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1. Additional Results

Figures S1 and S3-S11 show only representative AMF images. Shown are selected AFM images of unpurified
origami-F23/8 and origami-G23/8 (Figure S1a and S1b, respectively), of the reaction mixtures of gel-purified
monomers (FG23/8 and FG11/11, Figures S3 and S4, respectively), of the reaction mixtures of 1xPEG(x12)-
purified monomers (FG23/8 and FG11/11, Figures S5 and S6, respectively), of the reaction mixtures of
2xPEG(x5)-purified monomers (FG11/11, Figure S7), of PEG-purified origami-F23/8 and origami-G23/8 (Figures
S8 and S9, respectively), and of gel-purified origami-F23/8 and origami-G23/8 (Figures S10 and S11,

respectively). Figure S2 show additional gel electrophoresis results.

AFM images of unpurified origami-F23/8:
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Figure Sla. AFM images of unpurified origami-F23/8. Images were collected after the thermal annealing
process and without further treatment. Monomers, homodimers, and homotrimers are marked by the letters
‘M’, ‘D’, and ‘T’, respectively.
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Figure S1b. AFM images of unpurified origami-G23/8. Images were collected after the thermal annealing
process and without further treatment. Monomers, homodimers, and homotrimers are marked by the letters
‘M’, ‘D’, and ‘T’, respectively.



Agarose Gel Electrophoresis:
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Figure S2. Additional agarose gel electrophoresis results. (a) Dissociation of homodimers and larger structures
into monomers was evaluated by separation on agarose gels (buffer containing 4 mM MgCl,). Shown are
origami-F and origami-G without bridging strands (Lanes 3 and 8, respectively), with 12 bridging strands (23
sticky ends) of the lengths 5, 8, and 11 nts (Lanes 4-6 and 9-11, respectively), and with 7 bridging strands (11
sticky ends) of the length 8 nt (Lanes 7 and 12, respectively). Lanes 1 and 13 were loaded with 1-kb ladder and
lane 2 with M13mp18 scaffold. (b) Agarose gel chromatogram (12 mM MgCl,) of PEG-purified origami-F with
different right-side edge designs provides evidence for improper purification of excess strands by PEG-
purification procedure. Left-side edge was designed with poly-T-loop strands. Near the bottom of the gel are
residual strands that were not removed by PEG precipitation. Shown are origami-F with edges containing edge
staples (Lane 3), poly-T-loop strands (Lane 4), no strands (scaffold loops, Lane 5), and bridging strands 11/8

and 23/8 (Lanes 6 and 7, respectively). Lanes 1 and 8 were loaded with 1-kb ladder and lane 2 with M13mp18
scaffold.



AFM images of the reaction mixture of gel-purified origami-F23/8 and origami-G23/8:

Figure S3. AFM images of the reaction mixture of origami-F23/8 and origami-G23/8 purified by gel (100 mM
NaCl). Monomers, dimers, and trimers are marked with the origami letter or letters involved in the structure.



AFM images of the reaction mixture of gel-purified origami-F11/11 and origami-G11/11:
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Figure S4. AFM images of the reaction mixture of origami-F11/11 and origami-G11/11 purified by gel (100 mM
NaCl). Monomers, dimers, and trimers are marked with the origami letter or letters involved in the structure.




AFM images of the reaction mixture of 1XPEG-purified (x12) origami-F23/8 and origami-G23/8:
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Figure S5. AFM images of the reacion mixture of origami-F23/8 and origami-G23/8 purified once by PEG

(excess poly-T loops and bridging strands; x12). Monomers, dimers, and trimers are marked with the origami
letter or letters involved in the structure.



AFM images of the reaction mixture of 1XxPEG(x12)-purified origami-F11/11 and origami-G11/11:
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Figure S6. AFM images of the reaction mixture of origami-F11/11 and origami-G11/11 purified once by PEG
(excess poly-T loops and bridging strands; x12). Monomers, dimers, and trimers are marked with the origami
letter or letters involved in the structure.



AFM images of the reaction mixture of 2xPEG(x5)-purified origami-F11/11 and origami-G11/11:
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Figure S7. AFM images of the reaction mixture of origami-F11/11 and origami-G11/11 purified twice by PEG
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(excess poly-T loops and bridging strands; x5). Monomers, dimers, and trimers are marked with the origami
letter or letters involved in the structure.



