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Table S1 Nucleotide sequences of Alexa Fluor 488 (A488) modified ODN used to determine equilibrium 

disassociation constants (KD), association (kon) and dissociation (koff) rate constants for the complexes of modular 

adaptors with ODN by fluorescence polarization measurements. 

Oligo name Sequence (from 5’ to 3’)  TA = A488 modified T 

A488-ODN-ZF CGCGACGCCCACGCGCGTTATTCGCGCGTGGGCGTCGC 

A488-ODN-AZ CGCGATGCCACGTAGCGTTATTCGCTACGTGGCATCGC 

A488-ODN-AP CGTTCATGACTCATGAGTTATTCTCATGAGTCATGAAC 

 

Table S2 Equilibrium disassociation constants (KD) for the complexes of modular adaptors with ODN 

determined by fluorescence polarization measurements. 

Recognition module 
KD (nM) 

ODN-ZF ODN-AZ ODN-AP 

ZF-CLIP 8.1 ± 0.6 > 1000 > 1000 

AZ-CLIP > 1000 74 ± 3.0 n.d. 

CLIP-G > 1000 > 1000 5.1 ± 0.5 

n.d. not determined 

Table S3 Kinetic parameters for the cross-linking reaction between 5'-32P-end-labeled BC-modified ODN 

derivatives and modular adaptors containing CLIP-tag. Rate constants for the matched pairs (kapp) are in bold, 

and for the unmatched pairs (k’app)) in plane. 

Rate constant (M-1 s-1) 
kapp (M-1 s-1) 

(ODN-S) 
k'app (M-1 s-1) 

(ODN-S)  

ZF-CLIP 
(7.1 ± 0.2) × 105

(ODN-ZF-BC)  
(2.8 ± 0.2) × 103

(ODN-AZ-BC)  
(1.5 ± 0.3) × 102 

 (ODN-AP-2BC) 

AZ-CLIP 
(5.0 ± 0.7) × 105*

(ODN-AZ-BC) 
(8.1 ± 2.7) × 102

(ODN-ZF-BC)  
(5.8 ± 1.5) × 102 

(ODN-AP-2BC) 

CLIP-G 
(2.1 ± 0.1) × 106

(ODN-AP-2BC) 
(1.7 ± 0.4) × 103

(ODN-ZF-BC) 
(5.6 ± 0.4) × 103  
(ODN-AZ-BC)  

 * taken from ref. 15.   

Table S4 Equilibrium disassociation constants (KD) in the presence of 200 mM NaCl for the complexes of 

modular adaptors with oligo DNA determined by fluorescence polarization. 

Recognition module 
KD (nM) 

ODN-ZF ODN-AZ ODN-AP 

ZF-CLIP > 1000 n.d. n.d. 

AZ-CLIP n.d. > 1000 n.d. 

CLIP-G n.d. n.d. > 1000 

n.d. not determined 
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Table S5 Kinetic parameters for the cross-linking reaction between 5'-32P-end-labeled BG-modified ODN with 

modular adaptors containing SNAP-tag in the presence of 200 mM NaCl. Rate constants for the matched pair 

(kapp) are in bold, and for the unmatched pairs (k’app) in plane 

Rate constant (M-1 s-1) 
kapp (M-1 s-1) 
(ODN-S)  

k'app (M-1 s-1) 
(ODN-S)  

ZF-SNAP 
(1.3 ± 0.2) × 104

(ODN-ZF-BG) 
(6.1 ± 0.3) × 102 
(ODN-AZ-BG)  

AZ-SNAP 
(2.2 ± 0.2) × 104

(ODN-AZ-BG)
(8.5 ± 0.3) × 102 

(ODN-ZF-BG)  

Table S6 Kinetic parameters for the cross-linking reaction between 5'-32P-end-labeled BC-modified ODN 

derivatives with modular adaptors containing CLIP-tag in the presence of 200 mM NaCl. Rate constants for the 

matched pairs are in bold, and the unmatched pairs in plane. 

