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1-1.  
1-2.  
1-3.  
1-4.  

1-5.  
1-6.  

 
 

2  
2-1.  
2-2. ZnO-binding- -annulus ZnO  
  

2-2-1. ZnO-binding- -annulus  
 2-2-2. ZnO-binding  
 2-2-2. ZnO-binding- -annulus  

2-2-3. ZnO  
2-2-4. ZnO-binding- -annulus ZnO  
  
2-2-5. ZnO-binding- -annulus ZnO  
2-2-6.  

 
2-3. -annulus 24 CdTe  
  

2-3-1. CdTe  
2-3-2. (FCS)  
2-3-3. TEM  
2-3-4. CdTe  
2-3-5.  
 

2-4.  
2-4-1. -annulus-GGGCG  
2-4-2. -annulus-GGGCG  
2-4-3. AuNP- -annulus peptide conjugate  
2-4-4. AuNP- -annulus peptide conjugate  
2-4-5. AuNP- -annulus peptide conjugate  



2-4-6.  
 

 
3  
3-1.  
3-2. -annulus-Nbz  
3-3. Coiled-coil-B  
3-4. Coiled-coil-A  
3-5. Native chemical ligation  
3-6. -annulus-coiled-coil-B  
3-7.  
3-8.  

 
 

4  
4-1.  
4-2. (MacroModel)  
4-3. Fmoc-AMPP  
4-4. -annulus-15V16A-azo  
4-5. -annulus-15V16A-azo  
4-6. -annulus-15V16A-azo  
4-7.  
4-8.  

 
 

5    
5-1.  

 



1 
   

1   

 
1-1. 1) 

van der Waals 
 

2) 3)

β-

nm m
cross -sheet

( 1-1a)

3 1

( 1-1b)
X-Y-Gly X Y

(Pro) 4(R)-
(Hyp)

 

-Hemolysin
4) -Hemolysin

7
( 1-2a) 14 - -

 2.6 nm

-Hemolysin
PhiX174

5) -
10 -

1-1. 

: (a) , (b) 
1) 

1-2. 

(a) -Hemolysin 7  

(b) PhiX174
1) 

(a) 

(b) 

(a) (b) 



2 
   

( 1-2b) Tyr193-Ala194-Gln195
A B

Gln Asn Arg
DNA  

6) 4 -
24 12 nm

8 nm Fe( )

Glu Asp 8 3
Leu

6 4 Fe
4500

7)

triskelion ( 1-4a) triskelion
28 36 mini-coats hexagonal barrels

( 1-4b) hexagonal 
barrels(700Å×800Å)  
 
 
 
 
 
 
 
 
 
 
 
 
 

8a) 18 100 nm

1

1-3. 6) 

1-4.  (a)

(b) 7) 

(a) (b) 



3 
   

(TBSV)
180 1-5

8) β
 

 
 

9) 10)

3

penton 
base triple -spiral

fiber
( 1-6)

( 1-7)
13.5 nm 3

3
2,3

2,6-sialyl lactose
 

  

1-6. 9) 

1-7. ( )
10) 

1-5. -annulus 8) 



4 
   

1-2.  

Douglas Cowpea chlorotic mottle virus 
(CCMV)

Fe2+

6-30 nm FeO
( 1-8)11)  

Cornelissen CCMV GFP
( 1-9)12) CCMV

GFP 1
15 GFP  

 
 
 
 
 
 
 
 
 

Dragnea
( 1-10)13)

Au tetraethylene glycol(TEG) Au
BMV TEM

1% TEG
95 ± 5%

TEG
/

 

1-8. CCMV

FeO 11) 

1-9. GFP 12) 



5 
   

 
 
 
 
 
 
 
 
 
 

Blum
14)

(CPMV) GGCGG
Cys

(5 nm)
TEM

CPMV  ( 1-11)  

 
 
 
 
 
 
 
 

DDS
Hytönen C

His-tag 15) His-tag
trisNTA Alexa488(trisNTA-Alexa488) Alexa488

His-tag (FCS)
N trisNTA

trisNTA-VSV-G (NTA-SGGG-YTDDIEMNRLGK-NH2) trisNTA-Alexa488
trisNTA-VSV-G His-tag HEK293T

(CLSM) trisNTA-Alexa488
trisNTA-Alexa488 trisNTA-VSV-G

1-12  

1-10. TEG Au 13) 

1-11. CPMV TEM 14) 



6 
   

 
 
 
 

 

 
 
 

 
 
 
 
 
 
 

1-3.  

16) Wagner (DHFR)
17) DHFR DHFR 2

(MTX2) 8 20 nm TEM
( 1-13)  

  

 

1-13. TEM 17) 

1-12. 15) 



7 
   

1-15. 19)

Yamashita bacterium Listeria innocua (LisDps)
Dps protein T4 bacteriophage cell punctuating needles (gp5C)

18) LisDps N gp5C C
gp5C 3 C LisDps 3 N

gp5C C LisDps N
(TEM) (DLS)

22.6 nm ( 1-14)  
 
 
 
 
 
 
 
 
 
 
 
 

Aida

( 1-15)19)

2
1: 2

GroEL

GroEL Mg2+

Ca2+ Mn2+ Co2+ Zn2+

UV

 
 

1-14. TEM 18) 



8 
   

1-4.  

-sheet, -helix, -turn
16)

20) 21)

Jerala
( 1-16)22) 12

12
2-8, 6-10, 9-12 4-7

1-5, 3-11
20 ± 2.9 nm DLS

7 nm TEM 5 nm

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Granja
23) - - 6

Pd SEM 2-10 m
1 m ’molecular pom pom’

( 1-17) EDX Pd

 
 

1-16. 12

TEM 22) 



9 
   

 
 
 
 
 
 
 
 
 
 

Chmielewski
( 1-18)24) 3 GCN4-p2 N

NTA C His-tag 2
TEM

His-tag
His-tag

2
 

 
 
 
 
 
 
 
 
 
 

1-1

Matsuura 
- FKFEFKFE

Trigonal(FKFE)2

-
19 nm

( 1-19)25)

Trigonal(FKFE)2 12
(16 nm)  

Matsuura 
1-19. Trigonal-(FKFE)2 

SEM 25) 

1-17. 

SEM 23) 

1-18. 3 24) 
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Trigonal-glutathione (TG)
nm

26) TG pH

SEM
TG 1 mM SEM

( 1-20 A)
10 mM ( 1-20 

B)
 

Woolfson 100 nm
27) CC-Tri3

CC-Di-A B
2 ( 1-21) 2 1:1 97 

nm
2-3 nm  

 
 
 
 
 
 
 
  
 
 
 
 

Ryadnov 30

28) Cryo-TEM 15 nm ( 1-22)
X siRNA

Cryo-TEM  

1-20. Trigonal-glutathione

SEM  (A) [TG] = 1 mM, (B) [TG] = 10 mM 26) 

1-21. 26) 
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1-5.  
(TBSV) 388

180 33 nm 388
69-92 - annulus

8) Matsuura TBSV 
24  -annulus

(INHVGGTGGAIMAPVAVTRQLVGS) 30-50 nm
( 1-23)29)

X (SAXS) 24

 
 
 
 
 
 
 
 
 
 
 

C
(CAC)

30) 8
N 1 CAC
31) -annulus

32) C
CAC 33)  

1-23. -annulus-24

1-22. 27) 
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-Annulus
pH C

C N
pH

ANS
DNA 34) 7249 M13 phage 

DNA -annulus 24 1: 1 82 nm
DNA TEM

20-45 nm 75-120 nm
( 1-24) DNA

 
 

 
 

 
N 

GFP ( 1-25)35) -annulus  N 
His-tag Ni-NTA His-tag 

 (His-tag GFP) 47 nm
SEM (GPC) GFP

GFP
 

 
 

 
 
 
 
 
 

 
 
 
 

1-24. DNA TEM 34) 

1-25 GFP 35) 
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1-6.  

24 -annulus (INHVGGTGGAIMAPVAVTRQLVG
S) 30-50 nm 

N C

-annulus 

 
2

Douglas Blum
ZnO

CdTe
(FCS)  

3
3

C

 
4

 
 

 
 (MALDI-TOF-MS):  

Bruker autoflex-T2 
 (DLS) : Malvern, Zetasizer Nano  Nano-ZS ZEN3600 

pH : HOBIRA, twin pH meter B-212 
UV-Vis : JASCO, V-630 spectrophotometer 

: JASCO, FP-8200 spectrophotometer 
 (TEM): JEOL, JEM 1400 Plus 

: ,  FCS BL 
(NMR): JEOL, JNM-ECX500 
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(ESI/DART FTMS): Thermo Fisher Scientific, Exactive 

: Biotage, Initiator+  
 (HPLC) 

 
 

: SHIMADZU SCL-10A VP 
: SHIMADZU DGU-11A 

: SHIMADZU LC-6AD (2 ) 
: Rheodyne 7725i 

UV : SHIMADZU SPD-10AV VP 
: SHIMADZU FRC-10A 

 
  

: SHIMADZU CBM-20A 
: SHIMADZU DGU-20A3R 

: SHIMADZU LC-6AD (2 ) 
: Rheodyne 7725i 

UV : SHIMADZU SPD-20A 
: SHIMADZU FRC-10A 
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2    
 
2-1.  

2)  

3) Douglas Cowpea chlorotic mottle 

virus(CCMV) 6-30 nm FeO

5)

6, 7) Blum (CPMV)
8)  

-annulus 24 N Gly ZnO

HCVAHR9) ZnO-binding- -annulus  (HCVAHRGGGINHVGGTGGAIMAP 
VATRQLVGS) ZnO ZnO

( 2-1) ZnO-binding- -annulus 
ZnO  

CdTe 

(FCS) ( 2-2)  

C GGGCG -annulus

( 2-3)  
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2-1. ZnO  

2-2. CdTe  

2-3.  
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2-2. ZnO-binding- -annulus ZnO  
 

EAHVMHKVAPRP ZnO
10) C GGGSC

20 nm ZnO

HCVAHR
ZnO (Ka = 9.8 × 106  M-1)

9)  

-annulus-24 N Gly ZnO HCVAHR

ZnO-binding- -annulus  (HCVAHRGGG-INHVGGTGGAIMAPVATRQLVGS)
ZnO ZnO

ZnO-binding- -annulus
ZnO  

 
2-2-1. ZnO-binding- -annulus  

 HCVAHRGGGINHVGGTGGAIMAPVAVTRQLVGS (ZnO-binding- -annulus )
 Fmoc  

 
 

 ( ) 

Fmoc-Ser(tBu)-Alko-PEG resin 

0.23 mmol/g, 130 mg (0.03125 mmol) 
(Fmoc )    (  4 ) 

Fmoc-Ile-OH    Mw 353.42, 44.1 mg (0.125 mmol)×2 

Fmoc-Asn(Trt)-OH   Mw 596.69, 71.2 mg (0.125 mmol) 

Fmoc-His(Trt)-OH   Mw 619.73, 77.5 mg (0.125 mmol)×2 
Fmoc-Val-OH    Mw 339.39, 42.4 mg (0.125 mmol)×5 

Fmoc-Gly-OH    Mw 297.31, 37.2 mg (0.125 mmol)×8 

Fmoc-Thr(tBu)-OH   Mw 397.48, 49.7 mg (0.125 mmol)×2 

Fmoc-Ala-OH H2O   Mw 329.36, 41.2 mg (0.125 mmol)×4 
Fmoc-Met-OH    Mw 371.46, 46.4 mg (0.125 mmol) 

Fmoc-Pro-OH AcOEt   Mw 425.46, 53.2 mg (0.125 mmol) 

Fmoc-Arg(Pbf)-OH AcOEt 0.2IPE Mw 669.29, 83.7 mg (0.125 mmol) ×2 

Fmoc-Gln(Trt)-OH   Mw 610.72, 76.3 mg (0.125 mmol) 
Fmoc-Leu-OH    Mw 353.42, 44.2 mg (0.125 mmol) 

Fmoc-Cys(Trt)-OH   Mw 585.72, 73.2 mg (0.125 mmol) 

 

N,N’-Diisopropylethylamine (DIPEA) Mw 129.25,  
    Mw 85.15,  

TNBS  ( 1 %  DMF 10 % N,N-
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 DMF  )    

(2% DMF , 2% DMF )  
       

 (1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-carbenium (COMU)  

     Mw 428.3,  

 
[ ] 

1.  

