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Development of molecular therapy for polyglutamine diseases by reverse
structure-based drug design
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Neurodegenerative diseases, including Alzheimer®s disease and Parkinson®s
disease, are brain diseases with no effective therapies established to date. In this study, we aimed
to develop therapy for polyglutamine diseases, one of the neurodegenerative diseases, and obtained

three results. (19 We performed detailed analysis on the binding mode of disease-associated
polyglutamine proteins with the aggregation inhibitor. (2) We found a novel proteostasis machinery
that molecular chaperones are secreted from cells and transmitted to the other cells via exosomes,
one of the extracellular vesicles, and suppress neurodegeneration in a non-cell autonomous manner.
(3) We successfully developed peptide carriers that can pass through the blood-brain barrier, which
can be utilized as brain delivery carriers for drugs. These results provide important knowledge for
drug development for polyglutamine diseases and neurodegenerative diseases.



B X C—19, F—19—1, Z—19,.

1. WFFEBRME 4P O 5

TN <=—0K (AD), /N—F Y UYF
(PD), RUZ % 3> (PolyQ) ‘e & Dt
FRAEVESR BT, BN DR 2 72283k 2 331 B 4
R RE D ZEVERL C L 0 . ARk - 4
BIEREZRTDHEATHY ., Wb AR
BERIEICZ LWER TH 5, BElmbttaic
FEEe M ENC IV TIE, MR MR B O JpRE
fiEBNE L ORN - IRRIEOBFIT, FIRHIC
BRI HLBROBEERETH DL, £< D
PRSI BB IR, RN X B o BRI
ELE NI BRIECREEIT IR B 5
THZENMONTEY . BHERTER O]
W2 LB ABIEHEBI R B ED SN TWVWD,

2. MEOEM
ARFZECIE, AR Bk L, JRIK
R OREILEIC L HIBEIEDR ¥ %
179, BARBYIZIZ. PolyQ A x4 L LT,
(1) B R PolyQ & v /37 Bk 2kt
E(EY O EHERZH SN L, K+
LA OT-OOEEFEREED L &b
2. @QAEERBARET L0V Xnro
IR ZENEIMGIREFF OfR 21T, Fi=, ()
BN R LS BEITEDI OO
WEBITIES ¥ U 7+ OB E21T 5, Ll by
5. BHETZRANENC K 5 PolyQ R 1AL RS
BT AR ESED,

3. WDk
AWFFETHUW T PolyQ ¥ VRV BEIL, T4
L RF v @Ak (ThioPolyQ) THh 5,
Thio-PolyQ IZ. 37°CITIEWVT, FRIFAY, JBE
{KAFRY, PolyQ SHRAKIFRVICEEETER T 5
TV PolyQ # NI ETH D, KIGHEEIR
12XV PolyQ $HEDHE 2% Thio—PolyQ # >
RIBEER L, T74 =T 44—/~ 7
TIT4 =R AF KRB Ia~ T
74— X 0 ERIL ., SDS-PAGE 12 L v 4 F&
EHLE OMEREAT o T2, F 2, BEHE PolyQ
BN BICHT HRRY T R ThD
EFEPL#EANTF B QBPL, 72 5N (3) I2BiF
HRTFRFGATF Y —=D_TF KL, Fmoc
KEERRIEIZ E D AR L, HPLC 12 X b F5i
L7=®%, MALDI-TOFMS 1T & v &5 7Bl
17> 72, QBP1 SEARAEEREATIZ VN2 16N T
Ut QBP1 (15N-QBP1) (. 15N-QBP1 % F A4
VR UEE X R 7BEE L TCRIBER
BRICEVARL, ZOREZ 7 E) D
F AV R A2 BERIICEREM% ., HPLC
HIFS JOVMS FEERIC L v L L /-,

4. Wr7ERE

(DPolyQ # > /307G LIRERESRTF RO
A AT

—IZ, REBOIREIZEN) (BRARE X X
78G5 BN LREE . R OREER I
ESNWTHREERZEHNICRITE RT
TFPA AIRFENED TH D, LavL,
PR MR BRIV, IR A 37 R

CK—19 (Jt@)

