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1. 774 FTETHBEIECL2HS TV I 2 b— a3 VEAROBI%

AK7avxl NCHEITHEELRETH D, B TRIBEO - O BMEEAIRBF 21T 5 722, Fiiflan it v
A NVAIKIE EET 6 HE O A DT, 1) MIafoNY THEEAH S LI, Mlafo 7' T7—0
BRHEOMEER S ¥ A MEB O e Z D=, T E CITHEERITICKI L Tnb 7 ae—FT s 1587
—7 4 19 OREEMATITNZ T, MEMEMICE W TR DEELEZEI LN/ e —T 4 5 LR bEVRER
V—EHTL/R—T 43 LUz VY2l @mRD C R N AL L OEGIROE LT LTz, SHI233F
HONY w7 2 FIZHET 5 P134 ONLEDO T X 7 FEAS 27 FIEF(ET 57 v —T 4 LIZHBW T, P LISMTIT A
EGDATHN, TNOLBXA MEGDOANT Y FOMEEZHETHZ LA RH L7z (Nature Comms, 10, 816
2019), 2) 7 7 A A EFBEMEE L BRI TARNTIEIC L 0 F v o TES 2T 24 1% 2 v OS2 TRE NI
B HIREE L RRE Y TN WIRRECRRNT L CL IRE D T2k o CTF vy XA L b D Z & 2 L7- (Sci. Adv.,
6,€aax3157,2020), ZHHDFERMNG | REBRBEAT DX v v THEET ¥ XL D gating AT 2E7 L
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ERELZ, T7hbb, ¥ v THAT Y IALOL T v VRN 18A L REWGEITIE, IBES 71T ¥
KNVHIZASTHEE 2 ERAERT 52 LICL > TTF ¥y 1%L S, ZOHAEIC, N KL i s
WHBIZ e o TR Y | BEAMCA AR, U b, pH2R EOZEIZ L - T, N KB T ¥ FAVHICAD Z &
ICX o THRE S T LIS T, Fy 2 nBiREBIZR D LD gating ETLVERE L, 3) A4 Fx
KE, B FICEDHENEZE R DN D EERENTH LD, KIF ¥ X0 Na"F v L3RR 7T
T HED Ca?' T ¥ RULZINE TE LIV TV T2 T2 DI RN NEE Ch > 72, Z ORJEZIFRT 572012,
NI T UTHED Ca¥F ¥ FNVERBLIER, N7 TV THED Ca*F v x L EHOTHRAT LI ENTE
7z (eLife,9,52828,2020), 4) HIEDEENF 2 /X7 E T % Ptype-ATPase DA 2.5A SfRRETHT L. 2D
T NIRRT OREENZ ) T YA MOEA LTS Z &2 5T LT (Nature, 556,214-218,2018), 3
bbb, Fox OHIELE H K -ATPase & DEGARDOHEIE AT LLRTZAREHT S 41TV 7z Ptype-ATPase DA IED & T48
SNEEEEDOREENMEIZIZIZOFEEKIIMEG L TELT ., R v 7 A 7 )L OFEERIREE TR G 5 B oo
W7 U7 MY A MIFEE L TV DREERH LN o7, SLICHREZIM ESET, 2071 MU RUT M1
537D ATP D4R T IH/IK 2R v 73 L 2 ff ] L7z (eLife, 8, 47701, 2020), 7V v /N—EOREL
95 ATP11C OFEEZf#HT L (J. Biol. Chem., 295, 10180-10194,2019) . & HITHFZEZ D T, 1L A EETO
A (B2 A7 — b &R AR ) O % 7 7 A A5 1-BEMEE 2 O TREYT L 7= (Cell Reports, 32,108208,
2020), 5) AT wY =7 MENMET D720, AN 7 ABHEI A T — D & H58 L 7o @ PERE - &5 fifae

TA A EFBEEOBRIZKED L, mIE COBRMEL ATRE & T 2 BEEY 2T LD EEERE1T > T, RO
I IA A ETHMBES AT LEREE LTz, EBIZZOH LW I TEFBHMEATEH LT, BEX RV Ei E o
BT 2 R B ED H Z LN TE T,