AFM images of PEG-purified origami-F23/8:
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Figure S8. AFM images of PEG-purified origami-F23/8. Origami monomers are marked with ‘F’, ‘flip’ BSE-BSE
homodimers with ‘FF1’, ‘rotate’ BSE-BSE homodimers with ‘FF2’, BSE-PTE homodimers with ‘FF3’, and the

minority PTE-PTE homodimers with ‘FF4’.
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AFM images of PEG-purified origami-G23/8:
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Figure S9. AFM images of PEG-purified origami-G23/8. Origami monomers are marked with ‘G’, ‘flip’ BSE-BSE
homodimers with ‘GG1’, ‘rotate’ BSE-BSE homodimers with ‘GG2’, and BSE-PTE homodimers with ‘GG3’.
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AFM images of gel-purified origami-F23/8:

Figure S10. AFM images of gel-purified origmi-
F23/8. Origami monomers are marked with ‘F’, ‘flip’ BSE-BSE homodimers with ‘FF1’, ‘rotate’ BSE-BSE
homodimers with ‘FF2’, BSE-PTE homodimers with ‘FF3’, and minority PTE-PTE homodimers with ‘FF4’.
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AFM images of gel-purified origami-G23/8:

Figure S11. AFM images of gel-purified origami-G23/8. Origami monomers are marked with ‘G’, “flip’ BSE-BSE
homodimers with ‘GG1’, ‘rotate’ BSE-BSE homodimers with ‘GG2’, and BSE-PTE homodimers with ‘GG3’.
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2. Heterotrimer Formation Explained by Changes in Monomer Addressability

The designs of the origami structural core and scaffold were identical for origami-F and origami-G.
This means that cross hybridization of unpurified bridging strands and poly-T-loop strands belonging
to one origami with the complimentary scaffold of the other is, in principle, possible. A proposed
reaction mechanism in which unpurified bridging strands from origami G replace native poly-T loops
of origami-F through toehold-mediated strand displacement reaction is presented in Figure S12a.
According to this mechanism, the peripheral height nucleotide segments of the native poly-T-loop
origami-F strands thermally dissociate from the native scaffold of origami-F, followed by
hybridization of invading bridging strands from origami-G with the scaffold of origami-F, a reaction
cascade that may be followed by irreversible displacement of the poly-T-loop strands of origami-F.
Attachment of a sufficient number of invading origami-G bridging strands to the poly-T-loop edge of
origami-F is therefore expected to allow interaction of the corresponding edge with another origami-
F through hybridization of the sticky ends resulting in formation of FF homodimers (Figure S12b). In
such homodimer structure, the right sides of origami-F are free to interact with origami-G through
sticky ends to form the FFG trimer (Figure S12b). Similarly, invading bridging strands from origami-F
can change the addressability of origami-G and result in the formation of FGG trimers. We consider
the reverse reaction, a replacement of bridging strands by invading poly-T-loop strands (which would
result in poly-T loops on both origami edges), significantly less likely because of the unavailability of
scaffold-made toeholds that would initiate poly-T-loop strand invasion (Figure S12a, the reverse

reaction).
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Figure S12. Formation of heterotrimers due to change in monomer addressability.

Unfortunately, at this point we cannot determine whether unpurified FF and GG homodimers of the

BSE-PTE type or the formation of FF and GG due to bridging-strand invasion were responsible for the
14



FFG and FGG trimers. Further study of this question may be possible by introduction of bridging
strands from a hypothetical origami-X to a solution of gel-purified origami-Y monomer samples and
observing the formation (or not) of BSE-PTE homodimers using AFM and by studying the formation
of these homodimers in the absence of poly-T loops (which should increase the forward reaction

shown in Figure S12a). We plan to perform these experiments in the future.