Rate constant (M-1 s-1) 
kapp (M-1 s-1) 

(ODN-S) 
k'app (M-1 s-1) 

(ODN-S)  

ZF-CLIP 
(3.1 ± 0.2) × 103

(ODN-ZF-BC)  
< 10

(ODN-AZ-BC)  
< 10 

 (ODN-AP-2BC) 

AZ-CLIP 
(3.1 ±0.2) × 102

(ODN-AZ-BC) 
< 10  

(ODN-ZF-BC)  
< 10 

(ODN-AP-2BC) 

CLIP-G 
(1.8 ± 0.3) × 104

(ODN-AP-2BC) 
< 10  

(ODN-ZF-BC) 
< 10  

(ODN-AZ-BC)  

 

Table S7 Nucleotide sequences of BC modified ODN-ZF derivatives. 

Oligo name Sequence (from 5’ to 3’)  TBC = BC modified T 

ODN-ZF-BC CGCGTATAACGCCCACGCGCGTTBCTTCGCGCGTGGGCGTTATACGC 

ODN-ZF(G/T)-BC CGCGTATAACGCCAACGCGCGTTBCTTCGCGCGTTGGCGTTATACGC 

ODN-ZF(G/C)-BC CGCGTATAAGGCCCACGCGCGTTBCTTCGCGCGTGGGCCTTATACGC 

ODN-ZF(GG/TC)-BC CGCGTATAAGGCCAACGCGCGTTBCTTCGCGCGTTGGCCTTATACGC 

ODN-ZF(GC/CT)-BC CGCGTATAACAGCCACGCGCGTTBCTTCGCGCGTGGCTGTTATACGC 

Table S8 Equilibrium disassociation constants (KD) in the presence of 200 mM NaCl for the complexes of ZF-

CLIP with A488-ODN-ZF derivatives determined by fluorescence polarization. 

ODN-ZF derivatives
KD (nM) KD / KD(ODN-ZF) 

ZF-CLIP 

ODN-ZF 56 ± 7.0 a 1 

ODN-ZF(G/T) (1.1 ± 0.2) × 103 b 19.6 

ODN-ZF(G/C) (6.5 ± 0.7) × 102 b 11.6 

ODN-ZF(GG/TC) > 104 b > 200 

ODN-ZF(GC/CT) > 104 b > 200 

a obtained from the direct titration in florescence polarization measurement. 

b obtained from the competitive titration in florescence polarization measurement. 
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Table S9 Kinetic parameters for the cross-linking reaction between 5'-32P-end-labeled BC-modified ODN-ZF-

BC derivatives with and modular adaptors containing CLIP-tag in the presence of 200 mM NaCl. 

ODN-ZF-BC derivatives
kapp or k’app (M-1 s-1)

kapp / k’app 
ZF-CLIP 

ODN-ZF-BC (5.1 ± 0.6) × 104   - 

ODN-ZF(G/T)-BC (1.6 ± 0.2) × 103  32 

ODN-ZF(G/C)-BC (2.3 ± 0.2) × 103  22 

ODN-ZF(GG/TC)-BC n.d.   > 1000 

ODN-ZF(GC/CT)-BC n.d.  > 1000 

 Table S10 Kinetic parameters (kcross) for the cross-linking reaction between CLIP-tag and SNAP-tag derivatives 

with ATTO488-BC and ATTO488-BG, respectively. 

kcross (M-1s-1) ATTO488-BG ATTO488-BC 

ZF-SNAP (6.0 ± 0.1) × 103 < 10 

AZ-SNAP (2.4 ± 0.1) × 104 < 10 

ZF-CLIP < 10 87 ± 7.0 

AZ-CLIP < 10 70 ± 1.7 

CLIP-G < 10 83 ± 1.5 

Table S11 Kinetic parameters (kcross) for the cross-linking reaction between CLIP-tag and SNAP-tag derivatives 

with ATTO488-BC and ATTO488-BG, respectively, in the presence of 200 mM NaCl. 

kcross (M-1s-1) ATTO488-BG ATTO488-BC 

ZF-SNAP (5.7 ± 0.8) × 103  < 10 

AZ-SNAP (1.4 ± 0.2) × 104  < 10 

ZF-CLIP < 10 21 ± 6.7 

AZ-CLIP < 10 32 ± 0.4 

CLIP-G < 10 23 ± 0.6 
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Table S12 Association (kon) and dissociation (koff) rate constants for the complexes of modular adaptors with 

ODN determined by fluorescence polarization measurements.  