T, FRTHIR o FRIBEIZ I T HHANBRFE . FFIC PPLHIEEIERINBRFE D FRERI & LT, il a v F 0 A )L A&
Yed bl &2t hOMBED ACE2 IZFEAT D, A NVADANSNAL ZI1ZH7-ET % RBD IZHRLS fEG LT A LA

DREG AL Z ENTE LR T ORI EMED T, EOREER, FEFITHE A/31 7 @ RBD O ACE2 f5&1HIZ

A L. fREEL 220 BL A L A OBRZE TR LTz,

2. NMRIZ L DS ERICE S B 73 I 2 b—y a U HIR OB
(1) BEZEREZ AT HMENREE THIT 2, EIRCES U 2 b—r g VETTOBS
i BEEENE 5y T OB IRAE EE AR
BEFPEZ R T 7 m AR Y 0 A (CsA) 122V T, RECIRE 2 B 2T 2B OBEIZRB T 5
NMR JIE 21TV, FARIEIC I 1T D HEE P 2 ] 502 Lz, £ OREE, CsA I3MER mAMEREIZ 31T i
W oHiz, BE 2 BERBRE & P0G ZFFo— 07, OMIEIRIREFRIX, E ms EEWZ &350
7o £ T, CsA OFEERIZIHWTEHEROIZ, BEHICBIT OMEZH LN UDFRFOZ &I D T &R
Iz,
i . FEFEIET T v Z OB SRS AR
CsA DIEFRMET F 1 7 Th 5 CsH IZ DWW TRERDOMT 247U, CsH 2% CsA & RIEFREE OMEELRITIA L
TS HDOO, FEREAMEREIZIW T, IFHE 2 ERERE S HUOHMEZ R 22N L 2P LN Lz, X
- T, CsH OFEEBMIEMEMENOIX, 2RO G E FTRE RSN W2 ERFRTH H 2 L AVRIE S
72
i RIEAZE O3 D H o1 g T
PUAS ATEME 2 R BRIR Ras BLE7'F R 5 FRIC OV TR TR X OS2 2 A8 (DMSO) 1 TOar
(A O BE3E 2 7T L 72, PO ATREZR Ras BHET'F Nid, /K& DMSO Tk & <& b L, FEm
(I T B IR R A MR EE S I Y T W U E 4 & o7, — . EZIES TE RV ERIR Ras [
NTF R, HEE AR 30, BREWIERRT I VBRBATFEEL, mESEEE 2B o7, &
2



T2 ML D B S A FRRE & L C, Ras [LEATF R 14 OBLEBEE 2D T& 7z, DLEOREMNS, HE
Ki-CIRH 2 " 2 B3 2 EEOREICB 1T 5 NMR JIEZITV, s E LT 52 L T, K
ZEIEPEOE VAT LIE R 2 5T D ek e A s ok D 2 & 3R 4172 (Takeuchi et al., Angew. Chem. Int.
Ed. (2021)),

