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1-1-1 XFFRIPAfZR

ERES FIX. EMPEY T ma FEME O Z LT, 20X XTI E, SRR R OfFT
H% (Fig. 1), W0, Bl EOEMEROIERRZIER T 2 MELESHHE LT, Brr—2X
RTFXFUDBHMOENTEY, ZHODOEKITSY X7 E T CELRERENMEST 5, — 5T, o7
B OERIE. DNA X RNA & WV o 7RI E T IA E NI GHITHE W, AN THRE 1Tl D,
RIECANMIZEDETOAEYDE % AREIZ L TWAH DM, Figure 1 TR LTSS X VN7 H |
Bl EOXTEAERE DT Th D, — . GREDFRAEARY XTF ROy FiRETh RARDAE

RED T OREEHEEN L WET L ERD, KRETIX, FUoRXIH - XTF RIZOWTHET 5,
@) (b) © N

OH \
OH
HO o
o
(1] n
OH

Cellulose

R'sHerOH, R'=MaorH

Figure 1. (a) Z¥iTh b/ Vv a—R &R Lo HEE (51H : hitp://www.chemmater.kansai-u.ac.jp/biofunc/about
-lab/about_lab1.html),  (b) # /"7 EZEK L7=ET /L (5IH : http/iwww.tokushima-u.ac.jp/ier/divisions/protein.
html),  (c) O EAMEE (514 : http://www.chiralgen.com/technology_jp.html)

BRI T R BN TF REAIC K o CGERE LZESEIRE S T TH D (Fig. 2), — &l
TIBOEMN 2~10 Db DEA Y AXTF R, 10~50 DL DO ERY XTF REMELE, XTFR
IAEATIE, FALVECRHBRIEWER L LTEHW TS H0RH Y | ITFE, X7 F ROk 2k
RAEH SN TWD, MEREFNTF ROHE AT T R, IS S MARIHE <7 F N & LMLk
IRREEEMEAN T F KR RH SN TS, X7 F R V7 B, I EShed <, Bl ok
HERFOZENZNEVWIFIERH D, 5 TIHE, X7 F FOGRIZAEBTITZ 5720, KREAKT
HZELAEETHD, KIZ, XTT ROARSCHEEIZ OV TR T 5,

.O. Oy}
oo. O_&,

\TE/E g RITFE |«

Be i

Figure 2. (a) 7 X /2, X7 F KN, Z o _7EDRM% (514 : http://topics.foodpeptide.com/?eid=1182609) .




NTF FEHOLFARRIEZ, 72/ BEIERES L T BB RIEERXTF K7 T 7 20 b
FLaZfEadT 2777 A0 MEGIED 2 DKM S5, BRI RIEIITEAE & BEER S 5,
Bl 20, BB AR RNROE S A RS, TBRT 2 JBEEAL TEASESHZ L TH
BWEDOXTF FEGHKT 5, ZOBE, 7 /BOR#ELLE LT, tert-7 F¥ T /LK =/L (Boc)
HRL QTN A L=V A R HNLAR=)L (Fmoe) R EE2HHTLH, £, Gkl LD &35
TF RO CRIGDT X/ BEBINCE THRICHES SR, ZoLE 7IVBO7 I /KX
Boc 7213 Fmoc FHERIZ > TWAD T, AR AVEFEIRHEKICHEST 5, 2T, 73/
HEOREREN LRI, TV EEZRELZ2FBOT IV BENX THEAESE DL, ZONifRE
CREG DM AR LITH) Z LT, BETHT 2 BRES EFio -7 F K& C Kb N
KIGIZIT CTHKRT 52 &R TESD (Fig. 3),
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Figure 3. [EfA~7"F NERIEDFNAZ F L 7oA,

H N BT TF RO5y TG L HEREICIIBIEME N B D, £ DT SARREIECE G D I
WYEEZ RS2 ENTEIEH LVRREEO RIS L O RICER L, LLRnb, 27 HF
SRRSO RIR BN TH D . —RIEE, RS, SRS, URAEE &0 D KD b
JEtEEzEY Y (Fig. 4),
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ZREE  yu\EOTIEEEED L DRI
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Figure 4. L/nb. —WHids, —WcHid. Buclis (S%. MK,

— IR . X URTERRT T RIE, T BBIXT T REG LIS R E AR TH Y |
ZOT X BIREDOWODNEF 2R T ONR—REETH D,

WA . 7R BRERED o REFHFESOREEOBHEIZ LT, Z U RTHERXRTF RO
TN, ESTD | FReRITY LS L TER T 228, IEHB OSSR E D721z,
ZOEEEAITHIRSND, £lo, 7V BALZEITF FESIXEHETE 20, C=0 HiL
WKFEZBM, N-H L3 KFB AR E 725720, BENTALEICFET 27T RiEA R L3k
TGO LV ZEMIND, 2D O EMERORES, F#EARTHAIN 8 &2 Kk
HETHDL, HlE LT, an~l oy ZARBI—F, By F—UBEREND D,

ER (=R - TUIR) HEE © RS IINLARE TH D . R Y X7 F FEHDP 2R AT E BLA
HPATL S TVWAHHIET, JIKEENY — R T7 VX AEEEZN LTS LI oo EN SR
D EEET, SRS OMEERIC LV REL L, Rkl KkFEFHEOHES . Bk
FHHERIC L 2FEREZ LN TWD

1-1-2 XTFFRB¥— MEEOEMK

111 TRLEEIE, RTFRE, T VBBAXTTF FEGICEVERET 52 & Tk S
. KREREFMEZLZSALTNDLZ NG, B TFRKER-EICED anl v 7 AHEESS F-HIK
FEAICLD B — MEEZRT 22 LN R E BN TWD, K2, B ¥ — MEER
DT TOKRBREEST 7 T NAT =V AT FFENRH AR EICL ) XTF RREETD
ZETIKRT D20, T/ 77 A R3—=F 2 UAR 72 E 1 RIE~ 2T N Y & b o)/ #EiE
EERRS DENT 47 T7uy 7 L0155, £, XTF FOT I/ BRI ~DOBEREME S+ D
ALY A A AT A ANAVFFICBT D KTy 7T VN0 —2 27 A (DDS) RFAEEERE~D
SRR S I AR B N E D T, XTF N B v— MERAW AL < R S
nTna,

B— M By— MEEIX, £ ORI RTF R THALNLHMAN R “kiETHY . £
PO L L oo T D, BEEET 2 EHHFEEAKER/BAE L Co— MEEZ R LEEIT 5,
B — MEETHET 20 T#HOME M (N K2 S CREO M) MRELCTHhD & XITET
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Bi— MEE, N THDHEXEWFITL v— MEEE L5 (Fig. 5), B v— MMEE T, AIEHIX
U MHOEEBIIZBICEEIZMOTWDS, £2B0 6 9 5 F8EMTHMIBHIEZE CJFm A~ s
ZENEIMBINTWVWD,

Figure 5. FATX—#% > — MM () 8L OWFATB v — MEE (b) ORXIX,

RTF REWRT 27 X BIIISHESEREEDEET D, MEBEKMELZ R~T7 I Ba B
KYET X W, BUKMEZRT T I JBEBUKIET X 7L REOY, — I, BKET X 2 BE %<
BORXTFREIBY— MEEEZEE LT W ERMONTWD, BT I Va2 Gl
F R, By — MEETIEIRS an~l v 7 AL WO TLIBIERIER T ¥ LML L VT 0, Lo
L2236, 1993 41T Zhang H 1%, BUKMET I /a2 G0 7F PR B v — MEEEZ AT S
ZEnmAEhie (Fig. 6) B, Figure 5 TRLUZEHIC, B or— MEEDTER S ZERIZ, M8
DKM E BEICRFICWSZ EZFA L, BT I VB E BT XV BARL A ~5Z LT,
BUKIE & BUKIREZIED . KPP TF ) 77 A NRN=DEEEND, SHICHELWHHAZT L & Bk
T I, BECMETLT I VMBEAIMET L7 IV BAZEICHA TS 2D, IEE AN
72 B 2 AE D 9 (Fig. 7).

AEAK16-1l: AcAEAEAKAKAEAEAKAK-NH,
AEAK16-I: AcAEAKAEAKAEAKAEAK-NH,
RADA16-1: AcRARADADARARADADA-NH,
RADA16-1: AcRADARADARADARADA-NH,
(PuraMatrix) Hydrophilic face

Hydrophobic face l

RAD,'M 6-1 Peptide RADA16-1 fiber PuraMatrix scaffold
16 amino acids (6nm) Thousands of peptide  Billion billions of peptide
P,;»: AcQQRFQWQFEQQ-NH, P,s: Ac QRLQLQLEQ -NH,
P;1.3: AcQQRFQWQFQQQ-NH, P,s: Ac RLQLQLE -NH,

P,;s: AcQQRFEWEFEQQ-NH,
h, h 2"
Random coil j’ -%'SS/ %
& N (
l e

B-sheet N i
monomers tape ribbon fibril fiber 100 nm

Figure 6. BKMET I/ FR & BUKIET X/ BE & ZZHICESNT 2 Z 12K D B ¥ — MEEDIEAL
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Bkir7I /B

Figure 7. EEMH L AEBMARAICERE SEETF RN B — MEEZTEA L IZBR o,

1+1+3 XFFREHOT-AEIEIRDEAK
RIF RIIAR, AERES T+ THHN., B — MEENMEY BT > — FEZFIH LR <

WEINTWD, Bz,

n R F 2 — IR SE L7202, XTF RO B or— M

DFH SN TS, Parquette Bk, X7 F ROMHICHEMOF 7 X L4 I K (NDI) %#{&
fiiL., ZhO—RITHREMICK L TWD (Fig. 8a) ©, P75 FEHMOKFEEES & NDI
O r-gHAEERME, S/ BERPERIND, £/, Tovar HiX, VF A7 = EXTF R
THrZ LT, EHMOKFE/BEEZFAL TCYF AT = v 2 —RkaEmicEm &z (Fig. 8b) [,
FRRZ, FATZ 2 VREAETHAY AXTF R, BREEFEEZ R T ERREINL TV DHEL

“ -
Figure 8. 77 % L v U4 I REMBHICFF SOOI F ROHCHMMIbIcL 2T/ v — FBXOT 7 VR DB,
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1-2-1 ﬁﬁ%%M&f?P@ByﬂF%%®%ﬁ

MEENTF R B v— MBEZTEAT D 72D Do FaX kg & LT, IESEM 6 L O 4 I8
ST DHBUKIET X MR EBUKMET X/ IRE RIS ﬁ&év~7yxﬁ*%%f%éo:®i5m
H O EMES (self-complementary) ~X7'F K3, B — MEEZEK LRI EICER LU
BEM P ZATES] U, POS IR R T 5 2 & T, By — MIT7 7 A A —HiE~ L e
FNCERGIL L TV, —F, EBMRAEME AEICHO T2 D TIERLS, By — FFEIZH LT
Az BB, oAz EREOE D ICOBEL B> — MEE (Fig. 9) AR TH S

ZOWNWTHET LTz, 2O X ) BB E 2R T 5 2 & T, X7 T RICH 7= 72 ESEFEC
ERMEN 5 TE D,

gl °i-§i~, iui la

Figure 9. IE& @ﬁ®@ﬁ%3/%bﬁ%ﬁbf %ﬁk%ﬁ ZhRCCRL M S B BT F R g v —
F*%L@*E‘:_t. 3?173 v— b, B TR — b

1+-2+2 KF=727%7%—HXTF KD — MEEDFK

ERELEERMDBENATF KB r— MIMA, B ¥ — MERD T2 DF 12727 F K53 Fi% Tk
WaEEzl, R)~—%2fRT2E /) ~—trh—L L THATIHBRREZ WV o %R0 122
TF RO EKICEATE 0B 272, BRI, n-nHEEMAIC K 2EAE0E
DR D n WRRDFEMHBEDEDL L TRV —BERE v U 7 OBE AN A ZTEAMT
LZemTcEs (Fig. 10), n RS FOMAEDLEDOT T, RERWRMAGDOETHLE

Figure 10. N7 —7 27 &7 X —M_TFF R —b B FT— OFf) BLOETT 7 77— (FHh) 20810
AITH_TFRICED B v — MEEDE. RANX, =-= AR 2R

13



RKp—M g e+ BT 7 77— o B2 BEICER L= _XTF RO B o— MEd
DK E BT, XTF R — FREIZINO DN S T2 ERBT 5L T, XITF RFDOH
CHRRIEEEIC X 0 F ) A7 — 1 TO 7 R+ DOREB BN A REIZ 72 5,

2Bk
1 HEfEm oy ey G BRI

2] H. Cui et al. Biopolymers 2010, 94, 1.