NMP  2 mL 1  

 
2. Fmoc   

: DMF 20: 80 2 mL 15  

2 NMP 5  

 
3. Fmoc  

DMF 1% DMF 2

10% N,N- DMF 2 5

2  
 

4.  

COMU 4 DIPEA 8 NMP 2 mL 

2
NMP 5  

 

5.  

DMF 1% DMF 1
10% N,N- DMF 1 5

4  

 

2-5
 

 

6.   

30 mL TFA [ ] 2.04 mL  [
] 0.125 mL H2O 0.125 mL EDT [ ] 0.0625 mL TIPS [ ] 0.025 mL

6

tert-  [ ] 15 mL

(2000 rpm,10 min) 3
Trt
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: 99.4 mg : 27.9 mg : 28% 
 

MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 
 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

  

2-4 m/z = 3181
HPLC  

 

 

: 0.1% TFA 1 mL 9 mg  

: Inertsil WP300 C18 (5 m, 20×250 mm) 
: 1 mL 

:  / CH3CN  0.1% TFA  

:  / CH3CN: 76.5 / 23.5→74.5 / 25.5 (100 min)  
: UV-vis 220 nm 

: 10 mL/min 

 

  
 

 

 

 
 

 

m/z = 3181 
[M] + 

2-4. MALDI-TOF-MS (matrix: -CHCA ) 
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 2-5 22

 
 

MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 
 
 

 

 

 
 

 

 

 
 

 

 

 
 

2-6 m/z = 3181  matrix 

 

 
: 99.4 mg : 6.2 mg : 6.23% 

 

22 min 

2-5. HPLC  76.5% (0 min)→74 .5% (100 min) 

2-6. ZnO-binding- -annulus MALDI-TOF-MS(matrix: -CHCA ) 

m/z = 3181  

[M]+ 
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2-2-2. ZnO-binding  

 
( ) 

Fmoc-Gly-Alko-PEG resin 0.23 mmol/g, 113.6 mg (0.025 mmol) 

(Fmoc )    (  4 ) 

Fmoc-His(Trt)-OH   Mw 619.73, 44.1 mg (0.1 mmol)×2 
Fmoc-Val-OH    Mw 339.39, 33.9 mg (0.1 mmol) 

Fmoc-Gly-OH    Mw 297.31, 29.7 mg (0.1 mmol) ×3 

Fmoc-Ala-OH H2O   Mw 329.36, 32.3 mg (0.1 mmol) 

Fmoc-Arg(Pbf)-OH AcOEt 0.2IPE Mw 669.29, 66.9 mg (0.1 mmol) 
Fmoc-Cys(Trt)-OH   Mw 585.72, 58.6 mg (0.1 mmol) 

 

[ ] 

1.  
NMP  2 mL 1  

 

2. Fmoc   

: DMF 20: 80 2 mL 15  
2 NMP 5  

 

3. Fmoc  

DMF 1 % DMF 2
10% N,N- DMF 2 5

2  

 

4.  
COMU 4 DIPEA 8 NMP 2 mL 

2

NMP 5  

 
5.  

DMF 1% DMF 1

10% N,N- DMF 1 5

4  
 

2-5
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6.   

30 mL TFA 2.04 mL  0.125 mL H2O 0.125 mL
EDT 0.0625 mL TIPS 0.025 mL

6 tert- 15 mL

(2000 rpm,10 min)

3 Trt
 

 
: 22.3 mg : 16.2 mg : 76% 

 
MALDI-TOF-MS  

Matrix: Dithranol, Mode: Linear positive 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
2-7 m/z = 897

HPLC  

 
 

: 0.1% TFA : DMF = 1: 1 2 mL 2 mg  

: Inertsil WP300 C18 (5 m, 20×250 mm) 
: 1.5 mL 

:  / CH3CN  0.1 % TFA  
:  / CH3CN: 99 / 1→70 / 30 (100 min)  

: UV-vis 220 nm 

: 10 mL/min 

 

m/z = 897 

     [M]+ 
m/z = 916 

     [M+Na]+ 

2- 7. MALDI-TOF-MS (matrix: Dithranol ) 
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2-8 32

 

 
MALDI-TOF-MS  

Matrix: Dithranol, Mode: Linear positive 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
: 22.3 mg : 3.2 mg : 14.3% 

 

2-9 m/z = 897  matrix 

 
 

 

2- 8. HPLC  

 

ZnO-binding 

2-9. ZnO-binding MALDI-TOF-MS(matrix: Dithranol) 

m/z = 897 

     [M] + 
m/z = 916 

     [M+Na]+ 

32 min 



  26  
 

2-2-2. ZnO-binding- -annulus  

10 mM Tris-HCl buffer (pH 7.4)  ZnO-binding- -annulus
 DLS TEM  

 

[ ] 

ZnO-binding- -annulus 2 mg 10 mM Tris-HCl buffer(pH 7.4) 628 L 1 mM 
ZnO-binding- -annulus  10 mM Tris-HCl buffer 100 M  

ZnO-binding- -annulus  10 mM Tris-HCl buffer  
 

DLS  

: ZEN2112 - Low volume glass cuvette (12 L) 
: 25 oC 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
2-10 1 mM 50 nm

100 M
 

TEM ZnO-binding- -annulus  10 mM Tris-HCl buffer
 

 

2-10. ZnO-binding- -annulus  10 mM Tris-HCl buffer 
 DLS ( ) ( )  

[ZnO-binding- -annulus] = 1 mM 

 [ZnO-binding- -annulus] = 100 M 

36  17 nm 

3 ± 1 nm 421 ± 114 nm 
804 ± 147 nm 
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Grid: C-SMART Hydrophilic TEM grids, (ALLIANCE Biosystems) 
: 80 kV 

: 2% Na3(PW12O40) nH2O  

 

[ ] 

ZnO-binding- -annulus  10 mM Tris-HCl buffer Grid 5 L 1

2% Na3(PW12O40) nH2O 5 L 1
 

 
 

 

 

 
 

 

 

 
 

 

 

 

 

2- 11 1 mM 40 nm 100 M
2-10 DLS 

N HCVAHRGGG

 

 

2-2-3. ZnO  

ZnO 11)

ZnO UV-vis DLS TEM

 

 

 
 

 

 

2-11. ZnO-binding- -annulus 10 mM Tris-HCl buffer TEM (A) 

[ZnO-binding- -annulus] = 1 mM, (B) [ZnO-binding- -annulus] = 100 M 
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[ ] 

0.1 M NH3 750 L 0.1 M Zn(NO3) 2 6H2O 750 L 1 5
(8000 rpm,1 min) 2

0.05 mM Zn(NO3) 2 6H2O 750 L 35°C 1 

0.1 M NH3 750 L (8000 rpm,1 min)
2  

 
UV-vis  

 
[ ] 

ZnO  10 mM Tris-HCl buffer(pH 7.4) 100 M ZnO 10 mM 
Tris-HCl buffer  

 

UV-vis  
   10 mM Tris-HCl buffer(pH 7.4)   25°C 

  1 mm     200-800 nm 

  1 nm     Fast 

UV/Vis   1.5 nm     400 nm/min  

 
 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
2- 12 340 nm ZnO

ZnO

ZnO

1/2
12)  

 

 

2- 12. 100 M ZnO 10 mM Tris-HCl buffer UV-vis  
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1240λ1/2 = 3.556 + 799.9/d2 − 22.64/d 

1/2 = 363 nm  
d = 5.6 nm  

 

5.6 nm ZnO 390 

nm
ZnO  

ZnO 10 mM Tris-HCl buffer DLS  

 

 
 

 

 

 
 

 

 

 
 

 

 

100 M ZnO 10 mM Tris-HCl buffer UV-vis 5.6 nm
DLS ( 2- 13 ) 800 nm

Tris-HCl buffer ZnO

 

ZnO 10 mM Tris-HCl buffer(pH 7.4) TEM
 

 

[ ] 

100 M ZnO 10 mM Tris-HCl buffer Grid 5 L 1
 

 

 

Grid: C-SMART Hydrophilic TEM grids, (ALLIANCE Biosystems) 
: 80 kV 

 

 

 
 

 

2- 13. 100 M ZnO 10 mM Tris-HCl buffer DLS

( ) ( )  

841 ± 222 nm 
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2- 14 10 nm 500 nm

ZnO Tris-HCl buffer
2-13 DLS TEM ZnO

( 10 nm) UV-vis (5.6 nm)

UV-vis 390 nm

 
 

2-2-4. ZnO-binding- -annulus ZnO
 

ZnO

ZnO -annulus 24
ZnO-binding UV-vis

DLS TEM  

 
[ ] 

  100 M ZnO  Tris-HCl buffer 20 L

100 M 10  
 

UV-vis  

UV-vis  

   10 mM Tris-HCl buffer (pH 7.4)   25°C 

  1 mm     200-700 nm 
  1 nm     Fast 

UV/Vis   1.5 nm     400 nm/min  

 

 
 

 

2- 14. 100 M ZnO 10 mM Tris-HCl buffer TEM  



  31  
 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

2-15 ZnO-binding- -annulus ZnO-binding

-annulus 24 UV-vis

-annulus 24
 

ZnO DLS  

 
DLS  

: ZEN2112 - Low volume glass cuvette (12 L) 
: 25oC 

 

 
 

 

 

 
 

 

 

 
 

 

2- 15. ZnO UV-vis  

( ) [ZnO] = 100 M, ( ) [ZnO] = 100 M, [ZnO-binding- -annulus] = 

100 M, ( ) [ZnO] = 100 M, [ -annulus 24] = 100 M, ( ) [ZnO] = 

100 M, [ZnO-binding] = 100 M 

ZnO

ZnO-binding- -annulus  

-annulus 24

ZnO-binding
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2- 16 ZnO-binding- -annulus -annulus 24
ZnO

ZnO ZnO-binding ZnO

ZnO ZnO-binding
ZnO  

 

2- 16. ZnO DLS  

( ) ( )  

[ZnO] = 100 M, [ZnO-binding- -annulus] = 100 M 

[ZnO] = 100 M, [ -annulus 24] = 100 M 

[ZnO] = 100 M, [ZnO-binding] = 100 M 

48 ± 24 nm 

53 ± 29 nm 

107±36 nm 

361±173 nm 
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ZnO TEM

 
 

 

Grid: C-SMART Hydrophilic TEM grids, (ALLIANCE Biosystems) 

: 80 kV 
 

 

[ ] 

ZnO 10 mM Tris-HCl buffer TEM 5 L
1  

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 
 
 

 

 

 
 

 

 

 
 

 

2-17. ZnO 10 mM Tris-HCl buffer

TEM  (A) [ZnO] = 100 M, [ZnO-binding- -annulus] = 100 M, (B) [ZnO] = 100 

M, [ -annulus 24] = 100 M, (C) [ZnO] = 100 M, [ZnO-binding] = 100 M 
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2-14 ZnO 800 nm 2-17A

ZnO ZnO-binding- -annulus ZnO
50 nm 2-16

DLS 

ZnO

-annulus 24 ( 2-17B) ZnO-binding ( 2-17C)
ZnO  

ZnO  

 