3. DNA Strand Sequences of Origami-F and Origami-G

Strand Name cs’,::i'::ll Sequence 5'—3'
Origami-F Poly-T-Loop Edge Staples @)
Edge 20 - 8T r-9t2i CAGCGAAATTTTTTTTAACTTTCAACAGTTTCTGGGATTTTGCTAAACTTTTT
Edge 38 - 10T r-9tde ACGGTCAATTTTTTTTTTGACAGCATCGGAACGAACCCTCAG
Edge 56 - 10T r-9t6e GGACGTTGTTTTTTTTTTTCATAAGGGAACCGAAAGGCGCAG
Edge 74 - 6T r-9t8e TAAATATTTTTTTTGGAAGAAAAATCTACGACCAGTCA
Edge 92 - 8T r-9t10e ATATAATGTTTTTTTTCATTGAATCCCCCTCAAATCGTCA
Edge 110 - 12T r-9tl12e GCTAAATCTTTTTTTTTTTTCTGTAGCTCAACATGTATTGCTGA
Edge 128 - 6T r-9tlde | AGAGAATCTTTTTTGGTTGTACCAAAAACAAGCATAAA
Edge 146 - 10T r-9tl6e GATTGACCTTTTTTTTTTGATGAACGGTAATCGTAGCAAACA
Edge 164 - 10T r-9t18e CACGACGTTTTTTTTTTTGTAATGGGATAGGTCAAAACGGCG
Edge 182 - 10T r-9t20e | GGGAGAGGTTTTTTTTTTTGTAAAACGACGGCCATTCCCAGT
Edge 200 - 6T r-9t22e TATCAGGGTTTTTTCGGTTTGCGTATTGGGAACGCGCG
Edge 209 - 7T r-9t24e TTTTTTTCGATGGCCCACTACGTAAACCGTC
Origami-G Poly-T-Loop Edge Staples @
Edge 10 - 9T rotof TTTTTTTTTTATAAGTATAGCCCGGCCGTCGAG
Edge 19 - 6T rot2f AGGGTTGATTTTTTATAAATCCTCATTAAATGATATTC
Edge 37 - 10T rotaf ACAAACAATTTTTTTTTTAATCAGTAGCGACAGATCGATAGC
Edge 55 - 8T rot6f AGCACCGTTTTTTTTTTAAAGGTGGCAACATAGTAGAAAA
Edge 73 - 10T rotsf TACATACATTTTTTTTTTGACGGGAGAATTAACTACAGGGAA
Edge 91 - 10T rot10f GCGCATTATTTTTTTTTTGCTTATCCGGTATTCTAAATCAGA
Edge 109 - 10T rot12f TATAGAAGTTTTTTTTTTCGACAAAAGGTAAAGTAGAGAATA
Edge 127 - 6T rot14f TAAAGTACTTTTTTCGCGAGAAAACTTTTTATCGCAAG
Edge 145 - 8T rotlef ACAAAGAATTTTTTTTATTAATTACATTTAACACATCAAG
Edge 163 - 10T rot18f AAAACAAATTTTTTTTTTTTCATCAATATAATCCTATCAGAT
Edge 181 - 12T rot20f GATGGCAATTTTTTTTTTTTAATCAATATCTGGTCACAAATATC
Edge 199 - 10T rot22f AAACCCTCTTTTTTTTTTACCAGTAATAAAAGGGATTCACCAGTCACACGTTTTT

(1) Red indicates poly-T loops

Origami-F 5-nt Sticky-End Bridging Strands @

F_to_G-1_Ex_Link_R-5nt’s rotof | TTTTTTATAAGTATAGCCCGGCCGTCGAGAGGGTTGAACAGT
F_to_G-2+3_Ex_Link_R-5nt’s rot2f | CAGATATAAATCCTCATTAAATGATATTCACAAACAA
F_to_G-4+5_Ex_Link_R-5nt’s rot4f | TCTCCAATCAGTAGCGACAGATCGATAGCAGCACCGTAGGAA
F_to_G-6+7_Ex_Link_R-5nt’s roté6f | CCGTATAAAGGTGGCAACATAGTAGAAAATACATACAGTACG
f_to_G-8+9_Ex_Link_R-5nt’s rotsf GACGGGAGAATTAACTACAGGGAAGCGCATTAACCTG

