWLND A, RIZER Sy TR IR S TRy, Z ORI S0 B O EERETH
0. BOBEE L DEERMNTNLETH D, £ T, AL TIEERIMEERENT. B ERR
i & L CHUOBERGGHRIPE & s U= 2D & o7 BB « IRALA 2B FE O 4y - 1tE
DEFEALINTT D, FERENIZIE, 23S OFFNT 51k Z ORI 2 X7 BRI R~ &S
A SH, #Hricle BEEAG T AT LB S SHORBICEMT L 0L T 5,

2. e EM

BRI BEOERITHIE TY AR Y — AL o> TThil, 2L OF R 7 BITE4 2 Tl
BEND, 20X R EORGBITEEN R EMBRED DO TH D, Sec /XA T T A LIFEN
BLLL I AT I T PETIRESN TV, XU NI EOBEVIEE 2D DONRES X
JEEAIRSec hT AR Ay THY , XU EEERT v RNV ETEKT D, N7 T U T T
Sec b7 v Am a3 SecY, SecE, SecG &7 A#EM (SecYEG) Th b, BERAIZIBWT
I%. Sec6l HEME KX D, SecA ATPase [, ik SNH X R IVE HFEEX L \IH) %7
V7 F IV ROWRBEEZ R -T2 F F SecYEG 2V 7 /b— K L. ATP DI/KSGRED = 31 % — % F|
LT Sec hTrAuaryOfiZiE X /R BxEED IR U LIAT,Z & T, M5 IS #
VR EBEBECFESER STV D (K1), ORISR &2 BRiE 5 72 DI XA R0 2 iR
Wr72iF T, BOfREED SIRTTHEEE RN LETH D . 2000 H1 D5 Sec ¥ /NI EHD X f#
i eGSR O IS R TR S ED B Te, L LS, REZ, BERICIKIE L= 4 A
T I IREEE L E bR O X N EOIREBNK N E BT H E ZAE TIEE STV,
SecA [N OMD RAAL U BIRER SN TWD, £DH9 bO—D>THE X X7 g L HEEH
T5EINTND PPXD RAA OBLENZET HZ 12X > T, SecA 17472 < &% Open B &
Closed Bl L LiFXB 2 oDREER L A L EINTWVWD, LnL7eRnG, EOXA I 7T, ZOWH
EEBNEZ > THADONCHOWTIEARHOEETH S,
WMz RiE L L TWAER E LT, SecA WE ) v— ¢ XA ~—DF ) A~v—IREDOEE =
TIENHITEND, BT, EX U RIENRT 74—V R LTEARLERIRETHD Z L1
Mz, SecY & SecA DfEGHEET A Z LR ELIBBINTEY ., K, INOHEAEOIRET S
R STV, 20728, W EDHTFICAIRIC & SN ZVIRILICSH 5, BRI,
SecA DF ) ~— & XA ~—DVHAREERS SecYEG & OFEATREENHIME ST 2 &R
LT, WU nBlEN R TMIRE 2o T D E b a6 D 7a < 7Zaun e, Sec DX
VR EREHE OBRE RE T TODORBURTH S, D EFRT DD, o7
=T INE R EEBR S D H A F I 7 A& A &85 70 JR TR BEEE (ARM) %
Wi 2D TN D, X R 7 B OB DR ZEM N ifEE % B 2 5 L BERICFE R 2155
T 52, B AM CE=X —TX 51X T THDH, LNLARNE, MK T O SecYEG & SecA %
SR O B DT, X7 L AF RROBEICL - THY I~—REOE( ERRINTD
LI, VT INHEALTDRAAL L OREEENEZIED £ TITEE > TEB O & 5725 @0 fiRiefif
BT FETZAL TN D, SecYEG & SecA DEAIRDORIE biThbivizn, D@D SecA A Y I
—IREEDOHIEHNNETH D Z &, S MREDRIEN SIRERREEZ2E 5N TWRUVIRIIC
B 5, PRI T 21213, RO bE LE e TR 2 Z & CTEHETH D, T77b
B, BT SecA-SecYEG DA A A A N —%aHbE oL Z &, XU\ EEEEIC TR
REXNEZLNLTWAZE, 1=y b - i
A BT D - L AT h D, WAL TR
WERD 153 THIE T, 1 == F®D SecVEG @]
WHES LRI EEBBEED T EWNT s \ =