WP CESICEELTLE ) 72D, LIk
ERAT N O CREETH V. 1REERLA
MERFT DO OREEFRICZ LVOR
BURTH S, —H. PolyQ JHIZBWTIE, Ji
K & 70 2 Bog & PolyQ % 23 7 B IC%f LT
BeRREATEE - BREERREIS 26T 5
FRUHB R QPL N T 7—VF 4 AT LA
HBICEVREEINTWS (Nagai et al, J
Biol Chem 2000), # Z TARMIZFETIX. PolyQ
K N BT HRT B EREALA Y O 4 F
HEHCE T OMEEmESLIZ LA HNE
LT, PolyQ #3278 /QBP1 HEAKDRNT
1T o7,

F. AKFETHNDLET L PolyQ Z 28
7 '& Thio-PolyQ 73, BEHIE & [RIERIZ, &I
B, IREEKAFI. PolyQ SHRIKIFAIIZEEEIR
T D Z L B MR L7z (Nagai et al, Nat
Struct Mol Biol 2007), ¥KIZ PolyQ # 1%
78 L QBP1 RTTF K& OfEEFEITHNT
et iTo7, FRFEEM I Y A RY —|Z
X V. Thio-Q62 |Zk}3 5 QBP1 OFEE T,
FEEEREE Lz, ZO/HR., Kd=2.0 pM,
FEAN=2.9 ThH o7z, KT T A€ ;G
Z W LARTORRE T, Kd=5. 7uM & #i &
7L TFE Y (Okamoto, Biochem Biophys Res
Commun 2009) . A [EIOHIEMEEIZIEFEEKT S
ZEMHER I N,

WIZ. Thio—-Q62/QBP1 #HAKIZ T 5 QBPI
D NMR SEARAEEREAT 21T > T2, R E 5 S
2l AN —lZEELNTHEE— RIC
FSUNT 15N-QBPL & Thio—Q62 DEA K%K
S, NR JIEZ ATz, £ OREE,
15N-QBP1 |2 342 NMR 227 M LSl &
Nt oo, FLLIWEHILTEY, 15N-QBP1
DF (Thio—Q62 72 L) DAY kL EIFI[A]
—TdHo7-, AT, 15N-QBP1 2% NMR &
WCEBERICIRVIAENTZRRTHD EE 2
HAL. Thio—Q62 1% QBP1 7E(E FIZHB W T H %
7B EEIAZTER L. MR JIE D NEETH 5
ZE MR E LTz, Thio—Q62 DbV iz, &
D EEMEDIRVVES PolyQ Z L XV B Th D
Thio—Q45, Thio—-Q35 % FHV>"C NMR JllE 247>
775, Thio—Q62 MILAE L EIkEIC, Rlxh 22
7 bV L <PFF LTz, 405 nm DI
JE 2 FERE & U7 IE Cid, QBPL Hinic &
D RAMEEEERNIZIERD DNRWD &
736 . Thio—PolyQ % > /37 &% QBP1 DIFE(E
TIZRBWT, BERE I S0 iE
DOISAB 72 IR MEEE IR ZTERL L TWVWD Z &
72, QBP1 1% PolyQ % v /37 & % R ERMERSCHE
BRHEIRBEICBATEE D 2 & T, NEMEEER
AN LTV D 2 EAURR S i, etk
DEVIERNPolyQ # XV EELE LT, 4L
R o TR, INVFFAH-S-FF
A7z F—F (GST) %\ 7= PolyQ FhE ¥
VR BEEMBL, WEEED TND,