3] B. D. Wall et al. Adv. Mater. 2011, 23, 5009.

4] A. M. Sanders et al. J. Am. Chem. Soc. 2016, 138, 3362.

5] S. Zhang et al. Proc. Natl. Acad. Sci. U.S.A., 1993, 90, 3334.
6] H. Shao et al. J. Am. Chem. Soc. 2009, 131, 16374.

71 S. R. Diegelmann et al. J. Am. Chem. Soc. 2008, 130, 13840.
]
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[8] B. D. Wall et al. Adv. Mater. 2011, 23, 5009.
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2«1 [BEFEXTF NG

% 1 %D Figure 3 IZ/R L2 X 9 ICEERTF RERIT, BRE L HEEOREZEY KT Z & T
HINROXTF REAHRT 2 HETH D, RIELGRLOXTF RERTIR, 7/ BORELE L
T Fmoc 3% L7, Fmoc J&i1Z. 20% XY ¥ /DMF iR 2 T, IR T 20 o HE#T 2
T CREICEI S 2 ENTE D, Elo FABEGHKEEEZ WD 2 L TR ek Z1T- 7= (Fig.
1), FEHEBAEE T, ARERT 7 JCREOEA, MUGT 7' AT U7 R 720 B
PORHE T BT BE 2 D TR RESELOF ¥ v B 7 E W o T fEEE YRS Z & TEHRD
T3 %, Fmoc 7 X /B HE ¥ 2 @mm K (B (i, e RflER"HY ., BHESY —
ORI VNG T D I ENTE D, Fl AT, HEFCE 2 &N e 2 BRSO TR e S (59FR%E)
TEIOH LBMTZ DR, T CTIE7 2 VBORAE LTV AR ER®H 5. Fmoe 7 X/ BEOfISHD
F#EKIZBW Y, ZREERRFEEORELNRH Y | U1 HTBEOLM4Cy—7 v AESNIE LT
Y 7o RE S A FFD Fmoe 7 XV BEABHAT 2L ERH D, 2 LIZGlL—MEBEZXHZLNT
X, BODBHMNET XTI F R =T U A& /5T LN TE D,

H7LERBFHNG— (20W)
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1 r i
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BE|ZATL—(#7¥av)
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Figure 11. [EELAHRAS L D oS T W5 ~AVTFEMERIEE CEEBIGRER), EELTHRASEON ¥ n
7 X0 5IH (http://www.kokusan-chem.co.jp/fylladio/KMS3.pdf) ,
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2+ 2 HHEATTF ROMFEE

BT F ROREFEZOW TR T 5, AR OESRIIZ, B &5 8% (MALDI TOF-MS)
TRET 2, ZOB BPREICKHIS LIo~TF RO &N %éﬂéﬂ(mgmw ENAnS:
FAEFFHONTF NI S50 (Fig. 12b), & W9 SICHEE T 5, Bl 21X, 4 2K T7F K (n=4)
AT DT DI KGRI Z N2 TR L7212 MS TR L= & 2 A, Figure 12a D L 92 A
AE—I N ABRERTF RTHLROIE, 5 BEKXTF FEGRTL72ODAT v I ~iffte, L
N, MSF ¥ — MIBWT, 4 BEXTF RIMNZ 3BEERNTF ROE—7 b AL =T &L
THRINTEDL, b BEXXTTF RA~DAKITEDT, 7Ly 272 Fmoe 72 /REHRAL T, 4
BERTF FOEKET 2 Bf57 (Fig. 12b), A& O~7F Fid, FICHILERIE TRET 5, 4
ZIE, RXTFRERAY ) —VICHERESE, BEEE LTV FAZ—T NV ERINT 5 2 LTI F
REFILESE S, £/, REDSCTHEREZ n~ 82777 4 — (HPLC) ZHWTHMAEZLT

50
M, % &
(a) BHROARTFR
% o
A MSFr =k | Fryey s
M RORIGICES,
3] FrvEYy
—EEiEZ= ) D TJHEER. RO
U, MSTHERR. RIS~ M, % & B
(b) BHRORTFR
A RRGRTF R
b HER. ] BRIEZETS. 7
MSF + — K Ly BEEEER A
[M+H] g
[My.54+H]* (2] MSTRXRZFRD
@E%&wTEwo

Figure 12. X7 F ROGRFIEOFE, MIZXTF RO F&E, niIXTF FOREE, (@) BWEDXTF KR AL
E—27 OfE, (b) REIEXTF Kb AL 80— & LTHNEZSGA,

2+ 3 XTTF RO KIBEEDORE

ANTF RO ZPREEOREL, ARG & EARREBIC 0T TIT 9, FEIT. KREIRSARREE T~
7F F& B M S g%, Wb o s oFREZ N A (CD) A7 ML TiT9, M
@t (CD) &k, Z DN 3 7 L 72 W8 23 P 6 2 W3 2 BRI 72 IR & 45 PR G kE
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L CWHEICENELDBEDZ L2 S5, TORRIZ, Figure 13 @ X 92 “IREEIZIG U8R
DE—27 %FKT2DCD AT MLE_NTFRNED L) I " RIEEZ K L T DN ESITD
MAHREETH D,
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60

40 r

[6]x10”

HE& /nm

BRI “RIBEDCDARI ML
Figure 13. MRIAY 2 “kiEIED CD A2 hb, FHh : a~V v 7 A&, i B — MEdE, e 04 baA
A, (S : http://www.chem.kindai.ac.jp/class/biophys/CD.htm)

ANTF REEREICBE W TE, R CTHCHBME ST F FEgESE5 2 & T, R/
I (IR) Z3iE<e X #EHT (XRD) #HWT_7F KO “RIEEDRIENTEETH S, IR ICBW
T, 72 RIANY R (FEIC C=0 MfFEHESE) ., 7 RIT N> R (FEIC C-N HfEREE R L O N-H £
IRE) EMEINOREIR Y — 7 RBNLHANH Y . TOE—27 OEIZ KD T F N iRk
MEETE 28, a~l v 7 2EEOLHE, R TORE T8~ v 7 AR - TH UAZFE TR
B9 5 E— N7 1640-1660 cm IS K RIREEFFH . B v — b OFEIL, THOIRE) 7 & DL
FZENR ., KEMEHFORE 7L OMMHENRER] ThD LI RIEE 1620-1640 cm! FHIK T
RERBEZFOZLENHONTWD, T X LA VDEA, THEEENFFMZENT D Z & ioxt
JE LT, BB RO EAER O FIZ—E TR, 07, F#iy/sgEEE R s n 3, I
SARE) T & W U 16401660 cm ! SEIRICIRE) N R38N, £72. XRD 20152 & T, B —
MEGEDORENFRETH DB, B — MEEEZWETLOXTF REB AT RERESR, BA L
Z v REOHEBEL 4.7 AT ERMbNTWS, £72, BYy— MNIHETHLZ L HDNE
CEHZRVAE ORI HD (7aRABY—FEMES), HARVAED B — MEEMOBERX, F9 A
ThbrZEebHMONTND, B — MBEEZEKT OXTF NI T/ 77 A RXN—%ERT DT
FHMETFBMEE (TEM) CTXTF R 77 A NRN—%2RTHIENTED, iz, Br—
FREICWAET DENEDEEZH B AT MG, By — MEEOIK AR T HZ LR T
X %4

WO WD NTF ROEMRESCLEMSE, BEIS U T, RERRFERE - WIEEEZ®RINT 52 LT,
H)E T oMERER L TV DEDHERT L2 ENTE D,
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R-EVVKV 1a R-VKVVE, 1b R-KVVEV, 1a’ R-VEVVK, 1b’
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Y 5
R EKVVV, 2a R-VVVKE, 2b R-VKEVV 2c R-WEKV 2d
EKANIE ) T); e .‘_g%rf:f&o,m, e f;i e Iriw{nl:
R-KEVVV, 2a’ R-VVVEK, éb’ R-VEKVV 2c’ R-VVKEYV, 2d’
l? R Ptk $L n-:?ﬂgé%ﬁﬁ;w- s fi# qf?;
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i\I i“ ﬁgxiki
EKHY2#8
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S
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Figure 14. 18 Eiﬁﬁ@f\/&f\7§“ N OREET,
KEGZT X ) EEFOY v, VIE, KT I VB ThH 3 >y NKIED R, Fmoc &% L < 1% H- @«U(ﬁ'éf&)f)o

E . BI8Ho A

73/1/‘1"411/%%3%0 VAT /ﬁ@

QLE

EAHAS 7T RERHIL, 4 DOFIEEZET Z L THMOXTF REEKTH 2 &R TE 5H0

Fmoc ko fiffi#
DHL, EWH450FERH D
DIEH%1T 5 (Fig. 15),

(b) Fmoc ~<X7"F KD )ix.
a~c &K
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(b)

(a) Hogn Fmoc

Fmoc ;( Fmoc (c) a (a) I
i _ —_— N _
Resin ° H L

2 d (b (@) and (b
M %%nm”@mm() %%ng%m(mmmn

NH, NH,

HO
o 20200 o ijjo“ —
HO

NH,
Fmoc-EVVKV
Figure 15. Fmoc-EVVKV % filic, BT F FEMDOFIEE R LIz A% — b, XTF FRENSAEMEEL TN
72, NEKWiE C Rz BxHI L TRIL L TH D, (a) Fmoc DM, (b) Fmoc <7 F ROEUL, (¢) RS AD
FroyEr s, (d) BENSOED L,

NH, NH,

(a) Fmoc D LRFE : A DK 7 LD HIZ 20%piperidine/DMF (10 mL) & Fmoc-SAL
resin (0.58 mmol g1, 0.1 g) Z#/Mx., 25°C T 0.5 BffififR L7z, k% i L7212, MeOH (5
mL) & CH2Cls (5 mL) TAZAIZ 318l A& ¥eiE L7z,

(b) Fmoc X7 F KD & is: Fmoc X7 F K & HBTU (396 mg), HOBT (157 mg), DIPEA (405 uL)
Z DMF (10 mI)IZIFfiE L. BIED A S-S H 7 DZEWER, 25°C T 1B L, K&
FET#., Wikx AL, DMF (5 mL) T 6[H, iy T MeOH (5 mL) & CH:2Cl: (5 mL) TZAZAIZ
2 [\9°D, FIZ CH2Clz (5 mL) T 1[Bl, MAEDOTIFIEEEZITIR o7,

(0) REJEHRDOF v vy B T HMEIERR D=V ADXTF REGMT 22 Lakd 57
DIZ b DFIMEDRICRKRIISHDF v v B TVEREEAT O MEN DD, Fmoc XTF Fal v 7
7 X 7= B2 % L T, benzoic anhydride (700 mg) & N-methylimidazole (250 ul,) % ¥ f#E L 7=
CH2Clz (10 mL) Z¥#INL. 25°C T 1 KEfIB#E L7z, WiRk%E i L7=%. DMF (5 mL)T 6 [a],
MeOH (5 mL) & CH:Clz (5 mL) TZZAIZ 3 [A], &% (2 CH2Clz (5 mL) T 1 [BI¥E#E L7z,
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(DBAE DOV H L BO Y —7 U AETHE S E 72T F RNEHT 585% Et20 (3 mL)
T3 EIEE Lz, FE, CH:Cl: B3 mL) T 10 /oS ¥ 2 2 & THIEZIZS £87-, CHCk 2 5
i L, TFA (2.85 mL) & EtsSiH (75 ul), H2O (75 u L) Z¥M L, 25°C T 2 Bl # L7, #iiE
DOPeHE, MeOH (3 mL) & CH2Cle (8 mL) TZZAUZ 3 [T DT o7z, Ail L 7= IR % JE A
THZLETRUANTF ROMAERY %2 157-, MeOH & Et:0 % W= FibEE TLFF K4 kil
L, HEXEXTTF ReznEnH+ mg BREST,

25 3K

[1] S. Beychok et al. J. Biol. Chem. 1966, 241, 5150.

[2] P. Kupser et al. J. Am. Chem. Soc. 2010, 132, 2085.

[3] C. J. Bowerman et al. Pept. Sci. 2012, 98, 169.