SNT=D, SecA DAY Tw—IRFEIZ DN e vE 22 rg
TIEHIEHA TE TR o T2, FATE B, Frxn = .
LT B A ENE Thermus thermophilus 7777

fRD S LS 7 BITHTA LT Sec 42/ . . -
D EORI & DT & 12, FOMILOT P 33 .
» SecY & SecA A XTTF KU o H—TH

VR L8y A LT, ZhC
KV RT#EV R < SecYEG-SecA MDA MA ¥ X1 #1307 BOREH
FARNY =1 :1&%5, ZOfMEL

) / )
ql Y G

B PZAV |



NI (SecYAEG) ZHEHL L 7- MR ) AR Y — A3 & v BiEEEIEE 2R~ Lz (D), 2ok
MTICBWTC, EHETAL XU RY—L ETSecY, SecA 34 d<=—IREEZ LB V) =
EEHRTE TV RWVWEWNWHIBRFEENRD 7=, FERE) DS 1 2=y N EFRRFICER S5
HEELTC T I TARIDRD D, T /T 4 A7 1F BEFRY VI RIVELIRENOHEREND T 1
ATIRDOF IR Th D, BEIX2HEEg#EL 2> T\, ZORERBOFIIES X7 E a2
WDIAD Z LN TELTD THESEIEREL VRV BOMICHNSNT WS, F /5 4 A
(ZHLDIATe Z & T, REIEHEA 2 D72 < CTHIEY VN R EICHETE | R A MR L
TWAHENWZ ERFLRTH D, SecYEG DFE TBMEBMEMITICL, 1=2=y METICH T /T
S AT TRV N EER D D,

INETIC, MU L=~ 1 2=y b DY AT LMEED =8, SecYAEGC % KIGE D U U IEHE &
—¥BIZ. T 4 AT IZERERL L. SecYAEG-F/ T 4 A2 (SecYAEG-ND) ZA{ER L. Zh %, &
ARM TEISRT L Lickn, Wk ThDZ EaMR Lz, 51T, SecY 7L LT
MRFES D Z & T, AEED SecA OFEIR &S L /R B TdH 5 SecYEG T/ T 4 A7 OREIEN, &
B AFM CHfBICKRITE A Z L& Lz (@), AW TIEL, SecYAEG ;7 7 4 A7 LB X
RIBERIMAT-FMT, EBHITATP %2 T122=y F® SecYAEG TH /37 B DEFE B
MR S, X N EIEBIBOBREBIE A D F X TEEED ) TV A A MBI & T
HIEMBHTHD,

3. WFFED Ik

2R OEEROBNEBIE DD, Ny T 7 —REOFMIEREILLTY T XA AT
FH ARMZ X A BIR 51T o T2, # VX7 B OFEEROBREIT, &iE ARM 12 & 5 FFZE[H 43 fiFHe DR
RL~YLTH o720, FOBOBMMOT-HIZ1E, 4. TR T 2 X 5 ITHRERD AL I X 2#E
TR AV,