 
  10 mM Tris-HCl buffer (pH 7.4)    25°C 

 1 mm      380 nm-640 nm 

 340 nm      0.5 nm 

 5 nm      10 nm 
 1 sec       Medium 

 50 nm/min      Xe 

 
 
 

 

 

 
 

 

 

 
 

 

 

 
 

  

 

 
 

 

 

 
 

 

2-18. ZnO  

ZnO

ZnO-binding- -annulus  

-annulus 24

ZnO-binding
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2- 18 ZnO 380 nm, 415 nm, 540 nm

2-19 380 nm (NBE) 415 nm 13)  540 nm
14) ZnO ZnO-binding- -annulus

ZnO 410 nm

ZnO

electronic passivation
15) ZnO-binding -annulus ZnO

-annulus 24, ZnO-binding 410 nm

ZnO ZnO-binding- -annulus
 

 

2-2-5. ZnO-binding- -annulus ZnO  
ZnO-binding- -annulus

ZnO -annulus 24 ZnO-binding
DLS TEM UV-vis

 
 

[ ] 

1 mM 750 L

0.1 M NH3 750 L 0.1 M Zn (NO3) 2 ·6H2O • 750 L
1 5 (10000 rpm,1 min)

2 0.05 mM Zn (NO3) 2 ·6H2O 7.5 mL

20 L  35°C 1 (10000 rpm, 1 min)
2  

 

 

2-19. ZnO  
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ZnO DLS  

 
[ ] 

200 L  
 

DLS  

: ZEN2112 - Low volume glass cuvette (12 L) 
: 25oC 

 

 

 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

0.5 mM ZnO-binding- -annulus  

0.5 mM -annulus 24  
 

0.5 mM ZnO-binding

 

40 ± 11 nm 

360 ± 95 nm 
959 ± 335 nm 

563 ± 132 nm 
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2-20 ZnO-binding- -annulus
50 nm ZnO

-annulus 24 ZnO-binding
 

DLS 50 nm ZnO TEM

 
 

TEM  

Grid: C-SMART Hydrophilic TEM grids, (ALLIANCE Biosystems) 

: 80 kV 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

2- 20. ZnO DLS  

( ) ( )  

220 116 nm 
1009 444 nm 
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2-21 ZnO-binding- -annulus ZnO
50 nm ZnO

-annulus 24

ZnO-binding ZnO-binding- -annulus
 

UV-vis ZnO-binding- -annulus ZnO
 

 
UV-vis  

UV-vis  
   10 mM Tris-HCl buffer (pH 7.4)   25°C 

  1 mm     200-600 nm 

  1 nm     Fast 

UV/Vis   1.5 nm     400 nm/min  

 

 

2- 21. ZnO TEM  

(A) 0.5 mM ZnO-binding- -annulus  (B) 0.5 mM -annulus 24

(C) 0.5 mM ZnO-binding  (D)  
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  2-22 ZnO

 

 
2-2-6. 16) 

Fmoc -annulus 24 N Gly ZnO

HCVAHR ZnO-binding -annulus (HCVAHRGGGINHVGGTGGAIMAPV 
AVTRQLVGS)  

ZnO-binding -annulus 100 M
ZnO 50 nm DLS

TEM 10 nm ZnO 50 nm

ZnO-binding -annulus ZnO
ZnO ZnO

ZnO

 

ZnO-binding -annulus ZnO
ZnO  

  

2- 22. 0.5 mM ZnO-binding- -annulus ZnO UV-vis
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2-3. -annulus 24 CdTe  
 

(FCS)

FCS fL

Durst

FCS 17) Gelbart cowpea chlorotic 
mottle virus(CCMV) 500 RNA FCS
18)  

 

DNA GFP
19) TEM

(fL)

(FCS) CdTe 

1-5 -annulus 24

 

2-3-1. CdTe  

CdTe -annulus 24 (INHVGGTGGAIMAPVAVTRQLVGS)
FCS TEM  

 

 

 
 

 

 

 
 

 2- 23.  
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CdTe core-type quantum dots (COOH functionalized, fluorescence λem 570 nm, powder) Sigma Aldrich  

 
 

Thioglycolic acid (TGA) 

 
 

 

 

 
CdTe TGA

COOH

FCS

473 nm  
 

[ ] 

0.1 M CdTe 10 mM Tris-HCl buffer [ -annulus 24] = 

500, 200, 100, 50, 25, 10, 5  
 

 

 

 
 

 

 

 
 

 

 
2-3-2. (FCS)  
  Alexa 488 FCS  

 

FCS  

: 1.80 mm 
X : 6.89 mm  Y : 5.37 mm  Z : 5.00 mm 

Period of single Measurement: 3  

Looptime: 20  

(ch1 : pos2, ch2 : pos1, ch3 : pos1): 15 W 
Fitting (Triplet): 0.001 ms -1 ms 

: 10 mM Tris-HCl buffer(pH 7.4) 

2-24. CdTe  
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1  

 
 

 

 

t: , τ1: 1 , N: , k: (
5), y1: , F: triplet  

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 

 2-1. Alexa 488 FCS  

[Alexa 488] / M   / ms 

0 6.2 0.0405

 
2-25 1 Fitting Alexa 488 FCS  2-1 

Alexa 488 FCS  

-annulus 24 CdTe FCS CdTe
1  

 

FCS  

: 1.80 mm 

X : 6.89 mm  Y : 5.37 mm  Z : 5.00 mm 
Period of single Measurement: 3  

Looptime: 20  

(ch1 : pos2, ch2 : pos1, ch3 : pos1): 15 W 
Fitting (Triplet): 0.001 ms -1 ms 

: 10 mM Tris-HCl buffer(pH 7.4) 

 2-25. 1 Fitting Alexa 488 FCS  

( ) = + × ( + ) + ∙ × + −  
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20)  

 
 

 

 

 
t: , τ1: 1 , N: , k: (

5), y1: , F: triplet  

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

[CdTe NPs] = 0.1 M [CdTe NPs] = 0.1 M, [ -annulus 24] = 5 M  

( ) = + × ( + ) + ∙ × + −  

[CdTe NPs] = 0.1 M, [ -annulus 24] = 10 M  [CdTe NPs] = 0.1 M, [ -annulus 24] = 25 M  
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[CdTe NPs] = 0.1 M, [ -annulus 24] = 200 M  [CdTe NPs] = 0.1 M, [ -annulus 24] = 500 M  

[CdTe NPs] = 0.1 M, [ -annulus 24] = 50 M  [CdTe NPs] = 0.1 M, [ -annulus 24] = 100 M  

2-26. 1 Fitting FCS  
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2-2. 1 Fitting FCS

 

[ -annulus 24] / M   / ms  / nm 

0 40.5 0.0798 2.32 

5 10.5 0.0865 2.52 
10 7.46 0.0973 2.83 

25 1.23 0.0768 2.24 

50 1.98 0.221 6.44 

100 1.64 0.717 20.9 
200 0.72 1.36 39.6 

500 0.38 1.31 38.1 

 

 
 

 

 

 
 

 

 

 
 

 

 

0 25 M 

[ -annulus 24] = 50 M 

100 M 

200, 500 M 

2-27. Fitting FCS  
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FCS CdTe CdTe Alexa 488 25°C

D 4.14 10-6 cm2/s

 τ  = (1) 

Alexa 488 τ 0.0405 ms  0.0405 × 10  s = 4 × 4.14 × 10  m /s ω = 2.59 × 10  m 
CdTe 0.0774 ms (1) CdTe

DCdTe  
 0.0774 × 10  s = (2.59 × 10  m)4D  D = 2.10 × 10  m /s 

r D Stokes-Einstein

 

 D = (2) 

(2)  2.10 × 10  m /s = (1.38 × 10 JK × 298 K)6 × × 8.94 × 10  Nsm × r  r = 1.16 nm 
  

2-28. 1 Fitting CdTe  
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[ -annulus 24] = 500 M CdTe  
 1.31 × 10  s = (2.59 × 10  m)4D  D = 1.28 × 10  m /s 1.28 × 10  m /s = (1.38 × 10 JK × 298 K)6 × π × 8.94 × 10  Nsm × r r = 19.1 nm 

 

[ -annulus 24] = 500 M CdTe 38.2 
nm [ -annulus 24] = 5-200 2-2 1

Fitting FCS

2-28 (CAC) [ -annulus 24] = 25 M

CAC [ -annulus 24] = 50 M
CdTe

[ -annulus 24] = 50, 100 M

[ -annulus 24] = 500 M 1 Fitting
CdTe CdTe

 

1 CdTe CdTe

2 Fitting FCS  

 
 

 

 

 
 

t: , τ1: 1 , τ2: 2 N: , k: 

( 5),  y: , F: triplet  

 
 

 

 

 
 

 

 

 
 

 

( ) = + × ( + + ∙ + + + ∙ )  × + −  
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[CdTe NPs] = 0.1 M 

 

[CdTe NPs] = 0.1 M, [ -annulus 24] = 5 M  

[CdTe NPs] = 0.1 M, [ -annulus 24] = 50 M  [CdTe NPs] = 0.1 M, [ -annulus 24] = 100 M  
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[CdTe NPs] = 0.1 M, [ -annulus 24] = 50 M  [CdTe NPs] = 0.1 M, [ -annulus 24] = 100 M  

 2-29. 2 Fitting FCS  

[CdTe NPs] = 0.1 M, [ -annulus 24] = 50 M  [CdTe NPs] = 0.1 M, [ -annulus 24] = 100 M  



  50  
 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

[ -annulus 24] / 

M  

1  

 

/ ms 

1  

 

/ % 

1

 

 / 
nm 

2  

 

/ ms 

2  

 

/ % 

2

 

 / 
nm 

0 24.8 0.0274 91.2 0.85 0.522 8.83 17.25 

5 5.67 0.0235 91.1 0.73 0.650 8.86 20.2 
10 4.40 0.0279 90.0 0.87 0.787 10.0 24.5 

25 0.905 0.0289 86.0 0.90 0.475 14.0 14.8 

50 0.905 0.0268 84.2 0.83 0.978 15.8 30.4 

100 0.748 0.0292 71.6 0.91 1.63 28.4 50.8 
200 0.513 0.0316 37.4 0.98 1.76 62.6 54.9 

500 0.384 1.31 32.9 40.8 1.31 67.1 40.7 

 

 
 

 

 

 
 

 

 

 

2- 3. 2 Fitting FCS  

 

 2-30. 2 Fitting FCS  

0 25 M 
50 M 

100 M 

200 M 

500 M 
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2-29 [ -annulus 24] = 50-200 M 2 Fitting 1
Fitting 2 Fitting

2-30 2-31 2 Fitting (CAC)

[ -annulus 24] = 25 M CAC
[ -annulus 24] = 50 M

30-50 nm CdTe

2-32
 

2-31. 2 Fitting CdTe  

2-32. 2  



  52  
 

2-3-3. TEM  

-annulus 24 CdTe TEM CdTe
TEM

2% Na3(PW12O40) nH2O CdTe

0.5wt% RuO4  

 
TEM  

Grid: C-SMART Hydrophilic TEM grids, (ALLIANCE Biosystems) 

: 80 kV 

 
 

TEM 5 L 1
0.5% RuO4

4°C 1

1

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

2-33. (a) 0.1 M CdTe 10 mM Tris-HCl TEM  

 100 M -annulus 24 CdTe TEM ( : RuO4) 

[CdTe NPs] = 0.1 M (b), 10 M (c), 20 M (d) 
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2-33 (a) [CdTe NPs] = 0.1 M CdTe 3 nm

100 M 30 nm
CdTe 2-33b CdTe

CdTe

10 M 2-33c

CdTe 20 M

2-33d CdTe 10 M
 

 
2-3-4. CdTe  

CdTe  

 
[ ] 

10 M CdTe 10 mM Tris-HCl buffer [ -annulus 24] = 

100 25°C  

 
 

  10 mM Tris-HCl buffer (pH 7.4)    25°C 

 1 mm      540 nm-640 nm 

 520 nm      0.5 nm 

 5 nm      10 nm 
 1 sec       Low 

 50 nm/min      Xe 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

2-34. CdTe   

[ -annulus 24] = 0 M ( ), 100 M ( ) 
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2-34 -annulus 24
CdTe  

 
2-3-5. 21) 

-annulus CdTe FCS (CAC)

[ -annulus 24] = 25 M [ -annulus 24] = 50 M
CdTe FCS

CdTe [ -annulus 24] = 25 M 1 [ -annulus 24] = 50 

M 2
CdTe CdTe

FCS [ -annulus 24] = 50 M
30-50 nm

2.8 nm CdTe
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2-4.