Modular adaptor ODN kon (M-1s-1) koff (s-1)  KD (nM)a  

ZF-CLIP 
A488-ODN-ZF 1.3 × 106 4.3 × 10-2 31 *2 

A488-ODN-AZ n.d. (1.3 × 106 *1) n.d. (1.3 *1) 1000 *1 

a obtained from the rate constants: koff / kon = KD 

n.d. not determined  

*1 The koff value for the complex of ZF-CLIP and ODN-AZ was not determined because of the fast kinetics under our experimental 

condition (koff < 1.0 s-1).  Thus, koff for the complex between ZF-CLIP and ODN-AZ was calculated from its KD  (1000 nM) deduced 

from the titration of fluorescence polarization (Table S2) and kon (1.3 × 106 M-1s-1) because kon of the unmatched complex is similar to 

that of the matched complexS4,6-9.  

*2 KD for the complex between ZF-CLIP and ODN-ZF was consistent with the value obtained from the titration of fluorescence 

polarization (Table S2). 

 

Table S13 Nucleotide sequences of staple strands including zif268, AZP4 and GCN4 binding sites with BC 

modified TBC. The GCN4, zif268 and AZP4 binding sites on the staple strands were colored in red, blue and 

green, respectively.  

Oligo name Sequence (from 5’ to 3’) 

8g-AP-2BC TAATACTGTBCTCATGAGTCATGAGTTTTCTBCCATGACTCATGAACCAGGCAAGGCAAAGACATCCAATA 

11g-ZF-BC AACAGGTCCTTACGCCCACGCGCGTTBCTTCGCGCGTGGGCGTAAGGAACCAGACCGGAAGATTCGAGC 

24D-AZ-BC GGACAGATCTTATGCCACGTAGCGTTBCTTCGCTACGTGGCATAAGAAATTGTGTCGAAATCTGTATCAT 
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Table S14 Total numbers and yields of the DNA scaffold assembled with the modular adaptors analysed by 

AFM. 

DNA scaffold 
Modular adaptor 

derivatives 

Number of well-
formed DNA 

scaffold 

Numbers and yields of the modified 
cavities Coassembly 

yield 
AFM image 

Cavity I Cavity II Cavity III 

I-1CG/II-1ZC/III-1AC 
(5 min incubation with 200 

mM NaCl) 
AZ-CLIP 174 4 [2%]  6 [4%] 99 [58%] - Figure S13c 

I-1CG/II-1ZC/III-1AC 
(10 min incubation with 200 

mM NaCl) 
AZ-CLIP 155 6 [4%]  10 [6%] 117 [75%] - Figure S13d

I-1CG/II-1ZC/III-1AC 
(20 min incubation with 200 

mM NaCl) 
AZ-CLIP 176 7 [4%]  7 [4%] 159 [90%] - Figure S13e 

I-1CG/II-1ZC/III-1AC 
(sequential assembly with 

200mM NaCl) 

CLIP-G 142 131 [92%] 7 [5%] 8 [6%] - Figure S14c 

CLIP-G and AZ-CLIP 135 126 [93%] 12 [9%] 128 [95%] 124 [92%] Figure S14d

CLIP-G, AZ-CLIP and 
ZF-CLIP 

144 134 [93%] 132 [92%] 135 [94%] 123 [85%] Figure S14e 

I-1CG/II-1ZC/III-1AC 
(30 min incubation with 200 

mM NaCl) 

CLIP-G 165 151 [92%] 10 [6%] 14 [8%] - Figure 5b 

ZF-CLIP 197 5 [3%]  177 [90%] 9 [5%] - Figure 5c 

AZ-CLIP 153 3 [2%]  7 [5%] 143 [93%] - 
Figure 5d, 

Figure S13f 
I-1CG/II-1ZC/III-1AC 

(one-pot assembly with 200 
mM NaCl) 

CLIP-G, AZ-CLIP and 
ZF-CLIP 

144 137 [95%] 131 [91%] 139 [97%] 125 [87%] Figure 5e 

 

 

Table S15 Amino acid sequences and molecular weights of modular adaptor derivatives. 