[4] M. Biancalana et al. Biochim. Biophys. Acta, Proteins Proteomics, 2010, 1804, 1405.
[5] A. M. Fracaroli et al. Inorg. Chem. 2012, 51, 6437.
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3.1 e

NTF RO ZYPEELT I B — T VAR EKIE L, BT X BRSO BUK - BUKHES
BRSNS, —BROIC, WET X/ BAEHEZ S ELTF NiEp v — MEGEER R LIC
KW ERFMBNTND, LLARnNh, WET X/ BRI & BUktET 2 BRI % 22 FHAICESI L
oAV IRTF RN B — MEEZEKT 5 2 & 1993 Rl E szl BifE, ZoXTF R
??4V%ﬁwf]HB%E%E%A@E%:ﬁﬁtﬁwﬁ@b6ﬁfwém‘*ﬁﬁ FmEzIE
B, FEICAEBEMNO X I 2 FEOMEMEMEZ DS CTHEBT L L5 2T F K v— ME
%m%ﬁﬁ%&wﬁéaﬂo%LBV—b?ﬁ@t?ﬁumﬁiUﬁKMEth%% THEL TRD
BTz tnTtEnd (Fig.16). B — MaZ N L TREROBNELDL Z LM/ END, 2
D LN LY FIEEMRCMILA~D B 2 — b ORI R WAL, AR BN X 5065 - FEREN
fFcxs (Fig. 17, ARWFETIE, v FAbB LU 1 FARIic L v BB X RHAICHE
LT7I/BThHLIV T (K, a0 (B) &, BkETI VBThir Ny v (V) i
BOEL_Z_TF 18 (Fig. 14) &L, £ b D B ¥ — MEAREIC OV TRHEAIZ
Rt L7z,

()

! }

(b) Parallel B-Sheet Antiparallel B-Sheet

iuiv«i

>
H:%

Figure 16. (a) Molecular model structure of a pentapeptlde with acndlc (R1 Rs, and Rs) and basic (R, and R,) side
chains on the odd- and even-numbered amino acid sequence. (b) Schematic representations of parallel (left) and
antiparallel (right) B-sheets formed from pentapeptides.

:DIII
mln

(b) Positively-Polarized Layer

Negatively-Polarized Layer

Figure 17. Application examples of charge-separated peptide -sheets. (a) Selective adsorption on a cell surface.
(b) Appearance of dipole moments for the ferroelectric property.
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3« 2T FROAEHK

BRI F KB — N EWET 5720, Liko 3FEEOT I 7 (K, E, V) ZHWT,
RO 3 &Mt w475 FEAm L (Fig. 14),

(1] AV IRTF ROFEBLMBEEFBICEB LUK (L LIEZ0W) ZEE L, 70D OENL
2V EZEET 5,

2] RTFREEDOX Yy FF X =2l T57-0ICE & KE2REEANT S,

[8] FATHB L OWFATR > — R EBLLOHFATH, EBLCAICHELZT I /B2 B ~— b
OETEICHBET A LD, AV IAXTF REMT 57 I B EEE 5,

Sl XTFROT IV BEEEE S DICRE L, LR L 3 &ML T 18 FEHD R #
7'F K% Figure 14 B3 X W Table 1 127k L7z, X7 F KEIL Fmoce BT F RERBIEIC L VAT
> 728 7 3 7 B2 Fmoc 5& & FEIEN 2 PREIE D DU 7= Fmoc-K & Fmoc-E. Fmoc-V @ 3 - Fmoc
TIWBERN)AFLUNERABIEBIC DT HORFT TV Z L THHNDR SOXTF Rafi,
B LR EZRT T RO, A X ) =R ERT T REERL, V2T NVZ—T V%
RAZEINT 2 IREAEIC X V1T o7, BIEBII 72 &b 3EILL EfTo 7o, B L 72T F R
1%, MALDI-TOF MS 12k V1T~ 7=,

3+ 3 ~XTF RoHECHBL

Table 1 |2k L7z 18 DN X XTFF Ka A K 7 —/)L (MeOH) (ZHEMEL., —BEEIRIC TH
BT 5L TXTF FOEEIEToT, T A HE L THIEBRIZBIT 57 F FOEAHKX
(22T X MREHTXRD), & AR5 FE(ATR FT-IR), FHil A 1 BEMEE(TEM) 2 VT
Bt LT, MR T 27 F FoEEFERICBW T, a7 b (CD) 8L
A7 MVIIEEFL) TRa L7z,

Table 1. Eighteen Pentapeptides R-1-R-4 and R-1’—R-4’ Satisfying Conditions [1]-[3].

(E, K) = (odd, even) (E, K) = (even, odd)
Number of Position
E and K Compound Sequence Compound Sequence
Separated R-1a R-EVVKYV R-1a' R-KVVEV
E and K R-1b R-VKVVE R-1b' R-VEVVK
ExlKx1 R-2a R-EKVVV R-2a' R-KEVVV
’ Neighbored R-2b R-VVVKE R-2b' R-VVVEK
E and K R-2¢ R-VKEVV R-2¢’ R-VEKVV
R-2d R-VVEKYV R-2d' R-VVKEV
Separeted R-3 R-EKVKE R-3' R-KEVEK
EK Pairs
Ex 2’ Kx2 Consecutive R-4a R-EKEKYV R-4a’ R-KEKEV
EK Pairs R-4b R-VKEKE R-4b' R-VEKEK
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3 + 4 Fmoc-EVVKV & H-EVVKV O 8 3 — MEREED B

BT F FERICK T 2REL TH 2 Fmoc a2 F T 57 F O _RMHEEDTEREE Z E 4
572912, Fmoe-EVVKV (Fmoc-1a) & #{R#EDTF R TH 5 H-EVVKV (H-1a) # HE L (Fig.
18a), 2 SDHEERRNA g L7z,

MeOH X7 F Figi & A7z CD 2227 b BT, H-1a X 198 nm IZAD E— 2 &R L,
T B MMEEDORE R LT, —J7, Fmoc-la I, 220 nm I[CEDOE—7 | 202 nm |[ZIEQE—7Z

a) o

OH
H @ H 9
R\ N\_)I\N N\_)LN NH,
H A I T w ]

o Al
H-1a:R=H O
HN  Fmoc-1a: R = Fmoc = \Iro QQ
o

b c
) e )
o 3 L
o 0 ©
o -
€ > \
= 7]
8 -154 &
£ .
,\/\_—\/ \
'30 T T T T T T T T T T T
200 250 300 5 10 15 20
A/nm q/ nm-1
d) e)
504
5 =
@ 2
P 2 25
£ z
1500 1600 1700 475 500 525 550
Wavenumber / cm-1 A/nm

Figure 18. (a) Molecular structures of R-1a (R = H, Fmoc). (b) CD spectra in MeOH with a concentration of 1 mM. (c)
Powder XRD patterns (c), and FT-IR spectra (d) of self-assembled Fmoc-1a (red) and H-1a (black). For XRD, a
synchrotron radiation (1= 1.00 A) was used. In (c), the dotted lines indicate g = 13 and 17 nm™' (d=4.7and 3.7 A,
respectively). In (d), each spectrum was normalized by the absorbance at 2926 cm™ (vas CH»), and the dotted lines
indicate wavenumbers from 1540 and 1630 cm™". (e) PL spectra of Fmoc-1a (red) and H-1a (black) in aqueous
buffer solutions containing 5 x 107 mM of ThT. Aex = 440 nm. (f) TEM micrographs of self-assembled Fmoc-1a and

H-1a (g).
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Zor L7z (Fig. 18b), ZHhuid, B ¥ — MEENTER S NTZBRICHZE S D CD v 77 Th 5,
Wz, BARFEO XRD MIE%1F-7-, Fmoc-la X, 4.7A (g~ 13.4 nm™) fHEICHREZ2ET
— 7 BB STz, ZHUE B v — MEMIFICBIl S D £ A N T 2 FREBEC RIS 2P, H-1a
ICBWTIE, ATADE— 7 RF<, Br— MEERIZEAL LR STWARWEE2 BN D (Fig.
18c), 72, ATR FT-IR A7 "D b _X7F RO ZkEED D HM, Fmoce-1lald, 7I N1
N2 R 1628 e AT, 7 RIT 2N K28 1540 e LU IR S 82— B DOTERE S R IE X
iz, =T H-1lald, 7I RIBIPI AN RORIE— 27 135570 > 7= (Fig. 18d), &iZ, TEM
Z MW T Fmoc-la & H-la DENLT7 v Y —%B52 L=, Fmoc-la (X, 1E 15~50 nm 2D 7 ¢
TV R OHEERZ TR L T2y, H-la I3 RETROEEILNBIE SN D DA TH -7 (Fig. 18f
and g)), F£7-. RTF RRLL L ATED B — NEROMHRE(TH)>F A7 I T (ThT) % H
W2 HTNE 21T o 72, Fmoc-la (3. #OGHME O KRB S u7225, H-la 1T, #GDOHE K
T RoivZer-7- (Fig. 18e),

YL EDEEFER S, Fmoe % NKIHIZH T 5 Fmoce-1a (. MeOH FiZ3\T g — M
L TWD Z LD, Fmoe 2 B3 — MR ZEHE L T\ D Z LR S 4172, Fmoce Bk
RTF RN — MEEZRT D ERTTlIcgfEI N TV D R68 it T X VBB CTHDH EX
KAZZL~_"TF R Tho>Th, Fmoc %4 N RKIEMT 52 L THY— MEERERINDS &
DB bnolz, 70, Fmoc-la I3 VAT # 3 — MEEZ R L T D 2 & 238 FEBRAE R0 D HERI
T&E, Ay — MEEO EFHANICE & K ORI SBEL72IRBE TR S TS 2 DR EN
Do

Fmoc-la & H-1a #7252 & T, Fmoc &M f o — MERICB W CTEE2&EH 2 K- LT
LT ENRRLMNITIR ST,

3+ 5 Fmoc <X Z~_X7F KD XRD, FT-IR, TEM 5L CD A7 hHIE

w2, EVVRKV ¥ —4 » AP D Fmoc X # X7 F RIZHOWWT XRD WIE%17-72, E& K%
1HEHE & KB THRE L T\ 5 3FiEE® Fmoe X2 % X7 F K (Fmoc-1b, Fmoc-1a’,
Fmoc-1b’) 1. Fmoc-1a & [AEEIC A kT > FRIOIREECHORT % d= 4.7 A ORI & — 2 3B
Wl 7 (Fig. 19a), £72, EE KZ 1#HEAE & KL T\ 5 8 D Fmoc ~ %
7' F K (Fmoc-2a, Fmoc-2b, Fmoc-2c, Fmoc-2d, Fmoc-2a’, Fmoc-2b’ Fmoc-2¢’, Fmoc-2d’) 23
WTh d=4.7A oEHFE—27 BB S (Fig. 19bandc). —F. E & K% 2 #57 Fmoc 2
VHRTF RIZBWT, EKXTOBIZVRfEALIZY—47 A (Fmoc-3, Fmoc-3’) 1%, B A b
5 FRIOIEEECAY T2 d=4.7 A lCEf e — 27 BNEM S =2, BK <7 2R3BE Lo —47 v
2 (Fmoc-4a, Fmoc-4b, Fmoc-4a’, Fmoc-4b’) 1% B > — MEE 2 R/I84 5 720 O R e 72 B v —
ZIRFE L A LBl SN2y o 72 (Fig. 19d),

wiZ, 18D ATR FT-IR F+ — MZ>WTRT (Fig. 5), XRD Fv¥— Mk, E& K% 1
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FEBZ 0 DNEENTHGE L TV 5 3 FEFED Fmoc X % X7 F K (Fmoc-1b, Fmoc-1a’, Fmoc-1b’)
CELKAEZIMHEGERZENO DL TS 8 fiFED Fmoc X # X7 F F (Fmoc-2a, Fmoc-2b,
Fmoc-2¢, Fmoc-2d, Fmoc-2a’, Fmoc-2b’ Fmoc-2¢’, Fmoc-2d’) 128 T, 1630 cm™ {1 T2 B 72
E— 7 BBIHS TN 2 Enb, Br— MBEZEM L TWD Z & AVREE S u7z (Fig. 20a,b and
) —Ji. EK X7 Ol VREALEZY—4 A (Fmoc-3, Fmoc-3’) 1%, B> — MERICH kK
12 1630 cm T B — 7 RNBIIEN 7=, EK X7 032 L= — 4 A2 (Fmoc-4a, Fmoc-4b,
Fmoc-4a’, Fmoc-4b’) (ZHEWTIiE, 1630 cm ffir D v — 7 3B Sz - 7= (Fig. 20d),

a) b) c) d)
] v-/\/—JL\“‘ 3 '\/\J\v 3 \N\\k\/\~ 22| 3 \\
& NJL wl o N8 LM T S \“K
> Ui \,/J\VJL ol 2 N S N3
S e - ~—2| % \_. : —a]
5 5 . | & S I \ S Sy
IS k= 2| = w\/ EN
T T T T T T T T T T T T T T T T T T T T T T T T
5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20
q/nm-1 q/nm-1 q/nm-1 q/nm-1