Blum (CPMV)
8) Niikura JC

7)  
(AuNP)

C -annulus
C GGGCG

-annulus ( -annulus-GGGCG ) AuNP-peptide conjugate
 

 

2-4-1. -annulus-GGGCG  

INHVGGTGGAIMAPVAVTRQLVGSGGGCG ( -annulus-GGGCG ) Fmoc
 

 

 

 
Fmoc-Gly-Alko-PEG Resin   0.22 mmol/g, 568 mg(0.125 mmol) 

Fmoc  

Fmoc-Ile-OH    Mw 353.42, 177 mg(0.5 mmol) 2 

Fmoc-Asn(Trt)-OH   Mw 596.69, 299 mg(0.5 mmol) 
Fmoc-His(Trt)-OH   Mw 619.73, 310 mg(0.5 mmol) 

Fmoc-Val-OH    Mw 339.39, 170 mg(0.5 mmol) 4 

Fmoc-Gly-OH    Mw 297.31, 149 mg(0.5 mmol) 8 

Fmoc-Thr(tBu)-OH   Mw 397.48, 199 mg(0.5 mmol) 2 
Fmoc-Ala-OH H2O   Mw 329.36, 165 mg(0.5 mmol) 3 

Fmoc-Met-OH    Mw 371.46, 186 mg(0.5 mmol) 

Fmoc-Pro-OH AcOEt   Mw 425.46, 213 mg(0.5 mmol) 

Fmoc-Arg(Pbf)-OH 0.3IPE  Mw 669.29, 340 mg(0. 5 mmol) 
Fmoc-Gln(Trt)-OH   Mw 610.72, 306 mg(0.5 mmol) 

Fmoc-Leu-OH    Mw 353.42, 177 mg(0.5 mmol) 

Fmoc-Ser(tBu)-OH   Mw 383.45, 192 mg(0.5 mmol) 

Fmoc-Cys(Trt)-OH   Mw 585.72, 293 mg(0.5 mmol) 
 

 

[ ] 

1.  
Fmoc-Gly-Alko-PEG Resin 568 mg (0.125 mmol) NMP 5 

mL 1  
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2. Fmc  
: DMF 20: 80 ( ) 2 mL

15 2 NMP

5  

 
3. Fmoc  

DMF 1% DMF 1

10% N, N DMF 1 5

 DMF
2 Fmoc TNBS

DMF

2% DMF 1 2% DMF 1 5

 
 

4.  

Fmoc- COMU 4

DIPEA 8 NMP 2.5 mL 90
NMP 5  

 

5.  

DMF 1% DMF 1
10% N, N DMF 1 5

 DMF

DMF

2% DMF 1 2% DMF 1
5  

 

2-5

 
 

6.  

200 mL TFA 9.5 mL H2O 0.25 mL EDT 0.25 mL TIPS 0.1 mL

3
tert- 15 mL (2000 rpm, 10 min)

3  

 

: 171.3 mg  : 52% 

 
MALDI-TOF-MS  
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Matrix: -CHCA, Mode: Linear positive 

 

 

 
2-35 m/z = 2637 HPLC

 

 

 

: 5 mg -annulus-GGGCG 1.5 mL  
: Inertsil WP300 C18 (5 m, 20×250 mm) 

: 1.5 mL 

:  / CH3CN ( 0.1 % TFA  

:  / CH3CN: 74 / 26→71 / 29 (120 min)  
: UV-vis 220 nm 

: 10 mL/min 

 

m/z = 2637 [M]+ 

2-35. MALDI-TOF-MS  (matrix: -CHCA) 
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2-36 20

 

 
MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 

 

 

 

2-37 m/z = 2637  

 
: 317 mg : 9.5 mg : 3% 

 

20.0 

m/z = 2637 [M]+ 

2-36. HPLC  

2-37. -annulus-GGGCG MALDI-TOF-MS (matrix: -CHCA) 
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2-4-2. -annulus-GGGCG  

C GGGCG -annulus-GGGCG (INHVGGTGGAIMAPVAVTRQLV
GSGGGCG) DLS  CD TEM

 

 

[ ] 

100 M (pH 4.6) 5 DISPOSABLE SYRINGE FILTER 

UNIT(0.45 μm) 75, 50, 30, 25, 10, 5 M
pH 4.6  

 
 

: ZEN2112-Low volume glass cuvette (12 μL) 

: 25°C 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

2-38. 100 M -annulus-GGGCG (pH 4.6) DLS

( ) ( ) 

2-39. -annulus-GGGCG (pH 4.6) DLS ( )
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2-39 30-100 M -annulus 24 30 50 nm
C GGGCG

30 M

25 M, 10 M 100-200 nm  

(CAC)

(DLS)  

 

DLS  

: ZEN2112 -Low volume glass cuvette (12 L) 

: 25°C 
Attenuator: 11 

Positioning method: Centre of the cell (water clear sample only) 
Count Rate 10 Mean Count Rate  

 

 

 
 

 

 

 
 

 

 

 
 

 

 

2-40 29 M 29 M
29 M

CAC 29 M -annulus 24 CAC 25 M
C GGGCG CAC

 
C GGGCG

CD  

 

 

2-40. -annulus-GGGCG (pH 4.6) DLS (25°C) 
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[ ] 

-annulus-GGGCG 100 M -annulus-GGGCG (pH 4.6)  
 

CD  

: 1 mm  

: 25°C 

 -annulus-GGGCG  
 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
2-41 202 nm 220 nm

-annulus 24 CD -annulus
CD C GGGCG

 
TEM  

 

[ ] 

100 M -annulus-GGGCG TEM 5 L
1 2% Na3(PW12O40)(H2O)n 5 L
1  

 

TEM  
: 80 kV 

: 2% Na3(PW12O40)(H2O)n  

 

 
 

 

2-41. 100 M -annulus-GGGCG CD  
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2-42 100 M 50 nm  

 
2-4-3. AuNP-peptide conjugate  

 

 

-annulus-GGGCG : INHVGGTGGAIMAPVAVTRQLVGSGGGCG [Mw: 2637  
Gold nanoparticles, 5 nm diameter, OD 1, in citrate buffer [Sigma Aldrich  

DL- -Lipoic Acid ( ) [Mw: 206.32, TCI  

 

 

[ ] 

2 μM 2 mL 1 μM 2 mL 25°C 1
20 mM ( : 80: 20 ) 500 μL

25°C 10 AuNP-peptide conjugate AuNP-peptide 

conjugate (29 M)
80 μL

48 (Spectra/Por, cut-off Mw: 50 kDa [Spectrum])  

 

(UV-vis ) 

[AuNP] = 1.2 M 

2-42. 100 M -annulus-GGGCG TEM  
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2-4-4. AuNP-peptide conjugate  

AuNP-peptide conjugate DLS TEM  

 
 

1 μM  

5 nm AuNP-peptide conjugate  

[AuNP] = 25 M, [peptide] = 50 M 
5 nm AuNP-peptide conjugate  

[AuNP] = 1.2 M, [peptide] = 2.4 M  
( [peptide] ) 

 
 

: ZEN2112-Low volume glass cuvette (12 μL) 

: 25°C 

 
 

 

 

 
 

 

2-43. 5 nm AuNP-peptide conjugate  
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2-44( )

AuNP 2-7 nm

AuNP-peptide conjugate -annulus-GGGCG 60 nm

10 nm

70 nm

 
AuNP AuNP-peptide conjugate TEM

 

2-44. AuNP , AuNP-peptide conjugate DLS

( ) ( ) 

[AuNP] = 1 M 

 

[AuNP] = 25 M, [peptide] = 50 M 

 

[AuNP] = 1.2 M, [peptide] = 2.4 M NP] = 1.2 M, [peptide] = 2.4 M

P] = 25 M, [peptide] = 50 M
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1 μM  
5 nm AuNP-peptide conjugate  

[AuNP] = 25 M, [peptide] = 50 M 
5 nm AuNP-peptide conjugate  

[AuNP] = 1.2 M, [peptide] = 2.4 M  
( [peptide] ) 

 

[ ] 

TEM 5 L 1
 

 

TEM  

Grid: C-SMART Hydrophilic TEM grids, (ALLIANCE Biosystems) 
: 80 kV 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

2-45. AuNP TEM  
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2-45 AuNP 5 nm 2-46
50 nm

2-47 TEM

50-70 nm

 
5 nm AuNP-peptide conjugate

 

 

2-46. AuNP-peptide conjugate TEM  

2-47. AuNP-peptide conjugate TEM  
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2-48. 5 nm AuNP-peptide conjugate  

 
5 nm AuNP-peptide conjugate DLS TEM 2-48

1000 30 nm 5 nm AuNP-peptide 

conjugate 0.0024 M

-annulus- GGGCG 29 M 1 1

 

 

2-4-5. AuNP-peptide conjugate  
DLS TEM

-
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1 μM  
5 nm AuNP-peptide conjugate  

[AuNP] = 1.2 M, [peptide] = 2.4 M  
( [peptide] ) 

 
 

: DTS1061 Clear disposable zeta cell 

: 25°C

 
 

 

 

 
 

 

 

 
2-49. 1 M -  

 

 

 
 

 

 

 
 

 
2-50. 5 nm AuNP-peptide conjugate -  

 
2-49 2-50 5 nm 5 nm AuNP-peptide conjugate

pH -annulus 24

- 19(a) 
5 nm AuNP-peptide conjugate 5 nm

 

AuNP-peptide conjugate UV-vis  
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5 nm AuNP-peptide conjugate  

 
 

: 1 mm  

: 400 nm - 800 nm 
: 25°C 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
2-51 5 nm AuNP UV-vis 5 nm AuNP-peptide conjugate

UV-vis 10 nm

 
2-4-6. 22) 

Fmoc  C GGGCG 5  -annulus-GGGCG peptide 

-annulus-GGGCG DLS CD TEM C

GGGCG 29 M -annulus 24 30-50 nm
 

5 nm AuNP-peptide conjugate

5 nm AuNP-peptide conjugate 0.0024 M

-annulus-GGGCG
29 M 1 1

5 nm 

AuNP-peptide conjugate -
5 nm AuNP-peptide conjugate UV-vis

10 nm

 

2-51. AuNP , AuNP-peptide conjugate UV-vis  
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3  

 

 
3-1.  