 

  

Derivatives Amino acid sequences 
Calculated 
molecular 

weight (Da)

ZF-CLIP 

MMKTGEKRPYACPVESCDRRFSRSDELTRHIRIHTGQKPFQCRICMRNFSRSDHL
TTHIRTHTGEKPFACDICGRKFARSDERKRHTKIHTGEKEFGGSGGSMDKDCEMK
RTTLDSPLGKLELSGCEQGLHRIIFLGKGTSAADAVEVPAPAAVLGGPEPLIQAT
AWLNAYFHQPEAIEEFPVPALHHPVFQQESFTRQVLWKLLKVVKFGEVISESHLA
ALVGNPAATAAVNTALDGNPVPILIPCHRVVQGDSDVGPYLGGLAVKEWLLAHEG
HRLGKPGLGGGSGGSHHHHHH 

32462 

CLIP-G 

MDKDCEMKRTTLDSPLGKLELSGCEQGLHRIIFLGKGTSAADAVEVPAPAAVLGG
PEPLIQATAWLNAYFHQPEAIEEFPVPALHHPVFQQESFTRQVLWKLLKVVKFGE
VISESHLAALVGNPAATAAVNTALDGNPVPILIPCHRVVQGDSDVGPYLGGLAVK
EWLLAHEGHRLGKPGLGGGSGDPAALKRARNTEAARRSRARKLQRMKQLEDKVEE
LLSKNYHLENEVARLKKLVGERHHHHHH 

27108 
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Figure S1 Simulation of the time-course changes in the yield of cross-linking reaction. (a) Schematic illustration 

for the cross-linking reactions of matched and unmatched pairs. The apparent reaction rate constants for the 

matched pair and the unmatched pair are indicated by kapp [M-1s-1] and k’app [M-1s-1], respectively. (b) The 

simulation data for the time-course change in yield of cross-linking reaction. The yield of cross-linking reaction 

at the apparent reaction rates (102-106 M-1s-1) were simulated by using TenuaS1–S3 as the kinetic simulator. The 

concentrations of substrate tethered ODN and modular adaptor were set to 10 nM and 100 nM, respectively. 

By comparing the yields of cross-linking reaction for kapp and k’app, the one order of magnitude difference of 

reaction rate is not sufficient to warrant the orthogonality for these cross-linking reactions. For example, when 

kapp was set to 1 × 105 M-1s-1, the yield of cross-linking reaction reached 100% within 10 min. When k’app was 1 

× 104 M-1s-1, the undesired cross-linking reaction proceeded to 50% at 10 min. When k’app was 1 × 103 M-1s-1, 

the yield of undesired cross-linking reaction was less than 10% in the reaction time. These simulation results 

strongly indicated that the difference of more than two orders of magnitude between kapp and k’app was required 

to warrant the orthogonality for these cross-linking reactions. 
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Figure S2 Simulation of the apparent reaction rates (kapp) (M-1s-1) with various rate constants for the covalent 

bond formation (kcov) (10-6-10 s-1). As the simulation condition, the association rate constant (kon) was set to 1 × 

106 M-1s-1 for both matched and unmatched pair and the dissociation rate constant (koff) was set to 0.01 s-1 for 

matched pair and 1 s-1 to unmatched pair, respectively. These parameters are comparable to the reported kon and 

koff valuesS4 and our determined value from the fluorescence polarization analysis (Figure S11 and Table S12). 

The apparent reaction rates of matched (kapp) and unmatched (k’app) pairs changed with varying the kcov value. 