Figure 19. Powder XRD patterns of self-assembled Fmoc-pentapeptides including separated one E and one K (a),
neighbored one E and one K (b, c), and two E and two K (d). A synchrotron radiation (1 = 1.00 A) was used for
Fmoc-1 and Fmoc-1’ in (a) and Fmoc-2¢’ in (c), while a CuKa source (A = 1.5406 A) was used for the other samples.
The dotted lines indicate g =13 and 17 nm™' (d=4.7 and 3.7 A, respectively).

a) b) c) d)
, 3
/\/\"w _/_\_/k«\Za f“’”\_/\’\za . /\/\—/\\
S S S \J\«J\ 3 /\/\N
N w| S| w| 2 2y 8 L~ 4|
1% 1% 1% , 7] ab
-/ ]
| 10’ | LV\"E_ L~ 2d’ S ———Y

T T T T T T T T T T T T : T : T

1500 1600 1700 1500 1600 1700 1500 1600 1700 1500 1600 1700
Wavenumber / cm-1 Wavenumber / cm-1 Wavenumber / cm-1 Wavenumber / cm-1

Figure 20. FT-IR spectra of self-assembled Fmoc-pentapeptides with separated one E and one K (a), neighbored
one E and one K (b, ¢), and two E and two K (d). Each spectrum was normalized by the absorbance at 2926 cm™ (Vas
CHy), and the dotted lines indicate wavenumbers from 1540 and 1630 cm™.

F7o. 18 FFHD Fmoc <> #X7F N TEM Hiff 4<%, E & K% 1#HEHRZNLDBEENLT
BliE LT\ D 4 O Fmoec Xy # X7 F REBLVE & KZ 1HEAZNORMEL T\ 5 8l
JAD Fmoc < Z T F NiX, 77 A N —ROMEERLBIHI L7 (Fig. 21 and Fig. 22), FEEIZ,
EK X7 ORIZ VA LTz —F v AZEB N T H, R osE RS R sz (Fig. 23), —
5. EK X7 OMIZVBRFHAIR TRy —7 v 21k, TEM BlIE8ICB W TARER R EE R Z 8l
WFDOHTH-T= (Fig. 24),



XRD. FT-IR 35 L O TEM BIZDOF RN G MET IV BAHTHL E L KEFT 50 #
TFROB— MERIZBIT 2 ZEDZ, £77, EL K 1#HEG0 12EHO U ZXTF R
I3, MeOH F CTH MMM IE 2 2 L TRV — MEEEZEKT 52 LB LT o7, — T,
EK # 2 5 Tes — 7 LV AICB W TR, BUKET R VB THD VR ZXTF RO EDALEIZA

Figure 21. TEM micrographs of self-assembled Fmoc-1a (a), Fmoc-1b (b), Fmoc-1a’ (c), Fmoc-1b’ (d). Insets show
photographs of glass tubes containing 10 mM of corresponding Fmoc-pentapeptides. The glass tubes were put upside
down in order to show gel formation.

Figure 22. TEM micrographs of self-assembled Fmoc-2a (a), Fmoc-2b (b), Fmoc-2c (c), Fmoc-2d (d), Fmoc-2a’ (e),
Fmoc-2b’ (f), Fmoc-2¢’ (g), and Fmoc-2d’ (h). Insets show photographs of glass tubes containing 10 mM of
corresponding Fmoc-pentapeptides. The glass tubes were put upside down in order to show gel formation.
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DMLY, BU—MERICKREREEL G2 D2 Enbrolc, EKXTHRIEATLES & BV
— PR LW EK <7 ORIV AMFASNTERMICB O — MR T2 LN TED
LW ) T ERHLMMITR ST,

INFETIL, EK AT 2EEET L4 T F RPKPCIEEE D L<Ix7 v & LG E ]
D ZERHEESNTHDE 0 Z2o/d, ARG LE EK X7 % 2 g X XS F R
Fmoc-4 X 4O AFEFEITBNTH, B — FEEHRLTVD LB IV, Lo LA b4,
MeOH HC, 24D EK X7 ORIZHKMET X /B V A L7~ Z~X7F K Fmoc-3 LW
Fmoc-30 B v — MEEZK L 5D Z &EDN/RBEE 7z, 7272 L. Fmoc-3 3 & U Fmoc-3’, Fmoc-4,
Fmoc-4® A % /) —/HIZEIT 5 220~240 nm (B > — MERZ K 2 8880 ¥ LT 280~320
nm (Fmoc KD A% v 7 2 il 2 k) O#PAD CD 7 F/id, X7 F FRER 1.0-5.0 mM
DA THoTRND LUIEHABRICHER TE RV LICERT I LERH L (Fig. 25), N &~
TF ROHIZ EK X7 R 28lH 5 2 & T, MeOH FIZHITH7F RORMIEEZ&mD D, £D7-
». Fmoc-3 X° 31X XRD X° FT-IR TPD B v — MEEZRBTHE—7 L TEM B85 TO 7 7 A4 N
—ORERILIIND b OO, FIE MeOH <7 F RFIRIZE W TH CHR L O AR gL, Tl
LRSS TZ7 L TWD RSN H D EHEE S LD,

Figure 23. TEM micrographs of self-assembled Fmoc-3 (a), Fmoc-3’ (b). Insets show photographs of glass tubes
containing 10 mM of corresponding Fmoc-pentapeptides.

Figure 24. TEM micrographs of self-assembled Fmoc-4a (a), Fmoc-4b (b), Fmoc-4a (c), Fmoc-4b’ (d). Insets show
photographs of glass tubes containing 10 mM of corresponding Fmoc-pentapeptides.
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Figure 25. CD spectra at 25 °C of Fmoc-pentapeptides in MeOH with concentrations of 1 (black), 2.5 (red), and 5 mM
(blue).

HERFEAN Z T TF RO IR O

F72. Fmoc 503 B o — MEBEDERZFHET 202N O 572D, Fmoc-2a & Fmoc-3 O
Fmoc 2% iR L7 _X7F R ThH A H-2a & H-3 Z#fi L, 215D XRD, FT-IR, A~
7 bV TEM JIE % £ N ENAT - 7=, Figure26 & 27 (2R L72T— 4% L0 X2 X X7 F K Fmoc
EEATLHAEICHART BREOTF FIB v — MEEHR LW L3RS, LIci> T,
ELRFED N ZTF KN H-2a & H-3 2% L72Z & T, Fmoc 223 B > — FOEMRERESE S
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Figure 26. XRD (a), FT-IR (b), and PL (c) of Fmoc-2a (red) and H-2a (black). For FT-IR, each spectrum was normalized
by the absorbance at 2926 cm™ (vas CH2), and the dotted lines indicate wavenumbers from 1540 and 1630 cm™. (d) TEM

micrograph of H-2a.
b) c)
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Figure 27. XRD (a), FT-IR (b), and PL (c) of Fmoc-2a (red) and H-3 (black). For FT-IR, each spectrum was normalized by
the absorbance at 2926 cm™ (v, CH2), and the dotted lines indicate wavenumbers from 1540 and 1630 cm™. (d) TEM

micrograph of H-3.

3+ 7 Fmoc X ¥XTF ROEHRIENDELE

Figure 18e <> Figure 26¢. Figure 27¢c T, ThT # W /=8t A7 My &ER L TE 72, ThT I%.
KT B ¥ — MEIZKFET D 2 & TR 480 nm (HFDH K ERET 2METHDH &b, ¥
VNI BRONTF RN BU— FEFH L TWENE I OIEE L 72501, SR LT- 18 D~
BT FRBB— MEGEEZK L TV DN EENDDTZOIZ, 7Ny 77 —{Z ThT # i
MU 728 MeOH 1 THCHMMAL L7 1 SFIHDO R AT F Re X Thllz, £ b DH
JETREE A LR LT, T OHEOGIRE ) KSR T CEM A H R Z XTI F R ED L9 RES
FEREZTER L TV D Eiimd 5.

T EK A2 1#MEAE & KL TRy —47 2 AT 5D Fmoce-1a, 1a’, 1b, 1b'iZ. XRD
L FT-IR {7, TEM B8 0O# 875 MeOH H TR — hE2ER LTS EEXBND, 7T
YNy 77— KR PIZEB W TS, ThT HkoiinWa e @il 7z (Figure 28a), Z D Z &)y
©. Fmoc-1a, 1a’, 2a, 22’13 KHFTH B ¥ — MEEEZRFF L TWD B2 65, 22T, Fmoc-1a
ZHNZ, Fmoc X2 X XTFF RPPAT, WPAT B v — MEED E DL 5 &AL L TV % 7 Figure 28
EHNTEZLTHD,

b L Fmoc-1a, 1a’, 1b, I3 FATB ¥ — b 2B L T0DH LT 5L, BV A5 BA T FRT
EFRT, 8 LT KRRV ES Z L L7785 (Figure 28b), KFTIE 7V I VBB IO &~
VRBEPHEL TN D EEXLND, TOBR Y& O R EWHRICKENECLLZ L TR — T
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WEZRF TSRV E TSN, —T, WT B v — P 2B L TVt Figure 28¢ (2777 &
ITEEY B9 BA KT FHICE T DMEHOMEIALIZEEN THAET D Z & THf B MIEHH O & T
BET/NESNETFHTE S, LEOEZENS, Fmoc X &7 F NI B — MEEEZTEKT DR
(AT B — MEEZTERR L TV D BB D,

a)

Rs = Nonpolar Rs = Polar
I : I : |
100 -
2
@ 10-
O
k=
2 -
0.1-
1a1a’1b 1b’2a 2a’2b 2b’2c 2¢’2d 2d’ 3 3’ 4a 4a’ 4b 4b’
b) c)

Fmoc-2b \% Fmoc-2d

— Charge Repulsion

Figure 28. (a) PL intensity at A¢y, = 480 nm for Fmoc-pentapeptides in an aqueous buffer solution containing ThT. (b, ¢)
Schematic representations of parallel (left) and antiparallel (right) B-sheets of Fmoc-1a. Red, blue, and gray spheres
represent side chains of E, K, and V, respectively. The dotted red and blue squares indicate aligned side chains of E

and K, respectively, between B-strands.

EK # 1 #lE& & E & K Bl A T 5 Fmoc-2b X° Fmoc-2b'I1ZB L T & FIEkIZ, ThT O5@wVvE ot
L TW5 (Figure 28a), F£7=., WVATB v — MEEZEKT D & & 272K, Figure 28b T/
L7z Fmoc-1lalfkRIZEEY &5 B A b T v FOMIBHM OB I IT D72 & 3 TFHITE 5 (Figure
29, Ef), —H. = AOHFLIZE b LXK BFET S Fmoe-2¢, Fmoc-2d, Fmoc-2¢’,
Fmoc-2d’ IZHBWT, M PATB V— FE&FlLIZE LTH, =T ZAOHMIHETLHESLK D
IS IZ M THEY & 5 (Figure 14, A, L7235 7T, Fmoc-2¢, Fmoc-2d, Fmoc-2¢’, Fmoc-2d’
OREEA KT THE LTz & I, EMOKIE TR ¥ — MG Z RLET D FTREMED E, EERIZ,
AKHIZHIT D ThT OEIEFEE X, Al L7z Fmoc-1a X° Fmoc-2b &\ o 72 6 DD —77 AT
RTCIL DM/ EV (Figure 28a), 7272 L. Fmoc-2a & Fmoc-22’ (2B L Tlk, WP T — b &
BT IUTEMDOKIITIZE A EETLRNEBZ LNLICHEDL LT, ThT OGN0 K

(Figure 28a), W2, TXT® Fmoc N> ¥ X7 F RBWFAT B — FEFE L TWD &I
B CERWVWA, 12 FHO Fmoe XU Z X7 F FD H 6 10 FEEN Z OHEGRIZIK > TR &2 R L7z 2
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EMB ., WMET X BB EZ AT S Fmoe <> Z X7 F NITHVAT B & — MBEEZTEM L TWD |

2b % Fmoc-2d
— Charge Repulsion

REPED BV,

Fmoc

Figure 29. Schematic representations of antiparallel B-sheets of Fmoc-2b (left) and antiparallel B-sheets of Fmoc-2d
(right). Red, blue, and gray spheres represent side chains of E, K, and V, respectively. The dotted red and blue squares

indicate aligned side chains of E and K, respectively, between B-strands.