Q5 F>¥yXuroxy ) — MEEEEN
L 7238 LD 28 PE BN I A% oD fi B
SDFrylait, NI EDI AT F



—IVT g v TROBETE R A W95 2 L T
RN O & X7 EEEEEHERF L TV 5,
DI L 0 . BAT= BIE 12 % X1 v OEEM
HIVEAIZAE B L, PolyQ JHizxt L CTH¥ %
~urERAWEBEHREEEHBT 5
I F WD T2, FORFEIZB VT, Hspl0
DTN BT A VAR H—
1250 PolyQ T T /L~ 7 A DML
R SE D & UA NV AEYSIaZ ) T
<, DT A NV AFEFEGHIEIZ BT 5
EREERPIHI S NDZ EE2REL, Y
ro_a O L2 T D non——cell
autonomous 7RVEEZN R 2 L7= (Popiel et
al, PLoS One 2012), % Z CTAMETIE, L
DS FHEFFZ B SN T D72, B
W E 21T o728 Z A, Hspdd &3 L
D ETHMPE DO =2 v 7 BRI ER
EDRA Ty Xa RN, =7 Y —Ah
E R B A e o —FE 2 KD FE R
ICHIfaAA I E R TWH Z 2 R L, %
7o EEEME PolyQ & v /X B & 38 B4 5 PolyQ
WET VIR L, oy XerE2E
TV AERBEMICEMLCEET S &
PolyQ & /N7 B OEETE N BN =
NHZ ERbhotz, EBHICyavuyaun
ool 17 N S Y i T D N S TN i S S = N
7 VY — A& L CHIlEIE B RIS ENR
R OMRRZEMEZ M5 2 & & L LT,
PLENS, vy Xmiii=ys VYV — 0%
I U CHEBR A s, MR EHE L. ook
Ja - FLR CHREMEEZME TS & WD
non—cell autonomous 7RVEEZNEEZFIET D
Z BB M E T o 77 (Takeuchi et al, PNAS
2015), ARBFFEOREIZ XY . FEEPMEZ D
Hr 1z 7R BEEE PN HIEAE D o3 TR P S B s &
pol-tiblz, =7 Y Y —AIZEHLEE
LB DO FTHREME DN R S Tz,

) MNBATHES v U 7 O B%

b & ARG HERE O B 13 % 4 BE Y (BBB) &
MEEN 2 W BRIRERE N FAE L, BEED T v
AR—HZ —7p B ko TR S
DOy ERE | IREETOMEF D5y
FAIUAN~OBITHRHEIR I TV D, —iRIZ
IR FBVB IR IR TN T Z L sk b
LD, KN HHEEG INTHEITR0NT
BBB (2 X W IMANBBATAHIRS D B2 b
HZEND, EYOMNBITERET 2 ULH
BI7R NS v U 7 OB 2358 < R
DHENTWD, £ 2 TAIFZETIX, AN
WIZHERLLSTINR) —FT25F%x U TH1
DS EAT o e, BRx 72BN G 70 2 Mk
{TERTF K PTD T4 77U —%ERL,
in vitro TBBB##i&EA HHL L 7= In vitro BBB
kit Z FVCHE5ERY 12 BBB B ME 2 274 L 7=,
Z OFER HEE o BBB it PTD % [FIE L7z,
ZDOH B, invitro Th b\ BBB Fi N
D 5L PTD-A IZHOWT, <= 7 ZLE S
in situ brain perfusion ¥EIZ X VW L.
MNBATIEZ S L= & 2 A, MEE T ~D

EWBITHRO LT, F72, PTD-A OIKA
BATEIZ, PTD-A OWMREIZKA L THIR
L. ARGt U7 B CIIiM N T B D8R
H (BITEOfM) TR T-, Z
D&MD, PID-A I B0D b T v AR—
2 —% I LTHANBITL TS E VNS LD
X, T LABIOHAFIZ LY BBB & @i LU
HHDEEZBND, BBB BmEHFICE LT
ITAB LB EHRMEMFTL TV TFETH D,
— 5, MENEHIEZ Wi s, 4
[Ed ] L 7= Belsk C o> PTD-A OfaE M 1313
AR LN oI, UL EORKE NS,
AWFZE TR SN2 PTD-A X, =7 A 2B
TEWHNBITHEZ A L, Y OMBITEY
YU TH1TE LTOINARESHFETES
bDOEEZHND (FFEFHREE . 5w SCHEE
W), BIE, PTD-A &~ 7 AR EE L%
DY AR NENEZ G L T\ b, £,
NBITIEICZ LWEY & PTD-AZ 2 =
e b &, KRG X 0 AT E N
BOLINDEIME I MIZONWTHEFZED T
W5,

5. ETrpdgIam L5
(WFFEEE . WFIEHE R ONEEEITIEE 12
=R

CHesamsc) 1 21F)

D Toshihide Takeuchi. Non—cell
Autonomous Maintenance of
Proteostasis by Molecular Chaperones
and Its Molecular Mechanism.
Biological and Pharmaceutical

Bulletin, in press. &id V)

@ Toshihide Takeuchi, and Yoshitaka
Nagai. Protein  Misfolding and
Aggregation as a Therapeutic Target
for Polyglutamine Diseases. Brain
Sciences T, 128 (2017). &FHid v
DOI: 10.3390/brainsci7100128.