In the case of kcov = 1 s-1 (Line 1), kapp is 1 × 106 M-1s-1 and k’app is around 1 × 106 M-1s-1, thus the cross-linking 

reactions of matched and unmatched pairs proceed within the same time scale. In the case of kcov = 1 × 10-5 s-1 

(Line 3), kapp is 1 × 103 M-1s-1 and k’app is around 10 M-1s-1, giving two orders of magnitude difference, but 

required long incubation time to complete the reaction (Figure S1). In the case of kcov = 4 × 10-3 s-1 (Line 2), kapp 

is 3 × 105 M-1s-1 and k’app is around 4 × 103 M-1s-1, showing almost two orders of magnitude difference with 

maintaining enough reactivity for the matched pair. These simulation results strongly indicate that the tuning 

the rate constant of covalent bond formation is an effective way to realize the sequence selectivity between 

matched and unmatched pairs. 
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Figure S3 Molecular models for the complexes of (a) ZF-CLIP and ODN-ZF-BC and (b) CLIP-G and ODN-

AP-2BC based on the crystal structures of the complexes between zif268 and ODN (PDB ID: 1ZAA), SNAP-

tag (PDB ID: 3KZY), GCN4 and DNA containing AP1 sequence (PDB ID: 1DGC) and SNAP-tag (PDB ID : 

3KZY). The model structure of CLIP-tag was obtained based on the structure of SNAP-tag.S5 (b) A scheme 

illustrates the design of CLIP-G and ODN-AP-2BC. Two BCs were appended in the major groove of ODN-AP 

with 10 base-pairs inter-distance, which allows access of the introduced BCs to CLIP-tags of modular adaptor 

CLIP-G. The molecular models were constructed by using Discovery Studio (version 3.1, Accelrys Inc.). 
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Figure S4 (a) A scheme illustrates fluorescence polarization analyses for the binding of modular adaptor to 

fluorophore modified ODN. Titration of (b) ZF-CLIP, (c) AZ-CLIP and (d) CLIP-G with the fluorophore 

modified ODNs. Reaction was conducted in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 

12.5 mM MgCl2, 1 mM DTT, 1 μM ZnCl2, 0.02% Tween20, 200 nM BSA, 100 nM calf thymus DNA and 0.1 

nM fluorophore modified ODN (Table S1) with increasing concentrations of modular adaptor (0.5 nM to 1024 

nM) at ambient temperature. Estimated equilibrium dissociation constants are listed in Table S2. 
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Figure S5 Autoradiogram show denaturing gel electrophoretic analyses of the cross-linking reactions of 5'-32P-

end-labeled ODN-ZF-BC, ODN-AZ-BC, and ODN-AP-2BC with (a) 10 nM ZF-CLIP and (b, c) 100 nM ZF-

CLIP, respectively, (left). Open arrows and filled arrows denote free ODN and ZF-CLIP bound ODN, 

respectively. Time-course plots for the crosslinking reaction of ODN-ZF-BC, ODN-AZ-BC, and ODN-AP-2BC 

with ZF-CLIP to obtain the rate constants (kapp) (right). The determined rate constants are listed in Table S3. 

Reaction was conducted in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 

1 mM DTT, 1 μM ZnCl2, 0.02% Tween20, 200 nM BSA, 100 nM calf thymus DNA and at ambient temperature. 
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Figure S6 (a) A scheme illustrates fluorescence polarization analyses for the binding of modular adaptor to 

fluorophore modified ODN. Titration of (b) ZF-CLIP, (c) AZ-CLIP and (d) CLIP-G with the fluorophore 

modified ODNs in the presence of 200 mM NaCl. Reaction was conducted in a buffer (pH 8.0) containing 40 

mM Tris-HCl, 20 mM acetic acid, 200 mM NaCl, 12.5 mM MgCl2, 1 mM DTT, 1 μM ZnCl2, 0.02% Tween20, 

200 nM BSA, 100 nM calf thymus DNA and 0.1 nM fluorophore modified ODN with increasing concentrations 

of modular adaptor (0.5 nM to 1024 nM) at ambient temperature. Estimated equilibrium dissociation constants 

are listed in Table S4. 
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Figure S7 Autoradiogram show denaturing gel electrophoretic analyses of the cross-linking reactions of 5'-32P-

end-labeled ODN-ZF-BC, ODN-AZ-BC and ODN-AP-2BC with ZF-CLIP (100 nM) (left). Open arrows and 

filled arrows denote free ODN and ZF-CLIP bound ODN, respectively. Time-course plots for the crosslinking 

reaction of ODN-ZF-BC, ODN-AZ-BC, and ODN-AP-2BC with ZF-CLIP to obtain the rate constants (kapp) 

(right). The determined rate constants are listed in Table S5 and S6. Reaction was conducted in a buffer (pH 

8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 mM DTT, 1 μM ZnCl2, 0.02% Tween20, 

200 nM BSA, 100 nM calf thymus DNA and 200 mM NaCl at ambient temperature. 