F72.E & K% 24 &% Fmoc-3 & Fmoc-3' 128 W\ TiE 8 6I3IE & A CBUI S L7 h - 7= (Figure
28a), Fmoc-3 & Fmoc-31&, 7 X / BEEAID LSRR Y — 7 A TH L 120 WAT T H AT B
V—MEETHLEEDEORTOE L KON B A FT > FRITH#EL TIEEZ & 26K T
MNP WEST D L BMIENEL D, TOMER, By — MEEEZRFEETE RN 2TLLEBEALND

(Figure 30), F 72, Fmoc-4a, Fmoc-4b, Fmoc-4a’, Fmoc-4b’ T & A EENERI o7z
D, ZNHIEHELEBY—MEEZHHKL TEBLT, KPP THEMOKIICED B — M &K

LN EEZBND,

Fmoc-3
Parallel B-Sheet Antiparallel B-Sheet

Figure 30. Schematic representations of parallel (left) and antiparallel (right) B-sheets of Fmoc-3. Red, blue, and gray
spheres represent side chains of E, K, and V, respectively. The dotted red and blue squares indicate aligned side

chains of E and K, respectively, between (3-strands.

Flo. By — MNEKRELZ THT 22 LR TE D TANGOM L FHINDFHHET VT U XL Z2 W T,
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RTF RZREEOHFE Y I 21— a V&7 DT, ZOREHR% Figure 31 1IR3 (72721
ZOTHNCEBT DX ZXTF RO N Kiild Fmoce 2 T3 < #LEDO KM TH D), TANGO 23
KT B v— MEEDOREED THMEIL, Figure 13a T/R L72# AT MLVOFER LI L TV 5D
ZENbhote, EKZ1MEDLY =7 AZBWT, V=7 ADFRIZV O Z T F
K (la, 1la’, 1b, 1b’, 2a, 2a’, 2b, 2b") ® B ¥ — FEKEO FHEIXEVVEEZ R LT, —F T,
=l AOHRIHYERIBCTHD E D LT K 2O ZXTF R (2, 2¢, 2d, 2d) DB
— MERRED THMEIXEKVWVEEZ R L7, EK & 2 /&4, PRICVAEET S 8 £ 8 1, EK
Z 2 E AT B R L CAISI LT 4a, 42’ 4b 4D XD BWEIEEZ R LT, 2O Z EnD b,
NRUBRTF ROV = ADRRIZERIET 2 A2 EANTDHZ L TAY— MERENEL 72
HTENTREIND,
Rs = Nonpolar Rs = Polar

50

40

Nonpolar

l_‘_l Rz = Polar

20

Total TANGO Score

0-

1ai1a’1b 1b’2a 2a’2b 2b’2c 2¢’2d 2d’ 3 3’ 4a 4a’4b 4b’
Figure 31. B-sheet formation propensities of pentapeptides, simulated by the TANGO algorithm.

BB, WYAT S — R 2L TS E W Hinad X e N2 —onb 559 %5, XRD
Fr— M MIBITFD ¢g<12nm? (d>52A) B SN TOWAERORETIL, 7 a2 BHEZ R
THZEICRVERLZASEE I CERELTWD, Z0LE, 7 JBOEINELELAIINEESES

=T L= AFELE (BIZiX, EVVKV & VKVVE) 78, I L7 XRD RX¥—r %257 b
Analogous Side Chain Arrangement

%H—u

Fmoc-1a Fmoc-1b

Figure 32. Schematic representations of antiparallel B-sheets of Fmoc-1a (left) and Fmoc-1b (right). Red, blue, and
gray spheres represent side chains of E, K, and V, respectively.
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DPNL DFET D (Figure 19), [A—bEWESFDa Lt b b L<Idc & d DGR KERIC &
D—EFT 50, ZNHDOH T, Fmoc-1la & Fmoc-1b, Fmoc-1a’& Fmoc-1b’, Fmoc-2a & Fmoc-2b
IR/ S 2 — AL L TWD, Fmoc-2a’E Fmoc-2b’, Fmoc-2¢’E Fmoc-2d’ DA+ HFEEI L
TWbEE2% (Figure19), Lit L7izv—7  ANRHH & OMATIZBWT, #PT8Y— b
R L7236, Fmoe D E%Z —>F 53 &, v — b EOMEHOEE 2 —E 3 % (Figure 32),
IO, FELZ B — MREEZER L, #RE LT7 v BHENEBI L 2 L T XRD /14
—UBNERILI-EEZ NS, F LT, ERLIEERICNA T, ¢g=17nm " (d= 3.7 A #1312 Fmoc
HDO g ALy 7HEOEFTE—7 (L LIFEDOYarFd—v—7) BEHlsnZ &b, R
BT F RINWAT B — MEIEZ TR LT2BRIC B > — b O 513 C Fmoce LR LA A5 5 K 9
WAHAEEAL, Fmoc D n 28 v 7 I X DR RDLLFENNEFTNDEBEZOND, 2O LN
. Fmoc B8 po— MEMZFHET D &0 9 Z LITFFEITR,
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3+ 8 HWEMIEIATTF R B — b OWE RO

WIT, BTEERI AT F R B o— b EHRFE R & OBBEOHEERICELD, XTF KT 7 A 3—
DHME R ~DEINC OV TR T D, 7 F RO H OB LRRESCE AT, 72 BESIC
Mz, pH PR Ekk & I AN BRI L 0 2k 5 7o o8l LS 2 A - Foiikd 2 2
WK A—Dy =7 ADNTF R bikx REATHENER S D061, FRkFm oA
FRREIC B WT, BB OARERIIIN ., ERER & OMEEH X7 F FOESRKTHEL 5
Z. FERF M OFERECH S TALIC X o THEx RESTERENER T 208, Lizd- T, bk
WRF i OB & EACSMEORIEIZ LV . —FIICEm Lo 7 F R E RS IO Ao
AlAE T 519,

~N7F RO A EHBCIZB O TR0 5 ZENTI K E < IRABREEP TOXTF Fo B ik
EENCOWTHD Z &1, HEHMBEDO A D =X L EBRTDH2ODOFENRGFETHDH, ZhET
2T 3= VKO AB DRI T 57 F ROEAEXOBICET 298k Endgds ST
WHIEl REE T, H2 W TR LEEMOHEATT KB — |k (Fig. 33) OoEREHR TOAD
AR LS BRI DWW TR L7z, £ OfER. IREGWESAEEZ 2S5 Z LT, BiREmrm~0
By — hOWEREANKES EARLZZLEZRHLZOT, ZORMIZOWVTRT,

iy

3

iy

Figure 33. Molecular structure of Fmoc-EVVKV and schematic representation of the resultant antipararelle 5-sheet.

(XT7F FOAE) BWOBASTF KL — b THb Fmoc-EVVKV (Fig. 33) ©» MeOH/H20
RAWK (0.5 mM) ® MeOH & H20 OEAEIGZ . 10/0. 9/1, 7/3, 5/5. 3/7. 11912725 &5
A F6 FEAEFAE L7 (Table 2a—f), REAABEMICHEL TWDH VA DEREERTLZ LT
T AR EAED . D RIZARTF NEEIRZR T Lc, TR DBAMEE (AFM) % W CHRE
HIZI T 5 BRTEEL LT F R Th 5 Fmoc-EVVKV OEATFREL BRI L=, £7-. MeOH/H:20
BAVRIRP CONTF RO ZREEORERIZ. CD A7 MHIIEZ VT To 7,
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Table 2. Mixing Contents of MeOH and H,O and Concentrations of Fmoc-EVVKYV in solution.

MeOH | H20 | Concentration MeOH | H,O | Concentration
(a) 10 0 (c) 7 3 2 mM
(b) 9 1 (c)” 7 3 4 mM
©) ! 3 0.5 mM
(d) 5 5
(e) 3 7
§}) 1 9

39 ~X7F FD MeOH/H20 IREFIKHTIZIIT 2 IRIEIED R E

CD A7 M VRIEDOFERD D Table 3 1277 L7- 6 fifH D MeOH/H20 IRAEKTIZEH T 5
Fmoc-EVVKV O AR Z B9 5, MeOH OEN/K LY 2 L L IXF% TH 5 MeOH/H=0 =
10/0, 9/1, 7/3. B/5 AR D CD ¥ 7 FniE, 7o X atkiEa k4 v 7 Th o7 (Fig. 34a and
d). Fmoc-EVVKV (%, MeOH (2%} L T XL < #fig 9 572 0.5 mM O IR < H Ok b3
EITLRNWEWI ZENEZDBND, — T, H:O DENKE Y £ MeOH/H:20 = 3/7, 1/9 X%
DEAETIE, 205 nm B L 225 nm 13712 CD v 7 F o v —27 23381 L7z (Fig. 34e and f),
ZDARY ML, BRI B — MEEDO CD v 7 v Th D, HiO OENE 2722 & T, Fmoc
BRI LEAEAIL L, Fmoc KR LD 2% v 7N RTIA L 7T 4 —A L7210 0.5 mM &\ )
FETH FmocEVVKV (3EH TR v — MEEZE LT B2 b5, EEE. Fmoc D L H7ex
HBERD TITHKETH D Z N HEZTH, Fmoc JEDOEAILA & 5 23F T Fmoc-EVVKV (1 8
U MEELZEMRLIZEB X OND,

40

=—  a (MeOH/H20=10/0)
30- T ¢ (eonmony
= d (MeOH/H20=5/5)
5 20- — e
T 10-
(| -
3 0
-10 -
-20 -
T I T I T
200 240 280 320

Wavelength (nm)

Figure 34. CD spectra of Fmoc-EVVKYV in solutions with MeOH/H,O = 10/0 (black), 9/1 (purple), 7/3 (blue), 5/5 (green),
3/7 (orange) and 1/9 (red). The concentration is 0.5 mM.
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310 ~ADEREHR~DTF ROWAEREDORG
I, AFM % W T~ A B EERFIIZE T 5 Fmoc-EVVKV O E R 2 B8R LTz,

MeOH/H:20 = 10/0 3 XY 9/1 X7 F REk & T~ A B ERFmICH F L& 2 A, AFM #l
LBIZB W TR ORER R ESENEBH S/ (Fig. 35aandb), —J7. MeOH/H:20 = 7/3 <75
RIS Tl ~A I REORES TN IR > TN F KRR L7z AFM #5345 5 117z (Fig. 35¢) ,
F7-. MeOH/H20 = 5/5 DT F RIEENHIE, ~A B ERET/HNS T T FESERIBIHI S
HDHTH-T- (Fig. 35d), £ L T, MeOH/H20 = 3/7X° 1/9 DT F FIRIKIZB W TiE, E&N
500 nm LA EDOXRTF KF 2 7 7 A N=2FHlE 7= (Fig. 35e and f),

6.44

0.00 [nm] 7.96 0.00 (nm 42.97 0.00 [nm 13.85 0.00 [nm

Figure 35. AFM images of Fmoc-EVVKYV aggregates on a mica surface, drop-cast from its MeOH/H,O solutions. The
mixing ratio MeOH/H,O = 10/0 (a), 9/1 (b), 7/3 (c, ¢, c”), 5/5 (d), 3/7 (e), and 1/9 (f). The concentrations of
Fmoc-EVVKYV are 0.5 mM (a—f), 2.0 mM (c’), and 4.0 mM (c”).