® Misao Akishiba, Toshihide Takeuchi,
Yoshimasa Kawaguchi, Kentaro Sakamoto,
Hao-Hsin Yu, Ikuhiko Nakase, Tomoka
Takatani—-Nakase, Fatemeh Madani,
Astrid Grdslund, and Shiroh Futaki.
Cytosolic antibody delivery by
lipid-sensitive endosomolytic
peptides. Nature Chemistry 9, 751-761
(2017). &HEH
DOI: 10.1038/nchem. 2779.

@ Akihiko Oku, Miki Imanishi, Daisuke
Noshiro, Tomo Murayama, Toshihide
Takeuchi, Ikuhiko Nakase, Shiroh
Futaki. Use of calmodulin EF-hand
peptides as Ca*—switchable

recognition tags. ZBiopolymers 108,
22937 (2017). &FHid v



DOI: 10.1002/bip. 22937

Yoshimasa Kawaguchi, Toshihide
Takeuchi, Keiko Kuwata, Junya Chiba,
Yasumaru Hatanaka, Ikuhiko Nakase,
and Shiroh Futaki. Syndecan—4 Is a
Receptor for Clathrin—mediated
Endocytosis of Arginine-rich
Cell-penetrating Peptides.
Bioconjugate Chemistry 27, 1119-1130
(2016). #HEH Y

DOI: 10.1021/acs. biocon jchem. 6b00082

Coralie M. Backlund, Toshihide
Takeuchi, Shiroh Futaki, and Greg Tew.

Relating Structure and
Internalization for ROMP-based
Protein  Mimics. Biochimica et
Biophysica Acta 1858, 1443-1450

(2016). e v
DOT: 10.1016/j. bbamem. 2016. 03. 024.

Coralie M. Backlund, Federica
Sgolastra, Ronja Otter, Lisa M. Minter,
Toshihide Takeuchi, Shiroh Futaki,

and Gregory N. Tew. Increased
hydrophobic block length of PTDMs
promotes protein internalization

Polymer Chemistry 7, 7514-7521 (2016)
HHH Y

DOT: 10.1039/C6PY01615D.

Toshihide Takeuchi and Shiroh Futaki.
Current Understanding of Direct
Translocation of Arginine-Rich
Cell-Penetrating Peptides and 1its
Internalization Mechanisms. Chemical
and Pharmaceutical Bulletin 64,
1431-1437 (2016). #id» v

DOT: 10.1248/cpb. c16-00505

Toshihide Takeuchi, Mari Suzuki,
Nobuhiro Fujikake, H. Akiko Popiel,
Hisae Kikuchi, Shiroh Futaki, Keiji
Wada, and Yoshitaka Nagai.
Intercellular Chaperone Transmission
via Exosomes Contributes to
Maintenance of Protein Homeostasis at
the Organismal Level. Proceedings of
the National Academy of Sciences of
the United States of America 112,
£2497-2506 (2015). fx@id»

DOI: 10.1073/pnas. 1412651112.

Mari  Suzuki, Nobuhiro
Toshihide Takeuchi, Ayako
Kohyama—Koganeya, Kazuki Nakajima,
Yoshio Hirabayashi, Keiji Wada, and
Yoshitaka Nagai. Glucocerebrosidase
Deficiency Accelerates the

Fujikake,

(%

@

Accumulation of Proteinase
K-Resistant o-Synuclein and
Aggravates Neurodegeneration in a
Drosophila Model of Parkinson’ s
disease. Human Molecular Genetics 24,
6675-6686 (2015). A Fid v

DOT: 10.1093/hmg/ddv372.

Tkuhiko Nakase, Toshihide Takeuchi,
and Shiroh Futaki. Cell Penetrating
Peptides for Chemical Biological
Studies. Methods in Molecular Biology
1324, 387-396 (2015). fftd v

DOI: 10.1007/978-1-4939-2806-4_26.