4. WF7EE R
AR TlE, Z o /7 EDOEERD Z A F 3 7 A& fRIAT X HFFE R D TV D08, B ARM
TEOFEMEZ LT 27201213, Bk 1 2= FOBEZ T CTlE, iF7Em N R RECTH
ST, RERL R TFNELLZFRICAZTEY ., POEBETERICHES L TWDLONRRHATSH
STENLTHD (K2), PN D= DIZ1E, SecYAEG-ND 73 E D[] & THARICHEA L TWD
DNERETHMENRH ST, F 2T, SecA \ZHHMUAHSNT LTz—o>D KA A VB RIEET-
YAEG #HAA (SecYAAEG) Z1EHL L. SecYAEG-ND D RMEA~DFEST A M X 2 ET L B4
O,
SecYAEG-ND D& AFM {5 TlE SecA OREIRIFAEFIIRICEILZE S iufc— 5 T, SecYAAEG-ND O#
BB TIL, SecA DETDO—EN=ZHAD L HIIIRIFIZLH> BT, BT, #HEBEIND L
DRLFAZBN T, [F UED 23R IT TN 728, SecYAEG-ND (X[Al—H CTHMRIZHES L TnD 2
EIMEZBND, SIS 21T 9 720121, IRICEARAYIZ SecA @ L OFEIENFES LT
WAEDPEHLNETIVNERD ST, 2T, TFEARICHEED LR ST ALIZL B2 7
BOREE TR v 75 I AlphaFold2 % BV T SecYAEG & . SecYAAEG O#EETHIZITVN., F1
& T 4 AV ICHERR LG T V2R Lo, ZOTT VOMERIL, AREHEEEE O I[E
WIECTH TENIFRRE LI Az, ZofiEE b &I, @l AR I X 28l S 28 oHEET
FINENERT D ENTE D, MEEET /LA 360 FEREES RN 6, FAEICHB T AHEET L
PERR LT, T OHEETET L & FEEED S ARM @ SecYAEG & SecYA AEG DEIZM & Holk L,
FAEICBITDELCMEEZTARIZE A, HIFTCOAHEITB O THEEMENEL D Z &N
M LTz, 22 F COUEHERR T, SecYAEG-ND DM ~DFESEN Sk 7o o7,

WIZ . SecYAEG-ND IAHGIZ, ZEMREED T v 7 +— /L R LT B Z 7L ATP ZIRET 5
ZETH N EOEEBG MG S, miE AR CEIE A ED -, JE I < Ok T
T. SecYAEG-ND DBk 1~ Tl TE 2 h o 7=, FIRROMIED SecYAEG-ND 764 2 Tnb &
I IMBE IR ST, FYEIE S FEYENE L TR 2 T o 723, EnbRICEmA R ONTZ, i
Hlix, Uo7 EREREERTOEE X o RIEThHD EEZBND, — 5, WEX R TED
T FVESNS, T OMREE R DB AEA LT E Z A, SecYAEG-ND DRI+ 5 /B 5 A HLR
DGR SN2 o T-s F7-. SecYAAEG-ND Z W= & X128, MEROBAHER SN2 ) -
7272, RIGEH 7= SecA DFEIGIIHEREICMEATH D Z ENVHIBA L=,

SecYAEG-ND 232 & 9~ % L /3 SR OGO 2 L TV D & XTI SecA O S 3E
64252 L 2R LTz, 2 OBEZ L, B V7B FE L TWRNE X (3Bl TEh
Mol-l-, Z o 7 BIEEE R s &
L TWD I ENES R I N, £
D HE{jH F2BR T SecYAEG-ND ORd A & R E T
X TWAT-WD, Sech DHEEELE S I 2
L—3 3 > LEnd ARM i & Hhlehst L .
7=& Z A, SecA IX open JRHE L closed Yk
BBEABYIRKL WD EEZ LN, X
R B EEER G ETe ATP D721
Tlx7e < ATP D% 0 (2 ADP X° AMP-PNP