  



s15 
 

 

Figure S8 Fluorescence polarization analyses for the binding of ZF-CLIP to fluorophore modified ODN. (a-b) 

Titration of ZF-CLIP with the fluorophore modified ODN-ZF (A488-ODN-ZF) (5 nM) in the presence of 200 mM 

NaCl. (c-d) Competitive titration of ODN-ZF derivatives (ODN-ZF(G/T)-BC, ODN-ZF(G/C)-BC, ODN-ZF(GG/TC)-

BC and ODN-ZF(GC/CT)-BC) (0 to 10 μM) toward the complex of ZF-CLIP (5 nM) and A488-ODN-ZF (40 nM). 

Reaction was conducted in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 100 

μM 2-mercaptoethanol, 1 μM ZnCl2, 200 nM BSA, 0.002% Tween20 and 200 mM NaCl at 25 C.  

The fractional saturation  for competition reaction can be represented as eq S3.s10,11 

 = KD + C×KD/KC + P + D – [(KD + C×KD/KC + P + D)2 - 4×D×P]1/2}/2D     (S3) 

P, D, and C represent the total concentrations of ZF-CLIP, A488-ODN-ZF and competitor ODN (ODN-ZF 

derivatives), respectively. KD represents dissociation constant of ZF-CLIP and A488-ODN-ZF complex determined 

from Figure S8 (b) (56 nM), and KC represents dissociation constant of the protein-competitor ODN complex, which 

were listed in Table S8. 
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Figure S9 (a-e) Autoradiogram show denaturing gel electrophoretic analyses of the cross-linking reactions of 

5'-32P-end-labeled (a) ODN-ZF-BC, (b) ODN-ZF(G/T)-BC, (c) ODN-ZF(G/C)-BC, (d) ODN-ZF(GG/TC)-BC 

and (e) ODN-ZF(GC/CT)-BC with 100 nM ZF-CLIP. Open arrows and filled arrows denote free ODN and ZF-

CLIP bound ODN, respectively. (f) Time-course plots for the crosslinking reaction of ODN-ZF-BC (black filled 

circle), ODN-ZF(G/T)-BC (blue filled square), ODN-ZF(G/C)-BC (red filled square), ODN-ZF(GG/TC)-BC 

(blue filled triangle) and ODN-ZF(GC/CT)-BC (red filled triangle) with ZF-CLIP to obtain the rate constants 

(kapp), which were listed in Table S9. Reaction was conducted in a buffer (pH 8.0) containing 40 mM Tris-HCl, 

20 mM acetic acid, 12.5 mM MgCl2, 100 μM 2-mercaptoethanol, 1 μM ZnCl2, 0.02% Tween20, 200 nM BSA, 

100 nM calf thymus DNA and 200 mM NaCl at ambient temperature. 
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Figure S10 (a) Chemical structures of ATTO488 modified BG (ATTO488-BG) and ATTO488 modified BC 

(ATTO488-BC) (b) A scheme illustrates covalent bond formation between CLIP-tag (or SNAP-tag) derivatives 

with fluorophore modified substrates (ATTO488-BG or ATTO488-BC). (c) Time course changes of 

fluorescence polarization (mP) during the covalent bond formation between CLIP derivatives (2 µM) and 

ATTO488-BC (10 nM). Reaction was conducted in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic 

acid, 12.5 mM MgCl2, 1 mM DTT, 1 μM ZnCl2, 200 nM BSA and 100 nM calf thymus DNA at ambient 

temperature. The estimated values are shown in Table S10 and S11. 
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Figure S11 Fluorescence polarization analyses for the binding of ZF-CLIP to fluorophore modified ODN-ZF.  