Toshihide Takeuchi, H. Akiko Popiel,
Shiroh Futaki, Keiji Wada, and
Yoshitaka Nagai. Peptide—Based
Therapeutic Approaches for Treatment
of the Polyglutamine Diseases.
Current Medicinal Chemistry 21,
2575-2582 (2014). & Fid v
DOI:10.2174/09298673216661402171240
38

=¥R) GH1 9fF)

ORNBTF ., KHFEE (=7 VY — L5
WD HERIRERIBE] | 2017 4 £ M2
REEBRERRKE T~ va v T 17
0T A AL AHIEOF R &R
ME . SERR294E12 AT H

(OToshihide Takeuchi, Masahiro Kanai,
Kohji Ueda, Kazuaki Takafuji, Satoko
Sakai, Yoshitaka Nagai.Induction of
exosome secretion and its proteomic
changes in the polyglutamine disease
models. World Congress of Neurology
2017, Kyoto, Sep 20, 2017

ORNEFE =7 VY — L& LTI-AR
TEHEMEHERE & ARSI R 56 6 [BIPR%
W T o — T A, KB, KRk 29 4 8 A
19 H

ORWNETF [HHfRIE B A 7okl o Eef]
TSRS OMERA | SRR 29 AR B KRS
BB = B, HARRRFAE 137 [BI4F
20 fif, PRk 2943 A 25 H

AR E L, ORNETS, EORES, SO
By TR R, RS TR
TFRE T ANTESY R TED A~
T o " EWTERRHIE ] HARIREREE 137
mES, la, Rk 2943 A 26 H

O Toshihide Takeuchi, Mari Suzuki,
Nobuhiro Fujikake, H. Akiko Popiel,
Hisae Kikuchi, Satoko Sakai, Shiroh
Futaki, Keiji Wada, Yoshitaka Nagai.




Intercellular transmission of
molecular chaperones via exosomes
contributes to  maintenance of
organismal protein homeostasis. 2016
CSH Asia meeting: Biology & Function
of Extracellular Vesicles: Exosomes,
Microvesicles & Beyond, Suzhou, China,
December 12-16, 2016.

ORNBF., KHEE =7 VY — L%
I LM IE B HE 2 o X o R
HERFRERE ) 25 14 [BPRRRRbPFgE S, )
. ERR 2810 H 1 H

ORNIEF, KIHHERE [y Xnr o=
VAN AREN SN | D E TSR i
07 A L AR 5 89 [MIH A
HAEREREY VR L [TaTF 2
2 AHIE O e, SRk 28
9 A 26 H

ORWNETF ., ghAk~U ., WHIET, =K
SR, FnmES] kHFEME MHsp70 D%
RE AR IR 2SR MR I B AR 22 2 P
Hllzh &) 55 8 [al HA RNAL AF%EE/56 3
[ HAHIES NMaES, IRE. PRk 28
F9H1H

ORNF ., gnk~ U, EEMAZ, AE
VA SR RS, il
. K I FEPE ‘Non—cell autonomous
therapeutic effects on polyQ disease
models by exosomal chaperone
transmission’ 557 H AMpRZESS
ik, M=, FRk 2845 H 18 H

ORWNETF ., ghAk~U ., WHIET, =K
SR, fnm=ES] kHFEEME MHsp70 D%
RE AR IR 2SR MR Ik B AR 22 2 P
) HAREEAE 136 BES, fik, F
% 28 43 H 27 H

O Toshihide Takeuchi, Yoshimasa
Kawaguchi, Keiko Kuwata, Shiroh
Futaki. Syndecan—4 as a Possible
Octaarginine Receptor for its
Clathrin-Mediated Endocytic Uptake.
mEwERR L HEE R 5 5 RIEER
VURTT L AEE, FAK 28 41 H
29 H

ORNBF., ¢ak~ V., BEEMEZ, FE
TV, SRR, RS, fnHEE
T, KIFERE HF vy Xy Y
V— L&A LIz R X 2R
JEB R X X DA MR RS
15 10 [BIEFR A b L AREFER RS,
B, VR 274 1L H 6 A

ORMMS . Kk [5Fo v ~tmy

®

®

@

®

®

=7 Y Y — A EE RIS L M
FEE ARG R 2T D) F 34
[A] I AFBHE P2 IR S TR, TR
21410 H 2 H

ORNBF., gak~ V., BEEMEZ, FE
TV, SRR, RSB, fnHE
CIRI &1 S o SV SN = I s &=/
NS O b 11 A Sl g Y A K RN
LD a T F AR — 2 AR E
HLTWA ] % 7[AHA RNAL #FE -
%2 B A AR e IR, Rk
2748 H 27 H