3 -
1)

triple -spiral 2) bacterium 
Listeria innocua (LisDps) Dps protein T4 bacteriophage cell punctuating needles 

(gp5C) 3)  

( 3-1) Native chemical ligation Woolfson
2 4) C -annulus

( -annulus–coiled-coil-B)

(coiled-coil-A) 2
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

3-1.  
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-annulus–coiled-coil-B  49
Kent

Native Chemical Ligation(NCL) 5) NCL

C N

S→N Native 

chemical ligation Fmoc
Boc Dawson Fmoc

C Nbz NCL 6)

one pot NCL NCL
7)  

Woolfson coiled-coil-B coiled-coil-A

Fmoc NCL coiled-coil-B N Cys

Cys coiled-coil-B NCL
GGG  
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3-2. -annulus-Nbz  
 INHVGGTGGAIMAPVAVTRQLVGG-Nbz Mw 2435 COMU

Fmoc Dawson resin

Dawson resin Alloc 8) Boc-Ile

Alloc

p-Nitrophenylchloroformate
C Nbz  

 

 

 
 

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

Scheme3-1. Dawson Dbz AM resin -annulus-Nbz  
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Dawson Dbz AM resin   0.49 mmol/g, Novabiochem® 102 mg (0.05 mmol) 

 

 

 
 

 

 

 
 

Boc-Ile-OH    Mw 231.29, 46 mg (0.2 mmol) 

Fmoc-Ile-OH    Mw 353.42, 71 mg (0.2 mmol) 

Fmoc-Asn(Trt)-OH   Mw 596.69, 119 mg (0.2 mmol) 
Fmoc-His(Trt)-OH   Mw 619.73, 124 mg (0.2 mmol) 

Fmoc-Val-OH    Mw 339.39, 68 mg (0.2 mmol)×4 

Fmoc-Gly-OH    Mw 297.31, 59 mg (0.2 mmol)×5 

Fmoc-Thr(tBu)-OH   Mw 397.48, 79 mg (0.2 mmol)×2 
Fmoc-Ala-OH H2O   Mw 329.36, 66 mg (0.2 mmol)×3 

Fmoc-Met-OH    Mw 371.46, 74 mg (0.2 mmol) 

Fmoc-Pro-OH AcOEt   Mw 425.46, 85 mg (0.2 mmol) 

Fmoc-Arg(Pbf)-OH AcOEt 0.21PE Mw 669.29, 134 mg (0.2 mmol) 
Fmoc-Gln(Trt)-OH   Mw 610.72, 122 mg (0.2 mmol) 

Fmoc-Leu-OH    Mw 353.42, 71 mg (0.2 mmol) 
 

 
1. 

Dawson resin  102 mg (0.05 mmol)  1 

mL 1  

 
2. Alloc   

7 [ ] 1 DIPEA

25oC 24

 
 

3. 
6 COMU [ ] 9 DIPEA

NMP 1 mL 90 NMP  
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4. Fmoc  

DMF 1% DMF 2
10% DIPEA DMF 2 5

2  

 

5.  
4 COMU 8 DIPEA NMP 1 mL 

2

NMP 5  

 
6.  

DMF 1% DMF 1 10% DIPEA DMF

1 5

4  
 

4-6 INHVGGTGGAIMAPVAVTRQLVGG  

 

7. (Boc-Ile-OH)  
4 Boc-Ile-OH COMU 8 DIPEA NMP 1 mL 

2

NMP 5  

 
8. 20 PhSiH3[

] 0.35 Pd(PPh3)4[ ] 1 mL

30 5  

 
9. 5 4- [Sigma Aldrich]

 500 L 1
0.5 M DIPEA DMF 1 mL 30 min DMF

 

 

10.  

50 mL TFA 1.175 mL H2O 31.25 L EDT 31.25 L TIPS 12.5 L
49% 3

tert- 15 mL  (4000 rpm,5 

min) 3

 
 

: 59.7 mg : 17.7 mg : 30% 
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MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 
 

 

 

 
 

 

 

 
 

 

 

 

 

3-2 m/z = 2435 HPLC

 
 

 

: 5 mg 1 mL  

: Inertsil ODS-3 (5 m, 20×250 mm) 
: 5 mg/mL×1.5 mL 

:  / CH3CN(  0.1% TFA ) 

:  / CH3CN: 77 / 23→60 / 40 (100 min)  

: UV-vis 220 nm 
: 10 mL/min 

 

 

 
 

 

 

 
 

 

 

 
 

 

3-2. -annulus-Nbz MALDI-TOF-MS (Matrix : -CHCA) 3 2 l Nb MALDI TOF MS (M t i CHCA)
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3-3 29

 

 
MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 
 

 

 
 

 

 

 
 

 

 

 
 

 
3-4 m/z = 2435  

 

 

 
 

 

 3-4. -annulus-Nbz MALDI-TOF-MS (Matrix : -CHCA) 

3- 3. HPLC  
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3-3. Coiled-coil-B  

Native chemical ligation coiled-coil-B (H-CGGG 
KIAALKKKNAALKQKIAALKQ- NH2) Fmoc  

 
 

 
Rink amide resin    0.55 mmol/g, 182 mg (0.1 mmol) 

 

Fmoc  

Fmoc-Ile-OH Mw 353.4, 142 mg (0.4 mmol)×2 
Fmoc-Asn(Trt)-OH Mw 596.7, 238 mg (0.4 mmol)  

Fmoc-Ala-OH H2O Mw 329.4, 132 mg (0.4 mmol)×6 

Fmoc-Gln(Trt)-OH Mw 610.7, 244 mg (0.4 mmol) ×2 

Fmoc-Leu-OH Mw 353.4, 142 mg (0.4 mmol) ×3 
Fmoc-Lys(Boc)-OH Mw 468.6, 187 mg (0.4 mmol) ×7 

Fmoc-Gly-OH Mw 297.3, 119 mg (0.4 mmol) 3 

Fmoc-Cys(Trt)-OH Mw 585.7, 234 mg (0.4 mmol) 

 
 

1.  

Rink amide resin 182 mg (0.1 mmol) NMP  2 mL

90  
 

2. Fmoc   

: DMF 20: 80 2 mL 15  

2 NMP 5  
 

3. Fmoc  

DMF 1% DMF 2

10% DIPEA DMF 2 5
2  

 

4.  

COMU 4 DIPEA 8 NMP 2 mL 
2

NMP 5  

 

5.  
DMF 1% DMF 1

10% DIPEA DMF 1 5
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4  

 
2-5

 

 

6.  

50 mL TFA 1.175 mL H2O 31.25 L EDT 31.25 L TIPS 12.5 L
46.6% 3

tert- 15 mL  (4000 rpm,5 

min) 3
 

 

: 119 mg : 46.8 mg : 39.3% 

 
MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 
 

 
 

 

 

 
 

 

 

 
 

 

 
3-5 m/z = 2552 HPLC

 

 

 
 

 

 

 
 

 

 3-5. coiled-coil-B MALDI-TOF-MS (Matrix : -CHCA) 
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: 5 mg 1 mL  

: Inertsil ODS-3 (5 m, 20×250 mm) 
: 1.5 mL 

:  / CH3CN(  0.1% TFA ) 

:  / CH3CN: 85 / 15→25 / 75 (100 min)  
: UV-vis 220 nm 

: 10 mL/min 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
3-6 20

 

 

MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 
 

 

 
 

 

 

 
 

 

 

 
 

3-6. HPLC  

 3-7. coiled-coil-B MALDI-TOF-MS (Matrix : -CHCA) 
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3-7 m/z = 2552  

 
: 119 mg : 7.0 mg : 5.9% 

 

3-4. Coiled-coil-A  

coiled-coil-A (Ac-EIAALEKENAALEQEIAALEQ-NH2) Fmoc
 

 
 

 
Rink amide resin    0.55 mmol/g, 182 mg (0.1 mmol) 

 
Fmoc  

Fmoc-Ile-OH Mw 353.4, 142 mg (0.4 mmol)×2 
Fmoc-Asn(Trt)-OH Mw 596.7, 238 mg (0.4 mmol)  

Fmoc-Ala-OH H2O Mw 329.4, 132 mg (0.4 mmol)×6 

Fmoc-Gln(Trt)-OH Mw 610.7, 244 mg (0.4 mmol) ×2 

Fmoc-Leu-OH Mw 353.4, 142 mg (0.4 mmol) ×3 
Fmoc-Glu(OtBu)-H2O Mw 443.5, 178 mg (0.4 mmol) ×6 

Fmoc-Lys(Boc)-OH Mw 468.6, 187 mg (0.4 mmol) 

 
 

1.  

Rink amide resin 182 mg (0.1 mmol) NMP  2 mL

90  

 
2. Fmoc   

: DMF 20: 80 2 mL 15  

2 NMP 5  

 
3. Fmoc  

DMF 1% DMF 2

10% DIPEA DMF 2 5

2  
 

4.  

COMU 4 DIPEA 8 NMP 2 mL 

2
NMP 5  
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5.  

DMF 1% DMF 1
10% DIPEA DMF 1 5

4  

 

2-5  
 

6. 
3 DIPEA 4.5 DMF 2 mL

1
NMP 5 TNBS

 

 

7.  

50 mL TFA 1.175 mL H2O 31.25 L EDT 31.25 L TIPS 12.5 L
51% 3

tert- 15 mL  (4000 rpm,5 

min) 3
 

 

: 119 mg : 54.4 mg : 46% 

 
MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 
 

 
 

 

 

 
 

 

 

 
 

 

 

 

 3-8. coiled-coil-A MALDI-TOF-MS (Matrix : -CHCA) 
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3-8 m/z =2325 m/z =2179

coiled-coil-A  HPLC 
 

 

 

: 5 mg 1 mL  

: Inertsil ODS-3 (5 m, 20×250 mm) 
: 5 mg/mL×1.5 mL 

:  / CH3CN(  0.1% TFA ) 

:  / CH3CN: 65 / 35→50 / 50 (100 min)  
: UV-vis 220 nm 

: 10 mL/min 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

3-9 17

 
  

 

 

 
 

 

 

 
 

 

3- 9 HPLC  
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MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

3-10 m/z = 2325  
 

: 119 mg : 5.7 mg : 6.8% 

 

3-5  Native chemical ligation  
Dawson 6) -annulus-Nbz N Cys

coiled-coil-B Native chemical ligation (Scheme 3-2)  

 

 
 

 

 

 
 

 

 

 
Scheme3-2. -annulus-Nbz NCL 

 

 

 
 

 

3-10. MALDI-TOF-MS (Matrix : -CHCA) 
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Guanidine hydrochloride [GdmCl] = 6 M 4-Mercaptophenylacetic acid [MPAA] = 200 mM
Tris(2-carboxyethyl)phosphine [TCEP] = 20 mM [Na2HPO4] = 200 mM

10 M NaOH in 200 mM Na2HPO4

pH 7.0 Ligation buffer (LB) LB 2 mM  

-annulus-Nbz in LB 3 mM coiled-coil-B in LB 5 L 37oC
3  3 1% TFA : =1: 1 10 L

1.5 mM coiled-coil-B LB

LB

HPLC  

 
 

4-Mercaptophenylacetic acid (MPAA) [Sigma Aldrich] 

 
 

 

Tris(2-carboxyethyl)phosphine (TCEP) [ ] 

 
 

 

 

 
 

 

: NCL  

: Inertsil ODS-3 (5 m, 4.6 250 mm) 
: 10 L 
:  / CH3CN(  0.1% TFA ) 

:  / CH3CN: 95 / 5→0 / 100 (95 min)  

: UV-vis 220 nm 
: 1 mL/min 
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m/z = 2277 
[ -annulus –OH]+ 

m/z = 4809
[ -annulus –coiled-coil-B]+ 

 

 
  

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 
MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 
 

 

 

 
 

 

 

 
 

 

 

 
 

 
3-12 3-11 32 m/z = 4809

-annulus-coiled-coil-B m/z = 2277
-annulus–MPAA -annulus-OH

coiled-coil-B ( 3-11 ) NCL 3 ( 3-11 ) HPLC

3- 12.  MALDI-TOF-MS (Matrix: -CHCA) 