Reaction was conducted in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 1 

mM DTT, 1 μM ZnCl2, 100 nM calf thymus DNA and 0.02% Tween20 at 25 C. Green arrow indicates the addition 

of 2 nM modular adaptor to the a solution containing 0.1 nM Alexa488 modified ODN-ZF (Table S1), and red arrow 

indicates the addition of 2 µM unlabelled ODN-ZF as the competitor for alexa488 modified ODN. The complex 

formation process was analysed with addition of various concentrations of modular adaptor (20 nM ~ 100 nM) to 1 

nM alexa488 modified ODN. The kinetic parameter kobs (s-1) was obtained by fitting to a reaction model assuming 

the first-order kinetics (eq S1), and then kon (M-1s-1) and koff (s-1) was determined by following eq S2. The dissociation 

process was also monitored by addition of an excess amount of unlabeled ODN (2 µM) to the reaction mixture. The 

estimated values are shown in Table S12. 

𝑃 ൌ ሺ𝑃୫ୟ୶ െ 𝑃଴ሻሺ1 െ eି௞౥ౘ౩୲ሻ ൅ 𝑃଴ (S1) 

P, Pmax and P0 represent the fluorescence polarization at the certain time, the maximum fluorescence polarization, 

and the fluorescence polarization in the absence of MA, respectively. 

kobs = kon × [MA] + koff   (S2) 
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Figure S12 An illustration of DNA scaffold used in this study. 3-well DNA scaffold contains three single 

binding sites at cavity I, II, and III for CLIP-G, ZF-CLIP and AZ-CLIP, respectively.  
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Figure S13 Reaction of AZ-CLIP to the matched binding site (cavity III) and the unmatched binding site 

(cavity I and cavity II) on 3-well DNA scaffold (I-1CG/II-1ZC/III-1AC). (a) An illustration for the assembly 

reaction of AZ-CLIP on DNA scaffold I-1CG/II-1ZC/III-1AC. (b-f) 5 nM DNA scaffold (I-1CG/II-1ZC/III-

1AC) was incubated with 250 nM AZ-CLIP. An aliquot of the reaction mixture was purified by size-exclusion 

chromatography after (b) 0 min, (c) 5 min, (d) 10 min, (e) 20 min and (f) 30 min incubation, then analysed by 

AFM. The reaction was carried out in a buffer (pH 8.0) containing 40 mM Tris-HCl, 20 mM acetic acid, 12.5 

mM MgCl2, 1 mM DTT, 1 μM ZnCl2, 0.02% Tween20, and 200 mM NaCl. (g) The assembly yield of AZ-CLIP 

at each cavity was estimated by counting the number of cavities occupied by AZ-CLIP. The estimated kapp for 

the reaction of AZ-CLIP at matched binding site on DNA origami scaffold was 1.2 × 104 M-1s-1.   

 



s21 
 

 

Figure S14 (a) An illustration for sequential assembly of three types of modular adaptors on the DNA 

scaffold (I-1CG/II-1ZC/III-1AC). (b−e) AFM images of the DNA scaffold reacted with the modular 

adaptors. The DNA scaffold (5 nM) was incubated (c) with CLIP-G (250 nM) for 20 min at ambient 

temperature (1st step), then (d) with the AZ-CLIP (250 nM) for additional 20 min (2nd step), and finally (e) with 

ZF-CLIP (250 nM) for further 5 min (3rd step). The reactions were carried out in a buffer (pH 8.0) containing 

40 mM Tris-HCl, 20 mM acetic acid, 12.5 mM MgCl2, 200 mM NaCl, 1 mM DTT, 1 μM ZnCl2, and 0.02% 

Tween20. At each step, an aliquot of the reaction mixture was purified by size-exclusion chromatography, then 

analysed by AFM. Modification yield for each cavity and the coassembly yields after 2nd and 3rd steps were 

estimated by counting the number of cavities occupied by the modular adaptors.  
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Figure S15 SDS-PAGE analyses of purified modular adaptors. (a) ZF-CLIP, (b) CLIP-G. Amino acid 

sequences and molecular weights of these proteins are shown in Table S15. 
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