(2) FEFEIZHS L PPI 72 & OB AISEVER RIS T 2 oy T O PR 3 L O i (b Bl O B 3§

i. BelxL 72 & O BRI ST

LA AHIRER) 2 2 X7 ' BelxL 122U C NMR BNSLARREE AT 21T\, U > RS ISR O 8 A1 X
DD T EEBEX BN TN U7 M A by, FERGIRIE T HEDRE TIEH 2 W TREBIZH D Z
EEALMC LT, £, fREMZ GPCR Th D AnAR O NMR B EMENT 218 U C, IFE 2 EEF O
B DHESE HAEA L, TEMERSEDFEIERI G 2 2 S E 5 2 & TY I UREISMEZ FIH 5 2 & & B
BT L7z (Mizumura et al., Sci. Adv. (2019)), & B FIEFH O5liFR 2B 5 BAR IZOW T, EEHEEARE AR AE
2B DIEIE G & AL U, M OREEMNT T CIIREECH - 72 EEhEE, S REBhER & OfE L2 f)
D TR L7z (Imai et al., Nat. Chem. Biol. (2019)), Zi1 5 ® GPCRAFFEIZHS &, FitOMNT 7L aH
AN S8 % Hh oy 734 2 B ERRIICER G T & D A[REME S R Sz, £72. GPCR @ NMR (2 K % BAYH#IE
FEMTIZ B L CHRRFH &2 12 L 7= (Shimada et al., Nat. Rev. Drug Discov. (2018)), & 512, JE IR E H RO LAl
BRF- QacR O EWAIREEMEAT A 1TV A A P O TR PEREIE O EIE DEV T, QacR DIREIEME(LE & 7 ©
X5 ENPBMNE LT (Takeuchi et al., Proc. Natl. Acad. Sci. USA, (2019)), MMz T, Mg> 1A > F ¥ RO
BHPAEHE (Maruyama er al., eLife, (2018)). G % /37 B HARRIN 7] & H45i KA A 0 T 0 2L OIEMEAL I
1 (Kano et al., Nat. Commun., (2019)), ¥BFHELER D KA 4 F ¥ R/VOBMICE 2 558 (Iwahashietal.,
Nat. Commun., (2020))72 & % NMR (2 K 2 BROBESREMATIC K O BT BT Uie, E72, MOIRFFEEHE LIS O AR
& LT, GPCR HUKREHR & T @A KE < BAREMDNEERERICK LT NMR (B 5 OAEMER%Z ik
KAt D L FE KB CRINEPT ¥ (Tokunaga et al., J Med. Chem., (2020))<°58%y EH/KFEAL & A F AL & #HL A
BrioH T2 2 RN ARKE R 5 % ST L7z (Kofuku et al., J Biomol. NMR, (2018)), % 7-. in-cell NMR /£ X 0 #]
W5 Z LT, BRAMES 37 8 RAS OIEMHRIEIG SHIBINEREE T TR T L TWAD Z L 23R L, Ras D
TG 2 HIE - 28 7 7t A 2 B L 72 (Zhao et al., Cell Rep., 2020),

i. 727U 7 b A bORE, LEMERBORE

PUAS VKRR 2 2 23 7 B Bel-xL A2 DWW T, U v RIEFREAIRIBIZI T DIREREEfT 2175 22T 2 Y
T YA REREL, BENICEHET AT e AT Y v 7 A MERM L, £/ NMR @z bEicr V7
FA P AR RBICZENT 27 v 2T Y v 7 28K (F143W, LLUT FW Z5AK) %57 L 72 (Mizukoshi et
al., Sci. Adv. (2020)), & 512, Racl OFED AMZE TR Z NMR 1EIC X0 BigREEMET L, 2 BRIKICRA O Mg
ERBMEREEIC, EMPREG L D27 V7 A MOfE{E% R L7z (Toyama et al., Sci. Adv. (2019a),

ii. 2@ R E Ao 57 PPI BLERI ORI

FW ZER7 V7 " A MIREET 27 F R T o8MmEEA RS2 2L, FW ZREZHWS Z &
T Z U7 RV A MIHATDV I RORT ) == T EMFITE D Z L &7 LTz (Mizukoshi et al., Sci.
Adv. (2020)), AFFIEIZIB WV THEN. L7227 U 7 b A MAEIE - ZELEIS T, PPI BLEAIOBERICILS ET D,