3 

coiled-coil-B only 

3- 11. NCL ( ) 3 ( ) coiled-coil-B

( ) HPLC  

3

co
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26 min coiled-coil-B

-annulus-OH
MPAA

-annulus-coiled-coil-B  
-annulus-OH Benzylmercaptan

-annulus-SBn HPLC
NCL (Scheme 3-3)9) HPLC

-annulus-SBn
-annulus-OH DMF

-annulus-Nbz
DMF  DMSO

NCL 10)

-annulus-Nbz Benzylmercaptan -annulus-SBn

-annulus-SBn (Scheme 3-4)  
 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

Scheme3-3. NCL  

-annulus-coiled-coil-B 

coiled-coil-B 
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-annulus-Nbz  5.0 mg 20 mM Trietylamine, 10% Benzylmercaptan DMSO
 1 mL 15 37oC 9 mL

(5000 rpm, 5 min) 3

2 mL HPLC  

 
: 4.9 mg : 3.4 mg : 70% 

 

 

:  

: Inertsil ODS-3 (5 m, 4.6 250 mm) 

: 10 L 
:  / CH3CN(  0.1% TFA ) 

:  / CH3CN: 95 / 5→0 / 100 (95 min)  
: UV-vis 220 nm 

: 1 mL/min 

 

 
 
 

 

 
 

 

 

 
 

 

 

 
 

 

3- 13. ( ) 15 ( ) ( ) HPLC
 

Scheme3-4. -annulus-Nbz -annulus-SBn  
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MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

3-13 31 -annulus-Nbz 38
3-14 38 -annulus-SBn m/z = 2381

( )

31 DMSO Nbz

-annulus-SBn -annulus-SBn
NCL (Scheme 3-5)  

 

 

 
 

 

 

 
 

 

 

 
 

Guanidine hydrochloride [GdmCl] = 6 M 4-Mercaptophenylacetic acid [MPAA] = 200 mM

Tris(2-carboxyethyl)phosphine [TCEP] = 20 mM [Na2HPO4] = 200 mM

10 M NaOH in 200 mM Na2HPO4

pH 7.0 Ligation buffer (LB) LB 2 mM  

-annulus-SBn in LB 3 mM coiled-coil-B in LB 5 L 37oC

3- 14. 15 HPLC 38
MALDI-TOF-MS 

, p

m/z = 2381 
[M]+ 

Scheme3-5. -annulus-SBn NCL 
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1  3 1% TFA : =1: 1 10 L

 

 

:  

: Inertsil ODS-3 (5 m, 4.6 250 mm) 
: 10 L 
:  / CH3CN(  0.1% TFA ) 

:  / CH3CN: 95 / 5→0 / 100 (95 min)  

: UV-vis 220 nm 
: 1 mL/min 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
3-15 HPLC 27 min coiled-coil-B 38 min

-annulus-SBn 32 min
MALDI-TOF-MS 3-16 36-39 min MPAA

 
 

 

 

 
 

 

 

 
 

 

3- 15. coiled-coil-B -annulus-SBn ( ) NCL 1 ( ) 
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MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 
 

 

 

 
 

 

 

 
 

 
 

 

 

 

3-16 -annulus-coiled-coil-B
HPLC  

 

 

: NCL  

: Inertsil ODS-3 (5 m, 20×250 mm) 
: 1 mL 

:  / CH3CN(  0.1% TFA ) 

:  / CH3CN: 80 / 20→60 / 40 (100 min)  

: UV-vis 220 nm 
: 10 mL / min 

 

 

 
 

 

 

 
 

 

 

 
 

 3-17. HPLC  

, p

3 17 HPLC

3-16. NCL 1 HPLC 32 MALDI-TOF-MS 
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3-17 51 min  

 
MALDI-TOF-MS  

Matrix: -CHCA, Mode: Linear positive 
 

 
 

 

 

 
 

 

 

 
 

 

 

3-18 -annulus-coiled-coil-B m/z =4809
 

 

: 2.4 mg, : 1.0 mg, : 41.7% 

 

3-6. -annulus-coiled-coil-B  

10 mM Tris-HCl buffer -annulus-coiled-coil-B
(DLS)

 
 

 

-annulus-coiled-coil-B 10 mM Tris-HCl buffer M 

-annulus-coiled-coil-B 10 mM Tris-HCl buffer (pH 7.4) 75, 50, 
25, 10, 5, 1 M -annulus-coiled-coil-B 10 mM Tris-HCl buffer (pH 7.4)
25oC 1 DLS  

 

DLS  

: ZEN2112 - Low volume glass cuvette (12 L) 
: 25oC 

 
 
 
 

3- 18. MALDI-TOF-MS (Matrix: -CHCA ) 

CA, Mode: Linear positive

3- 18 MALDI-TOF-MS (Matrix: -CHCA )
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[ -annulus-coiled-coil-B] = 100 M 75 M 

50 M 25 M 

10 M 5 M 

1 M 

3-19. -annulus-coiled-coil-B  Tris-HCl buffer (pH 7.4)  DLS 
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[ -annulus-coiled-coil-B] = 100 M 75 M 

50 M 50 M 25 M 

10 M 5 M 

1 M 

3-20. -annulus-coiled-coil-B  Tris-HCl buffer (pH 7.4)  DLS 
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3-21 10-100 M -annulus 24
30-50 nm C coiled-coil-B

10 M 5 M
3-19 1

 

DLS  
 

 

DLS  

: ZEN2112 - Low volume glass cuvette (12 L) 
: 25oC 

Attenuator: 11 

Positioning method: Centre of the cell (water clear sample only) 

Count Rate  10  Mean Count Rate  
 

 

 

 
 

 

3-21. -annulus-coiled-coil-B  Tris-HCl buffer (pH 7.4)  
DLS   
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3-22 10-100 M 5 M

(CAC) 5 M

-annulus 24 Tris-HCl buffer CAC 25 M C coiled-coil-B
CAC coiled-coil-B

TEM  

 
3-4-3.TEM  

-annulus-coiled-coil-B  Tris-HCl buffer (pH 7.4) 
TEM  

 
 

M -annulus-coiled-coil-B 10 mM Tris-HCl buffer (pH 7.4) TEM 5 

L 1 2% Na3(PW12O40) nH2O

5 L 1  
 

TEM  

Grid: C-SMART Hydrophilic TEM grids, (ALLIANCE Biosystems) 

: 80 kV 
: 2% Na3(PW12O40) nH2O  

 

3-22. -annulus-coiled-coil-B  Tris-HCl buffer (pH 7.4) 
DLS (25 °C)  
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3-23 DLS 39 ± 9 nm (n =12) 

-annulus 24
 

-annulus C coiled-coil-B
CD  

 
 

-annulus-coiled-coil-B 10 mM Tris-HCl buffer M 

-annulus-coiled-coil-B 10 mM Tris-HCl buffer (pH 7.4) 25oC 1
CD  

 

CD  

:  1 mm  

: 25oC 

-annulus-coiled-coil-B  
 

 

 
 

 

 

 
 

 

 

 

3-23. 50 M -annulus-coiled-coil-B 10 mM Tris-HCl buffer (pH 7.4) TEM  
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3-24 -annulus 24 199 nm 225 nm 
- -annulus

CD C coiled-coil-B

 

 

3-7.  

-annulus-coiled-coil-B coiled-coil-A
CD  

 

 

100 M -annulus-coiled-coil-B 10 mM Tris-HCl buffer 25 M coiled-coil-A

10 mM Tris-HCl buffer 50 M -annulus-coiled-coil-B , 12.5 M 
coiled-coil-A 10 mM Tris-HCl buffer 1 25oC

CD 12.5 M coiled-coil-A 10 mM 
Tris-HCl buffer 50 M coiled-coil-B 12.5 M coiled-coil-A 10 
mM Tris-HCl buffer CD  

 

CD  
:  1 mm  

: 25oC 

  

 

3-24. 50 M -annulus-coiled-coil-B 10 mM Tris-HCl buffer (pH 7.4) CD  
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coiled-coil-A
3-25 -annulus-coiled-coil-B coiled-coil-A

CD 208 nm 222 nm 193 nm -helix

-annulus coiled-coil-B
coiled-coil-A ( 3-25 )

-annulus-coiled-coil-B coiled-coil-B

50 M -annulus 24 10 mM Tris-HCl 

buffer  CD 3-26 50 M -annulus-coiled-coil-B
12.5 M coiled-coil-A 10 mM Tris-HCl buffer 

CD 3-26 3-26 3-26 3-27

 
 
 
 
 
 
 
 

3-25. 50 M -annulus-coiled-coil-B 10 mM Tris-HCl buffer ( ), 12.5 M coiled-coil-A

10 mM Tris-HCl buffer ( ), 50 M -annulus-coiled-coil-B , 12.5 M coiled-coil-A

10 mM Tris-HCl buffer ( ), 50 M coiled-coil-B , 12.5 M coiled-coil-A

10 mM Tris-HCl buffer ( ) CD  



101 
 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 

 

3-26. 50 M -annulus 24 50 M -annulus-coiled-coil-B 12.5 M 

coiled-coil-A 10 mM Tris-HCl buffer (pH 7.4) CD

 

3-27. 50 M coiled-coil-A 12.5 M coiled-coil-B 10 mM Tris-HCl buffer (pH 

7.4) CD 50 M -annulus-coiled-coil-B 12.5 

M coiled-coil-A CD 50 M -annulus 24 CD

CD  
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3-27 50 M coiled-coil-A 12.5 M coiled-coil-B
CD 3-27 3-26 3-26 3-27

-helix 222 nm 3-27 81%

-annulus-coiled-coil-B coiled-coil-A
coiled-coil-B coiled-coil-A

 

-annulus-coiled-coil-B coiled-coil-A CD
coiled-coil-A  

 

 

100 M -annulus-coiled-coil-B 10 mM Tris-HCl buffer 

coiled-coil-A 10 mM Tris-HCl buffer (pH 7.4) -annulus-coiled-coil-B (50 

M) coiled-coil-A (3.12, 6.25, 12.5, 25, 50, 75, 100, 200 M) 10 mM Tris-HCl buffer (pH 
7.4) 1 25oC CD

 

 

CD  

:  1 mm  
: 25oC 

  

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 

3-28. 50 M -annulus-coiled-coil-B coiled-coil-A CD
 [coiled-coil-A ] =3.12( ), 6.25( ), 12.5( ), 25( ), 50( ), 75( ) 100( ), 200 M( ) 
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3-29 coiled-coil-A 50 M -helix 222 nm

-helix coiled-coil-A 75 M

coiled-coil-A 50 M

coiled-coil-A -annulus-coiled-coil-B
coiled-coil-A

coiled-coil-B coiled-coil-A 1: 1

job’s plot  

 
 

50 M -annulus-coiled-coil-B 10 mM Tris-HCl buffer 50 M coiled-coil-A 

10 mM Tris-HCl buffer (pH 7.4) -annulus-coiled-coil-B : coiled-coil-A = 1: 
0, 9: 1, 6.67: 3.33, 1: 1, 3.33: 6.67, 1: 9, 0: 1 1 25oC

CD  

 
CD  

:  1 mm  
: 25oC 

  

 
 

3-29. 50 M -annulus-coiled-coil-B  coiled-coil-A CD
-helix 222 nm coiled-coil-A  
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3-30. -annulus-coiled-coil-B coiled-coil-A

CD  -annulus-coiled-coil-B : coiled-coil-A = 1:0( ), 9:1( ), 

6.67:3.33( ), 1:1( ), 3.33:6.67( ), 1:9( ), 0:1( ) 

3-31. -annulus-coiled-coil-B coiled-coil-A

-helix 222 nm job’s plot 
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-annulus-coiled-coil-B coiled-coil-A 222 nm

job’s plot -annulus-coiled-coil-B coiled-coil-A 1: 1
-helix ( 3-31)

coiled-coil-B coiled-coil-A 1: 1

 

(DLS)
 

 

 