10 nm

2 SecYAEG-ND =38 ARM ({5



R BB LIS T, SecA OREEZEN ED L HIZBbT 50O EMEICHE L, FEH
KO =D T,

2 XY B EGE ST D Sech OREIEZAL 2 G HZHIE L2 FliX 72 iy, 2019 23R S

V72 SecA 43 TN O NI R VX —8 @) (FRET) & WIS X 7 U AT RICKAE LT-FE
EEbEER LTS (@), Z O TIL, ADP f77E F Tl SecA Id open #UA32 < | ATP {71 F
TlE closed BHAINT 5 2 L AR L TWA, =@ FRET OFERR & BIEREHTH O & AR O35
THEEZAL DO REZ — AP L TV D L DR B, SRR 2D 1=,
FoF1l ATPase R°F A =172 EITATP ONMKGIRIZED . EDOXIITHEH L TWD D0, i
DEEIZ D> TETCWDR, TNIEEL OEYHEFMTENZALICHEESN-Z Lick
Do AFITIZ LV | SecYEG-SecA D 1 = FRIZLDPENLZEICTE DRI E 2o T2, 514,
SFEXER Sec XU NTHOREBIEMMBLFEMENT AT ) N TE D, WY AT EERT)
J T 4 AT O A A X DHEIL, AR O Sec 7211 T < | BIDIES > 237 B OFRITIC
LD THHATH D, FEBE. 7R T AL T RAR—E — MgtE OMENIZES LT-ERIZ, ~ 7
XL LOPRE LARLF LT HEELE ) T A XA LA TENATE 7 (0), AR TSNRN-T
M. Sec T AT A L FEL R SecDE, YfeM, PpiD 72 & L AR A TR L I AA Zx
WRICHEP D, 2O OMAEERMIT L IRINICED CTE 72, fFk, Sec hTF v A2Ama v a2g
TeERREARNEE T < BRI ZT20,

<5 FH3CHER >

@  Sugano Y, Furukawa A, Nureki O, Tanaka Y, and Tsukazaki T. SecY-SecA fusion protein retains the
ability to mediate protein transport. PLoS One, 18, ¢0183434, (2017).

@ Haruyama T, Sugano Y, Kodera N, Uchihashi T, Ando T, Tanaka Y, Konno H, and Tsukazaki T. Single-
Unit Imaging of Membrane Protein-Embedded Nanodiscs from Two Oriented Sides by High-Speed
Atomic Force Microscopy. Structure, 27, 152-160, (2019).

@ Catipovic MA, Bauer BW, Loparo JJ, and Rapoport TA. Protein translocation by the SecA ATPase
occurs by a power-stroke mechanism. EMBO J., 38, ¢101140. (2019).



9 9 8 9

Kohga Hidetaka Mori Takaharu Tanaka Yoshiki Yoshikaie Kunihito Taniguchi Katsuhide 30

Fujimoto Kei Fritz Lisa Schneider Tanja Tsukazaki Tomoya

Crystal structure of the lipid flippase MurJ in a “ squeezed” form distinct from its inward- 2022

and outward-facing forms

Structure 1088 1097
DOl

10.1016/j .str.2022.05.008

Inaba Hiroshi Sueki Yurina Ichikawa Muneyoshi Kabir Arif Md. Rashedul Iwasaki Takashi 8

Shigematsu Hideki Kakugo Akira Sada Kazuki Tsukazaki Tomoya Matsuura Kazunori

Generation of stable microtubule superstructures by binding of peptide-fused tetrameric 2022

proteins to inside and outside

Science Advances abq3817
DOl

10.1126/sciadv.abqg3817

Miyazaki Ryoji Ai Mengting Tanaka Natsuko Suzuki Takehiro Dhomae Naoshi Tsukazaki Tomoya 298

Akiyama Yoshinori Mori Hiroyuki

Inner membrane YfgM-PpiD heterodimer acts as a functional unit that associates with the 2022

SecY/E/G translocon and promotes protein translocation

Journal of Biological Chemistry

102572 102572

DOl
10.1016/j . jbc.2022.102572

Inaba Hiroshi Sueki Yurina Ichikawa Muneyoshi Kabir Arif Md. Rashedul Iwasaki Takashi 8
Shigematsu Hideki Kakugo Akira Sada Kazuki Tsukazaki Tomoya Matsuura Kazunori

Generation of stable microtubule superstructures by binding of peptide-fused tetrameric 2022
proteins to inside and outside

Science Advances abq3817

DOl
10.1126/sciadv.abqg3817




Tanaka Yoshiki lIwaki Shigehiro Sasaki Akira Tsukazaki Tomoya 595

Crystal structures of a nicotine MATE transporter provide insight into its mechanism of 2021

substrate transport

FEBS Letters 1902 1913
DOl

10.1002/1873-3468.14136

Ikei Mai Miyazaki Ryoji Monden Keigo Naito Yusuke Takeuchi Azusa Takahashi Yutaro S. 22