3. AV I EMIC K AEEN R IE S Fa TV 2 b—y 3 VEIFO B
1. R - BT a2 ETILEMT — 2 R — A DL
{EAYNRHEET — 2 _X—2 DB) 1E, EMRBDA LV T T A NT 7 F ¥ —Th b, ENELL D KK - 5>
TEELHRIEAYERORMEZZ T, 3 RSO BEAER Y 2T A &%, #il 1000 TLEH DT
BHEE DB 2 1ER% LABH L7= (http://www. myprestob. com/1igandbox/cgi—bin/index. cgi?LANG=ja), A% DB I,
Pl o v oA NV AEOER DT, HIREE 8500 WE &, #iEt 516 = —H—{Z 7010 ¥ ¥ > 17— Kl
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WMz,

i, PEZIEMEZR & OV A PRI 28 E AL ) 2 5y X 2 L—3 3 UEIFOBS
K~y 7 OGO MEEHAIRT — Z WL Z ATV, FTBlRB S ETF1E (descgene) & HENHY - BEFEAYIC
T D L TR AR HEME (AT%) THIET L (modelgene) DPHIEIZL Y | 43T DL L iR
2 Z B LR Tl T V2B LAB L7z (Mol. Inf. 2019, https://www.myprestob. jp/)., FE&T
— B B AR ZTHMF TR L LR ICTRITT UNER TE 5, 58 EERREE ) & b OB 72 MD
YIalb—Tar (eNHE) ZBHFE L. K - DMSO IERH CTOBIRST'F R U 7L 7l Zi L 72158 4 B
H2MZ L7z (J. Chem. Inf. Model. 2021), & D#ER. ZEYLHUZ L D& A4 3T 2K+ & LT, BRI
T Th ¥y ONREME. P ERINA, LI RRE ST,

KFTORJEOHIZ, BEER LT Va3 MeflEREZ L EENTND I L

i Lod VW2 ooy NREEAED & & B Y E R DI ONAREEN DN &

ST DOBERL A R =78 ERPICHAR TR AN ET D EOZRVXF—RLETHDH I L

SR O R RENZ &

T UM F A OB E RS, ZRICL o TEBIL Y D &

6. BB L DHEE LogP RIS DIXHLHOE R RENT &

ii. fiky Ny ERMEES S R EE O OMBEfEE Y I 2 b—a VT L FIEDRS
TARNVF—HERIZ L VEEORE QB A EEEEO U VIEE X 0 72 B DA T R VEAL T 15 (membgene)
ZBA%E - B L7z, %132 mD-VeMDIEIC KD | IREAE= Y N U UZBAERORICH T+ R 20
ZAUE, BRITHEE 2GS IEEN S O iL, o R OHRE 4 fi#8] < & 72 (PEDS 2019),

iv. FEMDFES FTRER & L /X 7 B IE & W 2RI HRSR 3 5 FIE DB
BRSO L CHEEM OFRE GHEE & 2RANCHRE T 2 FiE nD-VeMD ¥, T &2 E (AD I X - TEHREE)
KAtk # L7 GA-guided mD-VeMD 3% (J. Comput. Chem. 2019) . & FVEAEE 2382012 < V> McMD dynamic docking
simulation {4 (J. Phys. Chem. B. 2019), HEWOIALEDOEKMED 7V 7 T& D NHL(J Math. Phys.
2019; J. Phys. A: Math. Theor. 2020)% % BA¥E L., HFHERE~OP S TRAGI Iab—a VEIIKI L
72