100 M -annulus-coiled-coil-B 10 mM Tris-HCl buffer (pH 7.4)
coiled-coil-A 10 mM Tris-HCl buffer (pH 7.4) 50 M -annulus-coiled-coil-B

, 6.25, 12.5, 25, 50 M coiled-coil-A 10 mM Tris-HCl buffer (pH 7.4) 
1 25oC DLS  

 
DLS  

: ZEN2112 - Low volume glass cuvette (12 L) 
: 25oC 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

[coiled-coil-A] = 6.25 M [coiled-coil-A] = 12.5 M 

[coiled-coil-A] = 25 M [coiled-coil-A] = 50 M 

3-32. coiled-coil-A -annulus-coiled-coil-B (50 M)
coiled-coil-A DLS 

[ ] [ ]
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DLS ( 3-32) coiled-coil-A  6.25, 12.5 M
10 

 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

3-34 coiled-coil-A 12.5 M 40 nm

coiled-coil-A 25 M
1 m

TEM  

[coiled-coil-A] = 6.25 M [coiled-coil-A] = 12.5 M

[coiled-coil-A] = 25 M [coiled-coil-A] = 50 M

3-33. coiled-coil-A -annulus-coiled-coil-B (50 M)
coiled-coil-A DLS  

3-34. -annulus-coiled-coil-B (50 M) coiled-coil-A
DLS coiled-coil-A  
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100 M -annulus-coiled-coil-B 10 mM Tris-HCl buffer coiled-coil-A
10 mM Tris-HCl buffer 50 M -annulus-coiled-coil-B 12.5, 50 

M coiled-coil-A 10 mM Tris-HCl buffer (pH 7.4) 1

25oC TEM 5 L 1

2% Na3(PW12O40) nH2O 5 L 1
 

 

TEM  

Grid: C-SMART Hydrophilic TEM grids, (ALLIANCE Biosystems) 
: 80 kV 

: 2% Na3(PW12O40) nH2O  

 
 
 
 
 
 
 
 
 
 
 
 

3-35 5 nm 60 nm

 
 
 
 
 
 
 
 
 
 
 
 
 

3-36 1 m DLS
 

3-36. 50 M -annulus-coiled-coil-B 50 M coiled-coil-A
TEM  

3-35. 50 M -annulus-coiled-coil-B 12.5 M coiled-coil-A
TEM  
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coiled-coil-A 12.5 M

25 M
-annulus C

coiled-coil-A

-sheet
Thioflavin T -sheet

 

 

 

-annulus-coiled-coil-B 10 mM Tris-HCl buffer (pH 7.4) coiled-coil-A 10 

mM Tris-HCl buffer (pH 7.4) Thioflavin T 10 mM Tris-HCl buffer (pH 7.4) 50 M 

-annulus-coiled-coil-B, 50 M coiled-coil-A, 5 M Thioflavin T  10 mM Tris-HCl buffer (pH 7.4)

50 M -annulus-coiled-coil-B, 12.5 M coiled-coil-A, 5 M Thioflavin T 
10 mM Tris-HCl buffer (pH 7.4) 50 M -annulus-coiled-coil-B, 5 M Thioflavin T 10 mM 
Tris-HCl buffer (pH 7.4) 1 25oC

 

 
 

  10 mM Tris-HCl buffer(pH 7.4)    25oC 

 1 mm      460 nm-600 nm 

 440 nm      0.5 nm 
 5 nm      10 nm 

 1 sec       Medium 

 50 nm/min      Xe 
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3-37 50 M -annulus-coiled-coil-B 12.5 M coiled-coil-A

( 3-37 ) -annulus-coiled-coil-B ( 3-37 )

50 M -annulus-coiled-coil-B 12.5 

M coiled-coil-A -sheet -annulus-coiled-coil-B
50 M -annulus-coiled-coil-B 50 M coiled-coil-A

( 3-37 ) 515 nm

50 M -annulus-coiled-coil-B 50 M coiled-coil-A

-sheet 50 M -annulus-coiled-coil-B
50 M coiled-coil-A TEM

-sheet  
DLS TEM coiled-coil-A

coiled-coil-A 12.5 M -annulus-coiled-coil-B

coiled-coil-A 25 M

( 3-38)

3-37. 50 M -annulus-coiled-coil-B coiled-coil-A  
 5 M Thioflavin T 10 mM Tris-HCl buffer (pH 7.4)  
[coiled-coil-A] = 0 ( ) 12.5 ( ) 50 M ( ) 

3-38. coiled-coil-A  



110 
 

3-6. 11) 

Native chemical ligation C 49 mer 

-annulus-coiled-coil-B DLS TEM Tris-HCl buffer

-annulus-coiled-coil-B
CD

DLS TEM
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4  

 
4-1.  

pH 1)

Lim Hibiscus chlorotic ringspot carmovirus 
(HCRSV) Ca2+

Ca2+ 2)

 

3,4) Hilvert 12
DPro-Gly [3-(3-aminomethyl)phenylazo] phenylacetic acid 

(AMPP) cis -
trans 5)

cis trans
-annulus

-annulus 

-annulus Val, Ala
cis trans

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4-1. -annulus  

-annulus-15V16A-azo  
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4-2. (MacroModel)  
MacroModel -annulus

3
15, 16 Val, Ala trans  cis

 
 
[ ] 

 : Molecular Dynamics 
 : OPLS_2005 

 : Water 
 : 10 ns 

 : 298 K 
 
[ ] 

-annulus-15V16A-azo   
: H3N+-INHVGGTGGAIMAP-[azo]-VTR+QLVGS -COO- 
 
 
 
[ ] 
Protein Date Bank (PDB) (TBSV)

(2TBV) 60 TBSV C 68 Ile
91 Ser (ITHVGGVGGSIMAPVASRQLVGS) 3 TBSV

INHVGGTGGAIMAPVAVTRQLVGS
15, 16 Vla, Ala trans/cis AMPP

MacroModel Minimization Trigonal
pH 7

 
 
trans  
 
 
 
 
 
 
 
 
 
 

4-2. trans -annulus-15V16A-azo  
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cis  
 
 
 
 
 
 
 
 
 
 
 
[ (10 ns )] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4-3. cis -annulus-15V16A-azo  

4-4. 10 ns trans -annulus-15V16A-azo ( E = -52.1 kJ/mol) 

4-5. 10 ns cis -annulus-15V16A-azo (ΔE = -132.7 kJ/mol) 
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4-4 4-5 10 ns cis trans
cis trans

15, 16 Val, Ala -annulus-15V16A-azo  
 

4-3.Fmoc-AMPP  
Fmoc

(3-{3-[(9H-Fluoren-9-ylmethoxycarbonylamino)methyl]phenylazo} 
phenyl)acetic Acid (Fmoc-AMPP) (Scheme 4-1) 5, 6)  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
[ ] 
1  
1.35 g (7.15 mmol) 3-nitrobenzylamine hydrochloride [ ] 5.95 mL(33.64 mmol)  
DIPEA 50 mL CH2Cl2 1.84 g (7.11 mmol) Fmoc-Cl [ ] 13 mL

CH2Cl2 25°C TLC 22
10% HCl 3

NaHCO3

MgSO4 30
 

TLC: : = 3: 1, Rf =0.73  
1H-NMR (500 MHz, CDCl3):  4.24 (t, 1H), 4.47 (d, 2H), 4.51 (d, 2H), 5.2 (s, 1H), 7.32 (d, 2H), 7.41 (t, 
3H), 7.51(d, 1H), 7.59 (d, 4H), 7.89 (d, 2H), 8.14 (s, 2H)

: 2.66 g (7.11 mmol), : 2.46 g (6.58 mmol), : 92.5% 
 
 
 
 

scheme 4-1. Fmoc-AMPP  



115 
 

2  
1.5 g (4.00 mmol) 1 70.1 mL Ethanol: 1,4-Dioxane = 2: 1 50°C

 14.0 mg PtO2[ ] H2 (1 bar)
50°C 12 Celite[ ]

 
TLC: : 3: 1, Rf =0.62 

: 1.38 g (4.00 mmol), : 1.31 g (3.80 mmol), : 94.9% 
 
3  
1.35 g (7.45 mmol) 3-Nitrophenylacetic acid[ ] 2.15 g (31.9 mmol) tert-butanol[

] 4 mL Tributylamine[ ] 25 mL 2.22 g (8.66 
mmol)  2-Chloro-1-methylpyridinium iodide[ ] 13 mL

TLC 6
4 mL ( : 

SiO2, : 4.5 cm, 29 cm, : : 1: 3)
 

TLC: : = 1: 3, Rf =0.43  
1H-NMR (500 MHz, CDCl3):  1.46 (s, 9H), 3.65 (s, 2H), 7.5 (t, 1H), 7.62 (d, 1H), 8.13 (d, 1H), 8.16 (s, 
1H)

: 1.77 g, : 1.43 g, : 80.8% 
 
4  
1.43 g (6.02 mmol) 3 87.9 mL Methoxyethanol 834 mg NH4Cl[

] 22.1 mL 30 N2  
1.75 mg Zn [ ] 25°C 6
Zn 8 mL : =2: 1 3.62 mg FeCl3•6 

H2O[ ] −10°C −10°C 1
25°C 1 3

MgSO4 : 
1: 3, 4 mL ( : SiO2, : 4.5 cm, 

26 cm, : : 1: 3)
 

TLC :   : : 1: 3, Rf =0.5 
: 1.33 g (6.02 mmol), : 760 mg (3.44 mmol), : 57.1% 

 
5  
760 mg (3.44 mmol) 4 13.5 mL 1.18 g (3.42 mmol) 2 13.5 mL

36 25°C : 
1: 3 4 mL ( : SiO2, : 4.5 cm, 

28 cm, : : 1: 3)
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( )TLC :   : : 1: 3, Rf =0.27 

: 1.88 g, : 773 mg (1.41 mmol), : 41.1% 
1H-NMR (500 MHz, CDCl3):  1.45 (s, 9H), 3.63 (s, 2H), 4.25 (t, 1H), 4.50 (m, 2H), 5.2 (s, 1H), 7.31 
(d, 2H), 7.40 (m, 4H), 7.48 (t, 2H), 7.61 (d, 2H), 7.76 (d, 2H), 7.83 (m, 4H) 

6  
772 mg (0.296 mmol) 5 57 mL CH2Cl2 5.7 mL  TFA 36

22.8 mL 3
MgSO4 : 
2: 1(1% TEA ) 2 mL ( : SiO2, 

: 4.5 cm, 28 cm, : 1% TEA : 2: 1)
 

TLC :   : : 2: 1, Rf =0.68 
 : 694 mg (1.41 mmol), : 630 mg (1.28 mmol), : 90.8% 

 
1H-NMR (500 MHz, CDCl3)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b 

c 

d 

e 

f~k 

4-6. 6 NMR  
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4-1. 6 NMR  

ppm    

3.76 s 2.20 b 
4.24 t 1.27 c 
4.50 m 4.18 d 
5.21 s 0.78 e 
7.31 t 2.11 f 
7.40 m 4.50 g 
7.50 t 2.42 h 
7.61 d 1.97 i 
7.76 d 2( ) j 
7.84 bs 4.23 k 

 
ESI-MS  
Mode: positive 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4-6 1H NMR 4-7 ESI-MS Fmoc-AMPP(6)  
 
 
 
 
 
 
 
 
 

4-7. 6 ESI-MS 
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4-4. -annulus-15V16A-azo  
14, 15 Val, Ala -annulus

Fmoc  
 

-annulus-15V16A-azo : INHVGGTGGAIMAP-[azo]-VTRQLVGS (m/z = 2384) 
 
 
 
 

 
 

Fmoc-Ser(tBu)-Alko-PEG Resin 0.24 mmol/g, 521 mg(0.125 mmol) 
 
Fmoc  
Fmoc-Ile-OH    Mw 353.42, 353 mg(0.5 mmol)×2 
Fmoc-Asn(Trt)-OH   Mw 596.69, 597 mg(0.5 mmol) 
Fmoc-His(Trt)-OH    Mw 619.73, 620 mg(0.5 mmol) 
Fmoc-Val-OH    Mw 339.39, 339 mg(0.5 mmol)×3 
Fmoc-Gly-OH    Mw 297.31, 297 mg(0.5 mmol)×5 
Fmoc-Thr(tBu)-OH   Mw 397.48, 397 mg(0.5 mmol)×2 
Fmoc-Ala-OH H2O   Mw 329.36, 329 mg(0.5 mmol)×2 
Fmoc-Met-OH    Mw 371.46, 371 mg(0.5 mmol) 
Fmoc-Pro-OH AcOEt   Mw 425.46, 425 mg(0.5 mmol) 
Fmoc-Arg(Pbf)-OH AcOEt 0.21PE Mw 669.29, 669 mg(0.5 mmol) 
Fmoc-Gln(Trt)-OH   Mw 610.72, 610 mg(0.5 mmol) 
Fmoc-Leu-OH    Mw 353.42, 353 mg(0.5 mmol) 
Fmoc-Ser(tBu)-OH   Mw 383.45, 383 mg(0.5 mmol) 

 
Fmoc-AMPP-OH (6)   Mw 492, 123 mg(0.25 mmol)  
 
1.  