LI EOFEFR LY, Fmoc-EVVKV O H EHM#LDO X A 2 v 71220 TEREL TV, £7°, H0
DEIE S MeOH £V £ & 2(MeOH/H20 = 3/7, 1/9), ~7'F KO H MM LIZ IR Tl
17U (Fig. 34eand ) ., Wk L7=EAKNZOE FERKRHICEHELINTZ LB X N5 (Fig. 35e
andf), —4.MeOH OFIEA HeO LRI U S L <IEZNLL ETH D & &(MeOH/H20 = 10/0, 9/1,
7/3. 5/5), ¥HEH T Fmoc-EVVKV (X B v — MEEZ R L TWRWI &3 CD A7 b b
b5 (Fig. 34a—d), = LT, MeOH/H20 = 7/3 X7 F RIRME DN~ A T Btk B F S =R,
~ A AR ORE ST - THLA L7228 G HEST L72BHIZ D\ THE 2 5, MeOH/H:0 =
718 <7 F FIRE TIE. CD A7 bR T K 912 Fmoc-EVVKV (35 > & A =2 A WA & TRk
LTW5 (Fig. 34c), L2 L7235, Figure 35¢ (Z/RT K D12~ A DM ETIEF /2 #EKROFE
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FRPFER CTE 2 e, ~A DERER T F RO ZRIEE DO EY: & 72> TH MMk, oF
V. B¥— MEBEOEERBET LB XD LN TES, MeOH/H0 IRAEIRTIZIVT,
Fmoc-EVVKV (& EN D 7% I VI E Y I8, 2R ENAERNE EEWMEZHOD &
EAbD, BH LI~ A DEREITABMICHEEL TWDZD, A I ORAERE &
Fmoc-EVVKV © U & MO IEER & NFREMEAFEHZEZ 3221280, Fmoc-EVVKV 3+
A FJHEE T HRER AL > TH CHBME R EIT L7z T v B2 52 L T& 5 (Fig.
35¢), ZD7=, MeOH/H:20 = 7/3 X7'F FEHRIZ. Fmoc-EVVKV 73~ o J1 AR D& &b AR
S THOMBIET 27-0ICk bl Y 7 MeOH & H20 OEIGTHD EHERIND, £7-,
MeOH/H:20 = 7/3 ¥EIZ 1) 2 R EEARFNE 2 720 272012, 0.5 mM & 0 lRVRE 2 2 i

(Table 3c—”, 2.0 mM B LN 4.0 mM) ZH/ICHE L, ZOXTF RKAEKE ~ A 7 HR I
Fe w7y X N L7k, AFMBIEZIT->72, 2mM ® MeOH/H:20 = 7/3 X7'F RIFHRIZ, ~A
T RN > CTRLM LT D 2 &3 AFM B 6 002% (Fig. 85¢), — 4T, 4 mM ®
MeOH/H:20 = 7/3 ~7'F NI, REREGED~ A D ERICE TS (Fig. 85¢”), L7z
25T, MeOHO/H20 <7 F RIEKNEIRE TH 256 . BiKH T Fmoc-EVVKV @ A Uik
MWD LT DEREERES L LTHWD Z Eide <, ~A D ORI % SO L 72\
ZEWITRBE T,

311 fEim

EEm & ABMERT HXFZXTF RO B — MEEOERHIZHKE) L7z (Table 3), D~
BT F RIZBWT, Bl & ABMMD B> — MEmEZ LT ETICHT THFEL TWD, MeOH
OB CHBMEICEZY, EE KZ 1TMHAT D 12O X XTF KX Fmoe D {0 5 Z
CICEY BY— MEEEZKT L2 B otc, ZO12FEOF T, 7V vy 7 7 —KiK
FTHBU— MEEEZRFFT 22— AL RFEELVWS = U ARH Y | AT B > — Mk x
EFTNE L TEZTBEOMBEMOERIKEICERT DL =T ADEWNZLD B ¥ — MEED
RFEFOEVWHBECE S, —FH T, E& K% 2/A73 2% Fmoc < Z~7F Nix, BUKMET I/
BV &2y —7r AOBEFICEET 52 LT, MeOH T8 v — MEENEREN D 5 2 &3
5572, TANGO ZVWEHAEY I 2 L=y a VORREND L, V—7 v 2O R g Bkt

Table 3. Summary of Eighteen Pentapeptides R-1-R-4 and R-1’-R-4’ and 5-Sheet Formation of the Fmoc-Substituted
Pentapeptides in the Solid State and in Glycine Buffer Solution.

(E, K) = (0odd, even)* (E, K) = (even, odd)*

Number of

. Position Assembly Assembly
E and K Compound Sequence Solid® Water® Compound Sequence Solid® Water*
Separated R-1a R-EVVKV f-Sheet p-Sheet R-1a' R-KVVEV p-Sheet p-Sheet
E and K R-1b R-VKVVE S-Sheet S-Sheet R-1b' R-VEVVK S-Sheet S-Sheet
ExlKxl R-2a R-EKVVV [-Sheet - R-2a' R-KEVVV p-Sheet -
i Neighbored R-2b R-VVVKE f-Sheet p-Sheet R-2b' R-VVVEK p-Sheet p-Sheet
E and K R-2¢ R-VKEVV f-Sheet - R-2¢' R-VEKVV p-Sheet -
R-2d R-VVEKV S-Sheet — R-2d' R-VVKEV p-Sheet —
S;g“;‘;‘frs R-3 R-EKVKE -Sheet - R-3' R-KEVEK B-Sheet -
Ex2Kx2 —onsecutive R-4a R-EKEKV Random = R-4a' R-KEKEV Random
EK Pairs R-4b R-VKEKE Random — R-4b’ R-VEKEK Random

“ Position of E and K in a sequence.

® Secondary structures of Fmoc-pentapeptides assembled in MeOH and air-dried, as confirmed by FT-IR, XRD and TEM.

¢ Secondary structures of Fmoc-pentapeptides in glycine buffer solution, as confirmed by ThT test. The long hyphen indicates that disassembly takes place subsequently upon
addition of the MeOH suspension into the buffer solution.
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TIVBVERBESEDLZ LT BV — MEEZME SOOI EE 2 5 2 & AVRE
Shic, £7z, BWOBERLATF R B ¥ — P &S T 2 Fmoc-EVVKV 78, ~ A J7 AR O b J5 A
maFH L CTHOMBILT 252 60N Lz, £07HI2iE, [1]1 MeOH (2xF LT, i X4 72
Ao HeO #IRAT 5 Z & T FmocrEVVKV O U VU ISEN IEICH B S TAICHE LIz~ A D
Bt & EM AR A EE T HNERD D, £ LT, [2] MeOH/H20 ~7'F REHKEH T,
Fmoc-EVVKV 7% B & — MEIEZ T L2 VREICTHE ST 20823 H 5, KT T Fmoc-EVVKV
N BT— MEEEEKT 256, ~A BWEREIZIZF ) 77 A= LTEHEEINRTLES, LE
WoT, WP TIET U LETHVRBO S, ~A DERORE ST ZFIAT 52 LI2k-T
NRTF RPBCMEET o2 &2 A LT,
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41 HES

FABETIE, n ERDTICLDET RT—BLX T 7874 —0BMRICH D o &R 75

BREHICEAN LT F RO B — MEEDRIZOWTHET 5, ZAETICR#LIEL D
BAKMEOT I /il BKMEOT X VBEREICERET 52 LT, BB EABNEAET LT I §
MO FREAIZ2FA AR & BKIET 2 BRSO BRI BRI LV ZELEND -0 B v —
MEERTER S5 (Fig. 36a @ Zhang €7 V) U KiFZETid., Zhang €7 /VIZBIT A EB LW

O EMSHIIC, BrGE D) O7 ) —R—=2DF 77 xz=LFKL7 41U (TPP) B

FOZRH/E (A OF 72104 K (NDD 22N ENEALIZANTRTF KT W1 o Lz (Fig.
36b), 3 FWE TICHE L CEX L “BRNHIAIASTF N o — 1 (ZZO“BHIZ, 72/ BAS o

B ZIET) ~On BERGFOEMiZZE X GE, B N —HEBIOEFT 7874 —HTDO -
TAZ X TPEE D LITMER, ZDTD, XTF RRB— MEEZER LTZERIC, &1 N
—HMBLOT7 77— Tr—n A% v 7P Z 5 &L HIZ Zhang 7 NV OMEMRBIC o &R 1%

B+ 57 VvE%5 27 (Fig. 21b),

(@) (c) O
Zhang’ ) & &) G
R ke H 04@0
2T &
® e
on B O @ A
Model "z")igsﬁio ,Hi»(?

J J J I

Figure 36. (a, b) Schematic representations of complementary charged peptide (Zhang’s model, a) and D-A peptide
designed in this study (b). (c) Molecular structure of heptapeptide VEVKVEV 1, bearing TPP and NDI units at the
side chains of K and E, respectively.

Ao n/t)r

Figure 37. Photoelectric conversion on peptide side chains with electron donors and acceptors.
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TEEXTF RO 2, 4, 6 EFHOMEHICE T R —MoFToHL TPPZ 1{HEEFT7 774
—ETHDH NDI Z# 2fEEAM L, 720 D 1, 3, 5, TEHOMEIZEHANET I VBB THLH NN &R
BT52LT, BAMT Y REFE LEEIC A-D-A XTS5 X517 ¥ 1 Lz (Fig. 36¢),
ZONTF RiE, BAHEORESREETICE T 5 E CEBIICEY B — 2R THZ 2B LI
Lo E7o, 78 b ARICE W BT 4 U U ENL M L 7 IR SRR T oo B Sk kil VT, 413
BEPE Tl TG AR, 7 e F o OITICL VRV T ¢ U S RPRIRRE & A LB L AR
By — MEEEZERT DI LR LI, ZOXIBRXTTF RTHA X, BRI DEADIA
TF FOESLICKETREICET 282 52, 612, AEMEOET B X UOLHERER T~

ISR TE 5 (Fig. 37),

42 RF—=TIHTE—HFOETHENOHR ) ~
A7 F KOOI, TPP & NDI O Pz~ T, TPP ke b Lo~
& NDI#FE(K 3 (Fig. 38) #HE L, HEEALZ A N — (SWV) IZ&
LR T BALHIE & UV 227 MAVHIEIC LD =RV F—F v v 72 &

D FeRB & 4T 272, SWV T TPP 38k 2 Db ENL & NDI FHE A 3 it
AL ZWE L= (Fig. 39a). UV A7 hUVIZBIT D WRINDONE S ER Y

MENY REY v FH RS 522 T2 L 30 HOMO & LUMO #[fE L
7c (Fig. 39b), Figure 39b [Z/r& 5 L 512, TPP #EAK 2 [X NDIF5E  Figure 38. Molecular

. N R N o et structure of TPP and
K8 &tk LT, HOMO, LUMO Wit d mW\W T /L F—HEALITH D, L NDI derivatives 2 and

3.
T2 T, ZNH DG FIAIE, EvicE a0, B L O/ BRIC
boLtEZLND,
(@) (b) Vacuum Level
3.52eV 3.69 eV
e
B LUMO et el LUNO
A
1.86 eV
T T T T T T T T T v 3.15eV
-1.0 -0.5 0 0.5 1.0 HOMO m—
Potential / V vs Fc/Fc+

e HOMO
2 3

Figure 39. (a) Square-wave voltammograms (SWV) of 2 and 3 in CHCl,. (b) HOMO and LUMO energy levels of 2
and 3.
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4 -3 XTFROEM

RTF FOERIE, 5 2 ZRFEIZ Fmoe EAHANTF REMIEIC L VITo7, 1 28T 2I01E 2
WY DHEREZOBND, (1] XTF FEHEGHK LRI, A~ n BB 12 EMT D 51k

(Fig. 40), [2] 7 VBUH~H LN L n HERD TEEM L, ThoZ2R T L5 L THHD
&7%F§m@ﬁ¢ﬁ%(ﬁg4ma:m%:ﬁb®éﬁ%%@%bt%%\ﬂmm@ﬁ%TH%
DXRTF 1 G Llc, EBRIC, @BHEKRZzAT57 I/ BReERT5Z L THRROA Y 2
TFREAR LT bWiE ST DR, RIFFE T, Ak s LT, K OfIgIZ TPP Z#EA
L 72 Fmoc-Krep 3 X OV E OfI$H1Z NDI 23 A L7z Fmoc-Exp1 # &5k L. Z#1Z 4% Fmoc-V-OH
LHEIFETH 2 & T, YT F K Fmoce-KrepV-OH 35 X O Fmoc-ExoiV-OH Z15&7-, 2L 6 AiBEAY
RTIF ROWRIL, VB 5nvra~ 777 4 —2HWT v, MALDI TOF-MS ¥ X OV 'H
NMR % W CRIE LT > 72, RIBEEA Y <7 F K Fmoc-KrepV-OH 3 &£ O Fmoc-ExoiV-OH, %
L C Fmoc-V-OH #% 72 A\Z#fE &8, &% IZ Fmoc ZEDBRE L T2 F LIZ L 587 F RRERDO F
Yy U EEEZ TS5 2L T1 (Fig. 36c) #I=K 31% T/, b 7Adn=%/—)L (TFE)

ol

), e
(3
3

of TPP and NDI into side

chains. fj\"
HN

Figure 40. Synthesis route 1: After the peptide main chain is synthesized, TPP and NDIs are chemically modified into
the side chains.