v. EAE OIS A BB LIRS AT OHEE « By FiREt Y 2 2 L— g VAR OB
7 )7 MY A D ONEOREL, PPI BLEFEABAIEICNATZS, EREDOM Y2 b—varnb, 7 I /8
BIED7 YT M A h~Dp ) 5 S (cryptic—site index) ZHEH L, EEAR TN LT, cryptic—
site index DR\ EIEOMRIEE OIEB) OB EIE GBI L G OSLAREEICHEEL L HEREREIOEE L 72D
L HIR LI (J. Phys. Chem. B, 2020), McMD dynamic docking simulation &2 XY . NTHEEAE Bel-
XL ZKkIT DGR DR 5 2 FOEFR, BENICERENOZ V7 M A M 2 UBITIE LWiE G HEE
EVEME DB L7 (Sei. Rep. 2021), N7EHE 14-3-3 EAHEIX., 2H D/ — M —fs % &>
D, 8= M —EAIE OBSRAFITR L . 73— M — R SR E Td o 7228, GA-based Vemd-MD (X, 14-
3-3 MAEA~OH 1T F MEAOFBIZMNZ .,V VBRb-3E Y VLT F RS TO > 7 F AR,
7 X BEES ECEENTALIE DA v ARy b 3= MR A I = XA OMENTIC RSN LT (J. Chem. Inf.
Model. 2020, J. Chem. Theory Comput. 2019),
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(FE30)
Innovative drug discovery technologies for middle-sized molecules using cryo-electron microscopy.
In order to develop innovative drug technologies for middle-sized molecules, which is the goal and issue set
forth in this project, we proceeded with research on six items. 1) We analyzed complex structures of C-CPE
and claudin-3 together with two mutants on the third helix, P134A and P134G, and found bend or no bend
of the helix at the part define the properties of tight junction strands. 2) The structures of the Innexins that
constitute the gap junction channels were analyzed with and without lipid molecules by single particle
analysis utilizing cryo-electron microscopy, and it was clarified that the channel is closed by the lipid
molecules. Based on research results of the other channels, we proposed a model that explains the gating
mechanism of large diameter channels, such as tight junction. 3) We identified a bacterial Ca2+ channel
which is useful for structure and functional studies of voltage sensitive Ca2+ channels. 4) Structure
analyses of H+, K+-ATPase binding with a stomach medicine revealed that the proton pump binds to the
cryptosite without the binding gap in the previously analyzed structure at the resting state. The structures
of ATP11C, which has the function of flippase, were analyzed using a cryo-electron microscopy. 5) In order
to accelerate this project, we developed a high-resolution cryo-electron microscope equipped with a liquid
helium-cooled sample stage. 6) We succeeded in developing an anti-SARS-CoV-2 drug as an example of

innovative drug technologies for middle-sized molecules.

Innovative drug discovery technologies for middle-sized molecules using nuclear magnetic resonance
(NMR).

The structures of 5 cyclorasins, a series of 11-mer cyclic peptides that inhibit cancer-related protein Ras,
were determined in water and a membrane surface mimicking solvent (DMSO) by using NMR. We found
that the formation of an amphiphilic structure with a cluster of hydrophobic residues surrounded by basic
residues is essential for cell permeability. Cell impermeable peptides cannot form the amphiphilic structure
due to the steric hindrance between consecutive balky sidechains (Takeuchi et al., Angew. Chem. Int. Ed.,
2021)). The result is useful for the design of medium-sized molecules with a cell-permeable activity.

We also established a strategy to identify and stabilize hidden drug-binding sites, cryptic sites. We
successfully identified the cryptic site in the unligated Becl-xL, a promising intracellular PPI target, by
using NMR. A mutant that stabilizes the cryptic site open conformation substantially improved the hit
identification efficiency in phage-display peptide screening compared to those using WT (Mizukoshi et

al., Sci Adv., (2020)). This achievement will enable us to obtain medium-sized PPI inhibitors. We also
analyzed the function-related conformational equilibrium in important biological systems, including

GPCRs, 1on channels, and multidrug-resistant transcription factors etc.

Innovative drug discovery technologies for middle-sized molecules using in silico technique with the aid of
experimental data.

We improved the membrane permeation prediction tool and discovered that the binding energy from water
to the membrane surface is important for membrane permeation. By efficient molecular simulation, the
structure that easily permeates the membrane and the partial structure that seems to be advantageous for
membrane binding were clarified, and the consistency with the NMR experimental results was confirmed.
We have expanded and released a tool for embedding arbitrary proteins in biological membranes. We have

developed a quantitative predictive index for cryptic sites from molecular simulations of proteins. We
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developed a method to compensate for sampling omissions in MD simulations by machine learning, and
elucidated the difference in the binding mechanism of molecules with different functions and the pathway
control mechanism by phosphorylation in intrinsically disordered proteins, which are the hub proteins of
PPI. The extended ensemble method showed that drug molecules with different effects on Bel-xL

automatically open different cryptic sites and form different protein structures.