2-5 mL Fmoc-Ser(tBu)-Alko-PEG Resin 521 
mg(0.125 mmol) NMP 2 mL 1  

 
2. Fmoc  

: DMF 40: 60( ) 2 mL
3 : DMF 20: 80( )
2 mL 10 NMP 5
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3. Fmoc  
DMF 1% DMF 1 10%N,N-

DMF 1 2
 

 
4.  

Fmoc- COMU
4 DIPEA 8 NMP 2 mL

NMP 5  
 

 
: 5 min 

: 2.45 GHz 
: 75°C 

: 35 W 
: Off 

: 30 s 
: High 

 

5.  
DMF 1% DMF 1 10%N,N-

DMF 1 2
 

 
2-5 VTRQLVGS  
 
6. AMPP  

AMPP COMU NMP HBTU
Fmoc-AMPP-OH (6) HBTU HOBt H2O

4 DIPEA 8 NMP 2 mL
2 NMP TNBS

NMP 5  
 
2-5 8

 
 

7.  
TFA : H2O: EDT: TIPS: = 86.5: 5: 2.5: 1: 5 

40 tert-
3
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MALDI-TOF-MS  
 

 : 74.5 mg, : 33.8 mg, : 45.4% 
 

MALDI-TOF-MS  
Matrix: -Cyano-4-hydroxycinnamic acid ( -CHCA) Mode: Linear positive 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
4-8 -annulus-15V16A-azo MALDI-TOF-MS m/z=2384

-annulus-15V16A-azo HPLC  
 

 
 : 3 mg 1.5 mL  

: Inertsil ODS-3 (5 m, 20×250 mm) 
: 1.5 mL 
:  /  0.1% TFA  
:  / CH3CN: 73 / 27→71 / 29 (100 min)  

: UV-vis 220 nm 
 : 10 mL/min 

 
 
 
 
 
 
 

4-8. -annulus-15V16A-azo MALDI-TOF-MS (Matrix : -CHCA) 



121
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

4-9 31 min
MALDI-TOF-MS  
 

MALDI-TOF-MS  
Matrix: -Cyano-4-hydroxycinnamic acid ( -CHCA) Mode: Linear positive 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
4-10 -annulus-15V16A-azo MALDI-TOF-MS m/z=2384

 
 

: 0.81 mg : 6.0%  
 
 

4-9. HPLC  

4-10. -annulus-15V16A-azo MALDI-TOF-MS (Matrix : -CHCA) 

4-9 HPLC

31 min 
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4-5. -annulus-15V16A-azo  
-annulus-15V16A-azo UV UV-vis

HPLC  
UV UV-vis  

 
 

-annulus-15V16A-azo 100 M -annulus-15V16A-azo
50 L

25°C 425 nm 30 min 25 325 nm
UV-vis  

 
UV-vis  

:  1 cm (50 L) 
: 25oC 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

4-11. UV 100 M -annulus-15V16A-azo

UV-vis  
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4-11 325 nm 325nm 425 nm
trans cis

4-12 325 nm 7
trans

cis 325 nm 15 425 nm
cis trans UV-vis  

 
 

325 nm 15 100 M -annulus-15V16A-azo 25°C 425 nm
UV-vis  

 
 
 
 
 
 
 
 
 
 
 
 
 

4-12. UV 100 M -annulus-15V16A-azo 325 nm

 

4-13. 100 M -annulus-15V16A-azo

UV-vis  
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4-13 425 nm 425 nm 325 

nm cis trans
4-14 325 nm 4

cis
trans 425 nm 15  

HPLC
 

 
 

-annulus-15V16A-azo 100 M -annulus-15V16A-azo
50 L 25°C 425 nm 30 min

15 L HPLC 25°C
325 nm 15 min 15 L HPLC  
 

 :  
: Inertsil ODS-3 (5 m, 4×250 mm) 

: 15 L 
:  /  0.1% TFA  
:  / CH3CN 74 / 26→ 72 / 28 (100 min)  

: UV-vis 220 nm 
 : 1 mL/min 

 
 

 

4-14. 100 M -annulus-15V16A-azo 325 nm
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4-15 13 33

4-15 325 nm 33 13
33 trans 13

cis HPLC
trans: cis=76: 24 UV trans: cis=19: 81

UV
 

 
4-6. -annulus-15V16A-azo  

-annulus-15V16A-azo DLS
TEM  

DLS -annulus-15V16A-azo
 

 
 
 
 

4-15. 00 M -annulus-15V16A-azo HPLC  

( ) ( )UV  
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-annulus-15V16A-azo M 

-annulus-15V16A-azo  1 cm (50 L)
15 50, 25, 10, 5, 1 M -annulus-15V16A-azo

DLS  
 

DLS  
: ZEN2112 - Low volume glass cuvette (12 L) 
: 25oC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

4-16. -annulus-15V16A-azo  DLS 

 

[ -annulus-15V16A-azo ] 
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[ -annulus-15V16A-azo ] 

4-17. -annulus-15V16A-azo  

 DLS  

4-18. -annulus-15V16A-azo  DLS 
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4-18 25-100 M -annulus 24
30-50 nm -annulus

2
25 M

5 M 4-16 1
 

DLS UV -annulus-15V16A-azo
 

 
 

-annulus-15V16A-azo M 
-annulus-15V16A-azo  1 cm (50 L)

15 UV 50, 25, 10, 5 M -annulus-15V16A-azo
DLS  

 
DLS  

: ZEN2112 - Low volume glass cuvette (12 L) 
: 25oC 
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4-19. UV -annulus-15V16A-azo  DLS 

 

[ -annulus-15V16A-azo ] 
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4-20. UV -annulus-15V16A-azo   

DLS  

[ -annulus-15V16A-azo ] 
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4-21 50-100 M -annulus 24

30-50 nm 5-25 M
500 nm 25 M

25 M UV
UV CAC

CAC  
 

 
-annulus-15V16A-azo M 

-annulus-15V16A-azo  1 cm (50 L)
15 50, 25, 10, 5, 1 M -annulus-15V16A-azo

DLS 15 UV
50, 25, 10, 5 M -annulus-15V16A-azo DLS

 
 

DLS  
: ZEN2112 - Low volume glass cuvette (12 L) 
: 25oC 

Attenuator: 11 
Positioning method: Centre of the cell (water clear sample only) 

Count Rate  10  Mean Count Rate  
 

4-21. UV -annulus-15V16A-azo  DLS 
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4-22 -annulus-15V16A-azo

25-100 M 10 M
CAC 10 M 25-100 M

UV
UV CAC 25 M

DLS -annulus-15V16A-azo
CAC  

UV -annulus-15V16A-azo
TEM  

 
 

M -annulus-15V16A-azo  1 cm (50 L) 15
TEM 5 L 1

2% Na3(PW12O40) nH2O 5 L 1
15 UV

 
 
TEM  

Grid: C-SMART Hydrophilic TEM grids, (ALLIANCE Biosystems) 
: 80 kV 

: 2% Na3(PW12O40) nH2O  
 
 
 
 

4-22. -annulus-15V16A-azo  DLS 

( ) ( )UV  
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4-23 M -annulus-15V16A-azo TEM

37 18 nm (n=14) DLS

40 nm  
 
 
 
 
 
 
 
 
 
 
 

 
4-24 UV M -annulus-15V16A-azo TEM

35 8 nm (n=10) DLS
100 M

100 M
trans cis

 
 
 
 
 
 

4-24. UV M -annulus-15V16A-azo TEM  

4-23. M -annulus-15V16A-azo TEM  
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4-7.  
CAC

25 M DLS TEM  
 

 
100 M -annulus-15V16A-azo 25 M DLS

15 L 25°C 425 nm 15 min DLS
25°C 325 nm 15 min DLS  

 
 
 
 
 
 
 
 
 
 
 
 
 

4-25 50 nm
UV DLS  

 
 
 
 
 
 
 
 
 
 
 
 

4-26 UV 50 nm

 
 

 

4-25. 25 M -annulus-15V16A-azo

DLS  

4-26. UV 25 M -annulus-15V16A-azo

DLS  
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25 M -annulus-15V16A-azo UV
TEM  

 
 

100 M -annulus-15V16A-azo 25 M DLS
15 L 25°C 425 nm 15 min TEM

5 L 1 2% Na3(PW12O40) nH2O
5 L 1

15 UV  
 

TEM  
Grid: C-SMART Hydrophilic TEM grids, (ALLIANCE Biosystems) 

: 80 kV 
: 2% Na3(PW12O40) nH2O  

 
 
 
 
 
 
 
 
 
 
 
 
 

4-27 M -annulus-15V16A-azo TEM
33 7 nm (n=5) DLS

25 M
 

 
 
 
 
 
 
 
 
 

4-27. 25 M -annulus-15V16A-azo TEM  
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4-28 UV M -annulus-15V16A-azo TEM
DLS

M  
 
4-8.  

-annulus VA -annulus-15V16A-azo
(100 

M) UV (325 nm) 15 cis (425 
nm) 15 trans UV

(25 M) (DLS) 50 nm
UV 1 m

-annulus-15V16A-azo

 
25 M

MacroModel
cis trans cis trans

HPLC
cis trans

14 Pro
 

 
 

 

4-28. UV 25 M -annulus-15V16A-azo TEM  
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5  
 

5-1.  
 

-annulus 

 
 

1
-annulus

 
 

2 ZnO

-annulus ZnO
ZnO (TEM) 10 

nm ZnO 50 nm

ZnO-binding -annulus ZnO ZnO

ZnO

ZnO

 
CdTe 

(FCS) CdTe

-annulus (CAC) FCS
CAC CdTe

30 50 nm

 

C GGGCG -annulus

(DLS) TEM

UV-vis

10 nm
 

 
3

C β-annulus I
NHVGGTGGAIMAPVAVTRQLVGGCGGGKIAALKKKNAALKQKIAALKQ ( -annulus-coiled-co
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il-B) Native Chemical Ligation
EIAALEKENAALEQEIAALEQ (coiled-coil-A)

C
D 1:1

-annulus-coiled-coil-B  50 M 12.5 M coiled-coil-A
60 nm 5 nm

TEM

 
 

4

-annulus
VA -annulus -15V16A-azo

(100
 M) UV 15 cis

15 trans UV
(25 M) DLS 50 nm UV

1 m -annulus-15
V16A-azo

cis trans
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