Tanaka Yoshiki Murata Keina Mori Takaharu Ichikawa Muneyoshi Tsukazaki Tomoya

YeeD is an essential partner for YeeE-mediated thiosulfate uptake in bacteria and regulates 2024

thiosulfate ion decomposition

PLOS Biology 3002601
DOl

10.1371/journal .pbio.3002601

Sato Yukino Hashimoto Tsubasa Kato Koji Okamura Akiko Hasegawa Kaito Shinone Tsukasa 299

Tanaka Yoshikazu Tanaka Yoshiki Tsukazaki Tomoya Tsukamoto Takashi Demura Makoto Yao Min

Kikukawa Takashi

Multistep conformational changes leading to the gate opening of light-driven sodium pump 2023

rhodopsin

Journal of Biological Chemistry

105393 105393

DOl
10.1016/j . jbc.2023.105393

29 13 7

Sec 1

22

2022




PpiD/YfgM

in vivo

22

2022

BioneX

2022

2022

Sec

2022

, Napathip Lertpreedakorn,

s , , Tanja Schneider,

Crystal structures of a lipid flippase essential for peptidoglycan synthesis

96

2023




Mai lIkei, Azusa Takeuchi, Yusuke Naito, Muneyoshi Ichikawa, Ryoji Miyazaki, Tomoya Tsukazaki

Structural and functional analysis of a thiosulfate transporter complex

The 22nd Annual Scientific Meeting of the Nitric Oxide Society of Japan

2022

Muneyoshi Ichikawa, Hiroshi Inaba, Yurina Sueki, Arif Md. Rashedul Kabir, Takashi lIwasaki, Hideki Shigematsu, Akira Kakugo,
Kazuki Sada, Tomoya Tsukazaki, Kazunori Matsuura

Generation of microtubule superstructures by mimicking ciliary microtubule structures

60

2022

, , , , , , Lisa Fritz, Tanja Schneider,

MurJ Squeezed form X

48

2022

in vivo PpiD

18 21

2022




Tomoya Tsukazaki

Crystal structure of YeeE, a membrane protein, engaged in thiosulfate uptake

ABA, APPA, TBS Joint Congress 2022

2022

AFM Sec 1

R4

2022

Sec 1

22

2022

PpiD/YfgM

in vivo

22

2022




BioneX 2022

2022

Sec

2022

AFM Sec

17 21

2021

95

2022




Napathip Lertpreedakorn, Hidetaka Kohga Hidetaka, Ryoji Miyazaki, Tomoya Tsukazaki

Critical residues of an antibiotic peptide, LysM, inhibiting lipid Il flip

2023 International Student Workshop University of California

2023

Structure and function of a thiosulfate transport membrane protein

Nanion 2023

2023

SecDF

96

2023

PpiD Sec DsbA

96

2023




23

2023

19 21

2023

Mai lkei, Ryoji Miyazaki, Keigo Monden, Azusa Takeuchi, Yusuke Naito, Yutaro S. Takahashi, Hironori Takeda, Yoshiki Tanaka,
Muneyoshi Ichikawa, Tomoya Tsukazaki

Structural and functional analysis of a thiosulfate ion transporter complex

Gordon Research Conference: Mechanisms of Membrane Transport

2023

Napathip LERTPREEDAKORN

Murd LysM

2024

2024




YeeE-YeeD

2023

in vivo BepA

BAM

46

2023

Wenging Xu, Ryoji Miyazaki, Ryo lizuka, Tomoya Tsukazaki, Sotaro Uemura

Single Polypeptide Detection Using a Translocon SecYEG

The 61st Annual Meeting of the Biophysical Society of Japan

2023

Yui Kanaoka, Takaharu Mori, Tomoya Tsukazaki, Takayuki Uchihashi

AFM Sec 1

The 61st Annual Meeting of the Biophysical Society of Japan

2023




https://bsw3.naist. jp/tsukazaki/member_tsukazaki .html

https://bsw3.naist.jp/tsukazaki/member_tsukazaki .html

Bonn