wf :._‘t,; ::{j‘
9 - NH,
Synthesis of peptide 7" Cleavage of the peptide e Cooy
Resin main chain on the resin. from the resin. 0 Wy O w0 w0y
WY R LT LYY
1
1/ / 4’
YA
0 \ﬁ’ b o N,J/
O v
9 P
= N \_ﬁo 0™y
Chemically modification d ,:’
H

Synthesis of dipeptides with
n-conjugated molecules. ~

Loading of the dipeptides.

hoe
Q
&R0 s
”, P 1f
e TR e og ¢ Q‘j/'\:;”’f) rheo
L) = [L¢
%ﬂ 1, (n 9 O
) " ’)—g N \Aﬁo 0=y
_— «* © ,J °
oS Cleavage of the peptide m nn
from the resin. ta o u
B m‘i‘m Wfi“*

Figure 41. Synthesis route 2: After dipeptides with TPP and NDI are synthesized, they are loaded onto the resin to
produce the target peptide.
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WX U CRIAERITERME U, 1 IXIRE L 722, A%z TFE [CIR{E9 5 2 & THREZ1T- 7=,
MALDI TOF-MS 2LV, AR LIE_TF K1 O FEICKHNT D E— 27 2R LT,
PURIZRER 722 A AR FIE Z 7R,

Fmoc-Lystpr-OMe (5) D & 1%

. W oo socl,
O\gN\i:’H CH,Cl, /MeOH

NHBoc

{b&¥ 4. CH2Cla/MeOH (10 mL/90 mL) (2 Fmoc-Lys(Boc)-OH (417 mg, 0.89 mmol) % & fiE L.
0°C THWAHIL, SOCIz (97 pL, 1.34 mmol) Z ###E L e B iR 4 IZHIN L=, |iR~EL KL, 25°C
T4 RFMERE LT, IR A BUERNE L. 72012 MeOH # 1%, B OYSEREAME L7-, MeOH & Et20
EHOCTHEBEMLZITY 2 LT3 257, ILE 226 mg, UK 66%, MALDI TOF-MS (CHCA) m/z
caled. for C22H26N204 (M™*) 382.46, found 383.29. 'H NMR (400 MHz, DMSO-ds): d (ppm), 7.89 (d,
2H), 7.76 (m, 1H), 7.70 (m, 2H), 7.41 (t, 2H), 7.33 (t, 2H), 4.32 (m, 2H, Fmoc-CHCH>), 4.22 (m,
1H, Fmoc-CH), 4.00 (m, 1H, Lys-CH), 3.62 (s, 3H, OCHs), 2.74 (t, 2H, Lys-CH2), 1.64 (m, 2H,
Lys-CHby), 1.50 (m, 2H, Lys-CHb), 1.33 (q, 2H, Lys-CH2)

{t&% 5. 4 (188 mg, 0.45 mmol) & 281 (300 mg, 0.45 mmol) % CH2CleiCifi% L. HBTU (170
mg, 0.45 mmol) & HOBT (61 mg, 0.45 mmol), DIPEA (235 pL, 1.35 mmo) Z ¥/ L. 25°C T5
RERIBEE L7, KEMZ T, ARIRIEOZMH L, NaeSOs & AWV Ciai S 87, WK 2 05 R
i L7=o EtOAc/CH2Cle=1/4 DTV AN AT L v~ 57 4 —IZ X 0L, 5 %715
72, IE 538 mg. YU 89%, MALDI TOF-MS (CHCA) m/z caled. for CerH54N¢O5 (M*) 1023.21,
found 1023.75.'H NMR (400 MHz, DMSO-ds): d (ppm) 8.83 (d, 10H), 8.28 (s, 5H), 8.21 (d, 7H),
7.84 (m, 14H), 7.70 (d, 2H), 7.32 (m, 5H), 4.31-4.08 (m, 3H, Fmoc-CHCH>), 4.01 (m, 1H,
Lys-CH), 3.66 (s, 3H, OCH3), 1.75 (m, 2H, Lys-CH2), 1.67 (m, 2H, Lys-CH>), 1.50 (q, 2H,
Lys-CHbs), -2.95 (s, 2H)
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Fmoc-Lystep-Val-OMe (8) D & ik

o
HN
HBTU, HOBT, DIPEA O " J'L TFA, Et,SiH
0. N. OtBu —_—
TN HCI
CHCI, TN CHCI,

\

b4 6.5 (400 mg, 0.4 mmol) % THF/H20 (4:1, 13 mL) (2L, 0°CIcmA L7z, 0.3M
LiOH i % 1.3 mL 72 10 /3 & 12 F L 7o, 1 R R S 72, 10% (wiv) 7 = U a &,
CHCIs CHiHi L7z, UM FNI T L a~ v7T7 4— (BEIABESM : EtOH/CHCls = 1/4)
THBLL . 6 2457, L& 290 mg, YR 72 %, MALDI TOF-MS (CHCA) m/z caled. for CesH52NOs
(M+) 1009.18, found 1009.81. *H NMR (400 MHz, DMSO-de): d (ppm) 8.84 (d, 10H), 8.31-8.22
(m, 13H), 7.84 (d, 13H), 7.71 (d, 2H), 7.32 (m, 5H), 4.25 (m, 3H, Fmoc-CHCH>), 1.82-1.49 (m, 6H,
Lys-CHbs), -2.95 (s, 2H)

{t&% 7.6 (109 mg, 0.10 mmol) & H-Val-OtBu-HCI (42 mg, 0.20 mmol), HBTU (34 mg, 0.09
mmol), HOBT (15 mg, 0.10 mmol), DIPEA (70 uL, 0.40 mmol) % CHCls (4 mL)(Z#&fiE L. 25 °C
T 2 e #E S 7o, ROREIRIZAK 2N A2, BHEIR O 2 U, NaeSO4 & AV TR S 72|
VIR 2 WA L 7=, EtOAC/CHCLs=1/9 ODEMETY Y AFAN AT Ao a~ NI T 7 4 =2 L0k
BT 2157, A 99 mg, IR 85%, MALDI TOF-MS (CHCA) m/z caled. for C7sHeoN706 (M*)
1164.42, found 1165.06. 'H NMR (400 MHz, DMSO-ds): d (ppm) 8.84 (m, 8H), 8.31-8.21 (m,
10H), 7.83 (m, 10H), 7.73 (d, 2H), 7.57 (d, 1H), 7.31 (m, 4H), 4.29-4.02 (m, 5H, Val-CH, Lys-CH,
Fmoc-CHCHbY), 2.06 (m, 1H, Val-CH), 1.69-1.42 (m, 15H, OtBu, Lys-CH>), 0.90 (dd, 6H,
Val-CHs), -2.95 (s, 2H)

t&% 8.7 (84.7 mg, 0.07 mmol) 2 CHCls (1.4 mL)IZ¥f# L, TFA (405 pL) & EtsSiH (210 pL)
A, 25°C, 4 RpffEE Sz, Wik A RIERME L. EtOH/CHCls= 5/95 D&ETT U 7L
NI ra~ 7T 7 4—IZX0ERLT, 8 2157, & 66 mg, & 94%, MALDI TOF-MS
(CHCA) m/z calcd. for C71He1N706 (M*) 1108.31, found 1109.00. '"H NMR (400 MHz, DMSO-ds):
d (ppm) 8.84 (m, 9H), 8.32-8.22 (m, 10H), 7.85-7.60 (m, 14H), 7.33 (m, 4H), 4.29-3.97 (m, 5H,
Val-CH, Lys-CH, Fmoc-CHCHbs), 2.07 (m, 1H, Val-CH), 1.69-1.44 (m, 6H, Lys-CH>), 0.88 (d, 6H,
Val-CHs), -2.95 (s, 2H)
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Fmoc-Glunpr-OtBu (11) D& kk

O o\n’N\)LOtBu
NHBoc NH, 0 = Q
H H j\ . H 9
04,00 0y N0 0y N0 07 "OH 0y o N Aoy
NH TFA HBTU, HOBT, DIPEA 0 =
U CO o O g OO Dl
H DMF CH,Cl, CHCl,4 O”"NH
NHBoc 0”00 o NK: 0 >N"0 OHN o
o 10 O
\ o NH\O

{£&% 9. butylamine (1.97 mL, 20 mmol) & N-(tert-butoxycarbonyl)-1,2-diaminoethane
(3.16 mL, 20 mmol). naphthalene-1,4,5,8-tetracarboxylic dianhydride (2.68 g, 10 mmol) %
DMF (40 mI)IC¥#fiE L, 120 °C T 4 WefifEFE S 70, WIRABUERAME L. CHCL & JEBAVML L L
TANRBEI R~ N T 74—k VERL, CBBOT T 7 a v ERINTHZ LT 25T,
I8 1.71 g, UX3E 36%, MALDI TOF-MS (CHCA) m/z caled. for C25H27N3sOs (M-) 465.51, found
465.29. 'H NMR (400 MHz, CDCl3): d (ppm) 8.76 (s, 4H), 4.85 (s, 1H, NH), 4.39 (t, 2H, CH»),
4.21 (t, 2H, CH»), 3.57 (m, 2H, CHa), 1.74 (m, 2H, CHy), 1.50 (m, 2H, CH2), 1.22 (s, 9H, OtBuw),
1.00 (t, 8H, CHy). ¥ WRE 7 u~ T 7 4 —DRYIOT 77 v a v &EIT 5 Z & T3 #1457z,
V& 1.53 g, % 33%, MALDI TOF-MS (CHCA) m/zcalcd. for Co2H22N2O4 (M-) 378.43, found
378.26.1H NMR (400 MHz, CDCls): d (ppm) 8.76 (s, 4H), 4.21 (t, 4H, CH2), 1.74 (m, 4H, CH>),
1.47 (m, 4H, CH>), 1.00 (t, 6H, CHs)

ItE4 10.9(0.93 20 % 50%TFA/CH2Cle (10 mL) (Z¥fE L. 0.5 BRI S B 72%., WK 208
JERAE U7z, 7% 5712 CH2Cle 2 N % BTG 2 3 2 1E¥#£% 2 Ak 0 K L7, I 0.68 g, I 93%,
MALDI TOF-MS (CHCA) m/z calcd. for C20H19N304 (M-) 365.39, found 365.27. 1H NMR (400
MHz, DMSO-de): d (ppm) 8.70 (s, 4H), 7.74 (s, 2H), 4.34 (t, 2H, CH>), 4.08 (t, 2H, CH>), 3.18 (m,
2H, CH»), 1.66 (m, 2H, CH>), 1.39 (m, 2H, CH2), 0.95 (t, 3H, CHs)

(L4 11. 10 (680 mg, 1.9 mmol) & H-Val-OH-HCI (438 mg, 0.95 mmol). HBTU (322 mg,
0.85 mmol), HOBT (145 mg, 0.95 mmol), DIPEA (504 pL, 2.9 mmol)% Acetone (38 mL) |Z{&
fig L, 25°C T2 RIS iz, EaE AL, CHCZEEE L igErsn~ 757
A4 — TR LT, 11 #4572, & 519 mg, I 70%, MALDI TOF-MS (CHCA) m/z calcd. for
CasHasN1Os (M) 772.86, found 772.53. 'H NMR (400 MHz, DMSO-dp): d (ppm) 8.66 (s, 4H),
7.98 (t, 1H), 7.87 (d, 2H), 7.70-7.63 (m, 3H), 7.40 (m, 2H), 7.28 (m, 2H), 4.30-4.16 (m, 5H,
NDI-CHz, Fmoc-CHCH?2), 4.06 (q, 2H, NDI-CH?2), 2.02 (m, 2H, Glu-CH2), 1.82 (m, 1H, Glu-CHy),
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1.65 (m, 3H, NDI-CH2, Glu-CHy), 1.36 (s, 9H, OtBuw), 0.93 (t, 3H, NDI-CH3)
Fmoc-Glunpr-Val-OtBu (14) D&%

[o}
HN Mg
”\)OL TFA, Et,SiH “\)OL HBTU j;m DlllPEA “\)OLI( TFA, EtSiH ”\)OLI(
O. N s Elgs 0o_ N s ’ 0o, N OtBu s Elg; O, N OH
-, -,
O ¥ jfnau CHCl, O e CHCl, O ¥ :LH o CHCI, O ¥ lﬂ o
O”"NH O "NH O "NH O”"NH
Oy N O QHN 0 QHN 0 Oy N O
1 12 13 14