ORNIF ., ghk~ U, EEMAZ, AE
VA, SR RS, FnlE
=], KHFEME ‘Intercellular chaperone
transmission via exosomes contributes
to non—cell autonomous therapeutic
effects on polyglutamine disease
models’  Zf 38 [A] H AMREIFE R,
. SRR 27T4E T H 28 H

ORNETS ., FEREWRE, JIIDHEE, —
RSB THURDOMONEEL BHT 5K
REFTF FORSISZE] BRI B
NS Au =R 510 RS, Al
B, ¥k 27E6 A 11 H

ORNEF, gk~ V., BEEMBZ, A
TV, SRR, FnHER], kR
M [ ~a ARERIC X DRIk B AR
Tp XY R E PERERTEAE | B OARSES:
2 F 3R, M, R 27 A3 H 26
H

ORNEF. ¢k~ V., EEMBZ, FE
TV, SR, FnHEER], KRR

5 ‘Maintenance of  organismal
proteostasis by intercellular
transmission of  Hsp40 through

exosomes’ FHIIMEIAAT g g N
TR, AR, FERk 2646 A 5 H

(X&) (Gt 61F)

@

@

HNETE ., KHEME TRAERAICE
FHTT Y —NORE NFE LA
T hrELELT TS — AR
RATR (ERZFINEE, =X T 4 — -
= Z AR pp. 89-97 (2017).

Yoshimasa Kawaguchi,
Keiko Kuwata, Toshihide Takeuchi,
Tkuhiko Nakase, and Shiroh Futaki.
Photoaffinity Labeling Methods to
Explore Internalization Mechanisms of
Arginine-Rich Cell-Penetrating
Peptides. Photoaffinity Labeling for
Structural Probing Within Protein
(Hatanaka Y. and Hashimoto M. Ed.,

Gen Tanaka,




Springer Publishers, Inc.) pp.
225-240 (2017).

@ RANEFE. kg (=7 Yy —LZ &
DHERND & 87 B HEOMER) A
FIHE The CELL (= = —% A = 2%t)
vol. 48, No. 1, pp. 5-8 (2016).

@ HAHEE., kKHEE (=7 Y ) — L%
L7z aT 4 AR — AR & o
RNVES ) Dementia Japan (B A4
JEEE) vol. 30, No. 3, pp. 368-376
(2016).

® Nobuhiro Fujikake, Toshihide Takeuchi,

and Yoshitaka Nagai. HSF1 Activation
by Small Chemical Compounds for the
Treatment of Neurodegenerative
Diseases. Heat Shock Factor (Nakai A.
Ed., Springer Publishers, Inc.) pp.
277-292 (2016).

©® RNEFH THIEIE B AR 72 0 e R e )
18] Peptide Newsletter Japan (HZAR
7F K%43) No. 101, pp. 9-11 (2016).

(PEZEPENE)
Okt Gt 31F)

®

L F TDP-43 ORBBEEZFEH T L7 F v
AFA Y AX T VAT REOFD R

AR - KIRERE, ATETIZ, RNEEE. B
B RS, MRS, HARITIT, Al
P, VARG EERRR

FERIIZE ¢ [k

FEEA - B

&5 FRRE 2017-134890
HEEAEA A 2017487 A 10 A
ERNA DR EAN

)

L F o MEANEAF B ErE 7 T R

A RN, AohERE, )IES . P
PIEFE, EEMh, FRZEs, SHEKT
FERIIZE ¢ [k

FEFE - HFFeF

%5 ¢ HEFE 2015-052967, PCT/JP2016/058406
HEEAEA A - 2015483 4 17 H
EWNADR] - BN

©)

L MR EEANT T R

TR RS, RKERSEVDRE, IO FEIE,
AT

FERIIZE ¢ [k

FEFE - FFeF

&5 . H5FRE 2014-198741, PCT/JP2015/077395
HEEAEA A ;2014429 A 29 H

EWNADR] - BN
ORSRBL GEo k)

(Z D)
Rz 7e L

6. HFFEHHE

(1) BFgeEE

BN F (TAKEUCHI, Toshihide)
KRR « KEBEE SR TERL - Fbtak e
il

WFges2s 5 70600120