It&% 12.11 (500 mg, 0.64 mmol) Z ¥ f# L 7= CHCl; (13 mL) (& TFA (3.8 mL) & EtsSiH (1.9
mL)Z %2 CT, 25 °C T 4 B S W7, WREN DI D L9 ICERME L., Fo - Rii %
Et20 IZIR % ICES Z & THIW 2T S 70, mErIIC, Et0 T L T, 12 2157, & 426
mg. I3 93%, MALDI TOF-MS (CHCA) m/z calcd. for C40HssN4O9 (M) 716.75, found 716.46.1H
NMR (400 MHz, DMSO-de): d (ppm) 8.66 (s, 4H), 7.98 (t, 2H), 7.87 (d, 2H), 7.70-7.57 (m, 3H),
7.39 (m, 2H), 7.30 (m, 2H), 4.23-4.07 (m, 5H, NDI-CHs, Fmoc-CHCH>), 4.05 (t, 2H, NDI-CH>),
2.04 (m, 2H, Glu-CHy), 1.85 (m, 1H, Glu-CH>), 1.63 (m, 3H, NDI-CH2, Glu-CH>), 1.36 (m. 2H,
NDI-CHb), 0.93 (t, 3H, NDI-CHs)

A 13.12 (300 mg, 0.42 mmol) & H-Val-OtBu-HCI (176 mg, 0.84 mmol), HBTU (144 mg,
0.38 mmol), HOBT (64 mg, 0.42 mmol), DIPEA (330 pL, 1.89 mmol)%Z CHCls (17 mL) (ZIAfi#
L. 25 °C C 1 BB Uiz, WIREN 02725 X0 ICBIERME Li=%., WiEE Et0 23S 2
ETCHMMENTH S 87, BT, Et20 TP L T, 13 21572, ILE 276 mg, IV% 69%, MALDI
TOF-MS (CHCA) m/z caled. for CaoHs3N5010 (M-) 871.99, found 871.61. 'H NMR (400 MHz,
DMSO-dg): d (ppm) 8.65 (s, 4H), 7.88 (m, 2H), 7.68 (d, 2H), 7.47 (d, 1H), 7.40 (m, 2H), 7.28 (m,
2H), 4.20 (m, 5H, NDI-CH2, Fmoc-CHCHb), 4.01 (m, 4H, NDI-CHs, Val-CH, Glu-CH), 2.00 (m,
3H, Glu-CHz, Val-CH), 1.81 (m, 1H, Glu-CH>), 1.61 (m, 3H, NDI-CHs, Glu-CH>), 1.39 (m, 11H,
OtBu, NDI-CH»), 0.91 (t, 3H, NDI-CH3), 0.84 (d, 6H, Val-CHs)

(La 14,13 (274mg, 0.26 mmol) & FfiE L 7= CHCLs (5.3 mL) i< TFA (1.5 mL) & EtsSiH (770
pl) ZINA 7z, WIREDN 3T D X9 CHERHE L, 8% Et0 [ZIEW7E, fTH# % Et0 &
CH:Cla T¥eH Z & T, 14 2457, L& 252 mg, I3 60%, MALDI TOF-MS (CHCA) m/z calcd.
for CasHasN5010 (M) 815.88, found 815.60. "H NMR (400 MHz, DMSO-do): d (ppm) 8.66 (s, 4H),
7.87 (d, 2H), 7.69 (d, 2H), 7.49 (d, 1H), 7.39 (m, 2H), 7.29 (m, 2H), 4.23-3.99 (m, 9H, NDI-CH.,
Val-CH, Glu-CH, Fmoc-CHCHy,), 2.04 (m, 3H, Glu-CHs, Val-CH), 1.81 (m, 1H, Glu-CHy), 1.64
(m, 3H, NDI-CHs, Glu-CHs), 1.37 (m, 2H, NDI-CH>), 0.91 (t, 3H, NDI-CHs), 0.84 (d, 6H,
Val-CHs)
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b) Loading of 8 b) Loading of 14
= f{
u ~ p ~e Y - ’}4?"
EAAY b o R
. - 2oy u W 3
'}—;‘A_{t ) AN ) ~ &
o SN IS
3_;_{& t{'}&
c) Capping of unreacted c) Capping of unreacted R
Resin —NH: terminal —NH: terminal
a) Fmoc deprotection a) Fmoc deprotection
b) Loading of 8 b) Loading of ((
Fmoc-Val-OH QA D ot
o B N O,
\-*f; {,ﬁ “o)—S_ 00 .\g *3}_&«“
poa) S ‘(Mc
$ M
c) Capping of unreacted e c) Capping of unreacted
—NH:2 terminal —NH: terminal
Qa L -
¢ G
~ GV, ;}f,
TR ks <
° ? &;\(‘?—5-
. wu(ﬂ (
a) Fmoc deprotection R{*}.
c) Acetyl capping of
N-terminus d) Cleavage of the resin

Figure 42. Synthesis scheme to produce the target peptide with TPP and NDIs (1).

WIT, [EHEASTF FEROFEMAZ L FIZE T,
BT REKIX, 4 DO FIEEETr Z L THOXTF RE2E/KT 5 Z &N TE 5 (Fig. 42),
(a) Fmoc kDO Rifri#&, (b) Fmoc <7F KOG, (¢) REIERDOF vy 7 (d) BE»S
OEOVHL, W) 4 DDFERHY, a~c VKL T, HERETXTF MRS E®%
2, d DIEEEIT- T2, £z, AL, XFF KO N Kz 72 F b d 570, fIEN LT F
RZ8) 0 32 N KD Fmoe B & frE L2, 7 F /LR ZIT 72, £ Tl FIHE
DIZHBA L T <,

(a) Fmoc FED LR : A DN 7 LD HFIZ 20%piperidine/DMF (10 mL) & Fmoc-SAL
resin (0.58 mmol g1, 0.1 g) Z /%, 25°C T 0.5 B S¥7-, Wik%E A L7-%. MeOH (3
mL) & CH:Cle (3 mL) TAAIZ 3 [al, KR DIEIFEXEIT - 72,

(b) Fmoc ~<X7'F ROKJi : Fmoc <75 K & HBTU (20.8 mg), HOBT (8.2 mg). DIPEA (21
uL)%Z DMF (2 mI)IZiafiE L. #IE 2 INZ 7250 7 DO~ LTtk 25°C T 12 Bl S
72, Fmoc-Val-OH (% 120 pmol, Fmoc-Lystep-Val-OH (8) & Fmoc-GluNDI-Val-OH (& 60 umol
R L7z, RORET %, W% A1 L, DMF (3 mL) T 6 [Bl, #iif T MeOH (3 mL) & CH:Cl: (3
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mL) TZZAIZ 2 [T D, HKHEIC CHClz 3 mL) T 1[0, BAEOWIHIEE(EEIT/2 572, BHEDY)
DHLENZIT 9 N KO 7 & F AALLERIZ DWW T, acetic anhydride (126 mg) &
N-methylimidazole (100 umol) % CH2Clz (4 mL) (Z¥fE L KD AN - 72 S T MMM LT,
BOSIE, 25 °C T4 BT o7z, RIS TR, Wikz S L. LEEFBROWEFIEE 21T o7,

(¢) REUGEROF ¥ v B 7 HIWEITRR D= U AOXRTF REGRT 52 L &2lT 57
OIZ D DFNEDWICKRKIERDF v v B ZTVEREEAT O MEN D -T2, Fmoc ~TF Rad v 7Y
v X T= BB L T\ benzoic anhydride (280 mg) & N-methylimidazole (100 ul.) % ¥ f#E L
72 CH2Clz (4 mL) %Nz, 25°C T 12 R S 7, A L72#% 12, DMF (3 mL)C 6 [a], MeOH
(83 mL) & CH:Clz (3 mL) TZAZAIZ 3 [a], MHA&LHIIC CH2Cle (3 mL) T 1 [HIPEM L 7=,

(DBIEPSOEV L BROY—7 LV AETHRE SETZTF REH T 58E% Et20 (3 mL)
T3 [T %, M, CH2Cl: B mL) T 10 it E 5 2 & THIFZIE L £87-, CH:CLZ 5
L7725, TFA (2.85 mL) & EtsSiH (75 ul), HoO (75 u L) Z N %2 T, 25 °C T 2 BEfiH# S B 7=,
IR OB, MeOH (83 mL) & CH:2Cl: 3 mL) TARAIZ 3[BT DITo7-, ZDEID H LIEEL
Vel FEAE A LTI OGN HELS IR 5 E TITo 7, Al LTCRIRZIERE T2 2L T1 oA
R % 15 7=, Trifluoroethanol (TFE) % W T L, IRAEBOMEKZ I X2 31%DILHE TR,
MALDI TOF-MS (CHCA) m/z caled. for Ci2sH120N190NaO19 ([M+Na]*) 2200.49, found 2200.07. 'H
NMR (400 MHz, CDCI3/TFA-d (99/1, in vol.)): d (ppm) 8.86 (m, 8H), 8.74 (m, 18H), 8.03 (m,
17H), 4.41-4.38 (m, NDI-CH2Y), 4.21-4.17 (m, 11H, NDI-CH2, Val-CH, Lys-CH, Glu-CH),
1.73-1.42 (m, 17H, NDI-CHz, Lys-CHz, Glu-CHz, CH3CO), 1.01-0.92 (m, 30H, NDI-CHjs,
Val-CHs).
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4 - 4 wIEFIENEICLILDE S N =7 7872 —L L TOMREOMHER

£7.1 O TPP & NDI H N ERIREBICBWTE - R —B8X 7 7877 —L L TH¥EET S
IMZOWTHGES L7z, TPP ELIE, 67w h oM THh 25 30%TFE &4 CHCLs IRA B Tl
RETHDIMN, 7u b Th D 50%TFE & F hexafluoroisopropanol (HFIP) JR& AR+ Tl
TPP X7 m b vfb$ 2, E£7o. 71 FARITED, WROARKENDIEIZERT D, £ 2T,
TNENORGEEEFITH T 5 1 BLOTPP HiBEE (2) EOHEARZ PLZHEL, Th
Zhos St IR (ger) & Lk U7z, £ OFE R 30%TFE-CHCL IEKR H Tl 2 1B W TR 630—
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Figure 43. PL spectra of 1 (dotted lines) and 2 (solid lines) in 30%TFE-CHCI; (a) and 50%TFE-HFIP (b). Insets show
bar graph of ¢p, for 1 and 2 in 30%TFE-CHCI; (a) and 50%-TFE-HFIP (b). Aex = 420 nm.
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Figure 44. (a, b) TEM micrographs of air-dried suspensions of 1, prepared by diffusion of IPE vapor into the
30%TFE-CHCI; (a) and 50%TFE-HFIP (b) solutions of 1. FT-IR spectra of 1 in a solid state (c), and CD (d) and
electronic absorption spectra (e, f, solid curves) of suspension of 1, prepared by diffusion of IPE vapor into the
30%TFE-CHCI; (red) and 50%TFE-HFIP (blue) solutions of 1. The broken curves in (e) and (f) show absorption

spectra of 30%TFE-CHCI3 (e) and 50%TFE-HFIP (f) solutions of 1 (80 uM).
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Figure 45. (a, c) Electronic absorption spectral change of 1 in 30%TFE-CHCI; (a) and in 50%TFE-HFIP (c) by
addition of IPE. ¢pg: 0 (black), 0.16 (red), 0.29 (yellow), 0.38 (green), 0.44 (blue), and 0.50 (purple). The absorbance
was corrected with the amount of dilution by the addition of IPE. Insets show magnified spectra at 500-690 nm
range. (b, d) Plots of the absorbance at 422 nm (b, top) and CD at 424 nm (b, bottom) and absorbance at 421 and
628 nm (d, top) and CD at 422 nm (d, bottom) versus ¢pg for 1 in 30%TFE-CHCI; (b) and 50%TFE-HFIP (d) by the
addition of IPE. The absorbance and CD intensity was corrected with the amount of dilution with IPE. Insets show
photographs of 1 in the mixed solvents, corresponding to each ¢pg.
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Figure 46. Schematic representations of the assembling structure of 1, self-assembled by diffusion of IPE vapor into

the 30%TFE-CHCI; (a) and 50%TFE-HFIP (b) solutions of 1.
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Figure 47. X-ray diffraction patterns of 1, self-assembled by diffusion of IPE vapor into the 30%TFE-CHCI; (red) and

50%TFE-HFIP (blue) solutions of 1.
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