F_to_G-10+11_Ex_Link_R-5nt’s rot10f | CCATTGCTTATCCGGTATTCTAAATCAGATATAGAAGGGTAC
F_to_G-12+13_Ex_Link_R-5nt’s rot12f | CATGACGACAAAAGGTAAAGTAGAGAATATAAAGTACACTGT
F_to_G-14+15_Ex_Link_R-5nt’s rotl4f | TAGAGCGCGAGAAAACTTTTTATCGCAAGACAAAGAA
F_to_G-16+17_Ex_Link_R-5nt’s rot16f | AGACAATTAATTACATTTAACACATCAAGAAAACAAAACGAA
F_to_G-18+19_Ex_Link_R-5nt’s rot18f | TTAGGTTCATCAATATAATCCTATCAGATGATGGCAAGGTTA
F_to_G-20+21_Ex_Link_R-5nt’s rot20f AATCAATATCTGGTCACAAATATCAAACCCTCAACGA
F_to_G-22+23_Ex_Link_R-5nt’s rot22f | GTATGACCAGTAATAAAAGGGATTCACCAGTCACACGGTGCA
Origami-G 5-nt Sticky-End Bridging Strands @
G_to_F-0+1_Ex_Link_L-5nt’s r-9t2i | ATCTGAACTTTCAACAGTTTCTGGGATTTTGCTAAACACTGT
G_to_F-2+3_Ex_Link_L-5nt’s r-9tde | GGAGAGACAGCATCGGAACGAACCCTCAGCAGCGAAA
G_to_F-4+5_Ex_Link_L-5nt’s r-9tée | TACGGTCATAAGGGAACCGAAAGGCGCAGACGGTCAATTCCT
G_to_F-6+7_Ex_Link_L-5nt’s r-9t8e GGAAGAAAAATCTACGACCAGTCAGGACGTTGCGTAC
G_to_F-8+9_Ex_Link_L-5nt’s r-9t10e | AATGGCATTGAATCCCCCTCAAATCGTCATAAATATTCAGGT
G_to_F-10+11_Ex_Link_L-5nt’s r-9t12e | TCATGCTGTAGCTCAACATGTATTGCTGAATATAATGGTACC
G_to_F-12+13_Ex_Link_L-5nt’s r-9tlde | CTCTAGGTTGTACCAAAAACAAGCATAAAGCTAAATCACAGT
G_to_F-14+15_Ex_Link_L-5nt’s r-9tl6e | TGTCTGATGAACGGTAATCGTAGCAAACAAGAGAATC
G_to_F-16+17_Ex_Link_L-5nt’s r-9t18e | CCTAAGTAATGGGATAGGTCAAAACGGCGGATTGACCTTCGT
G_to_F-18+19_Ex_Link_L-5nt’s r-9t20e TGTAAAACGACGGCCATTCCCAGTCACGACGTTAACC
G_to_F-20+21_Ex_Link_L-5nt’s r-9t22e | CATACCGGTTTGCGTATTGGGAACGCGCGGGGAGAGGICGTT
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G_to_F-22_Ex_Link_L-5nt’s | r-9t24e | TTTTTCGATGGCCCACTACGTAAACCGTCTATCAGGGTGCAC

) Colors indicate sticky-end segments, and matching colors and underline indicate complimentary sequences

Origami-F 8-nt Sticky-End Bridging Strands ©

F_to_G-1_Ex_Link_R-8nt’s rotof TTTTTTATAAGTATAGCCCGGCCGTCGAGAGGGTTGATTGCTTGC
F_to_G-2+3_Ex_Link_R-8nt’s rot2f AGTGTCTGATAAATCCTCATTAAATGATATTCACAAACAA
F_to_G-4+5_Ex_Link_R-8nt’s rotaf TGCTACACAATCAGTAGCGACAGATCGATAGCAGCACCGTGAAACTTG
F_to_G-6+7_Ex_Link_R-8nt’s rot6f GAAACGTTTAAAGGTGGCAACATAGTAGAAAATACATACATCCTGCAA
F_to_G-8+9_Ex_Link_R-8nt’s rot8f GACGGGAGAATTAACTACAGGGAAGCGCATTAATTGGAAC

F_to_G-10+11_Ex_Link_R-8nt’s rot10f AGCTCACAGCTTATCCGGTATTCTAAATCAGATATAGAAGCTTGCGAT
F_to_G-12+13_Ex_Link_R-8nt’s rot12f ACCTGGTGCGACAAAAGGTAAAGTAGAGAATATAAAGTACTCACATAG
F_to_G-14+15_Ex_Link_R-8nt’s rot14f CTCTGTACCGCGAGAAAACTTTTTATCGCAAGACAAAGAA
F_to_G-16+17_Ex_Link_R-8nt’s rotlef TAGCACGAATTAATTACATTTAACACATCAAGAAAACAAAAATCTGTC
F_to_G-18+19_Ex_Link_R-8nt’s rot18f TGAATTCGTTCATCAATATAATCCTATCAGATGATGGCAATGCAGGAT
F_to_G-20+21_Ex_Link_R-8nt’s rot20f AATCAATATCTGGTCACAAATATCAAACCCTCCTAAGCGC
F_to_G-22+23_Ex_Link_R-8nt’s rot22f CGTTGTCCACCAGTAATAAAAGGGATTCACCAGTCACACGTCCGTCCT
Origami-G 8-nt Sticky-End Bridging Strands ©
G_to_F-0+1_Ex_Link_L-8nt’s r-9t2i CAGACACTAACTTTCAACAGTTTCTGGGATTTTGCTAAACGCAAGCAA
G_to_F-2+3_Ex_Link_L-8nt’s r-9tde GTGTAGCAGACAGCATCGGAACGAACCCTCAGCAGCGAAA
G_to_F-4+5_Ex_Link_L-8nt’s r-9tée AACGTTTCTCATAAGGGAACCGAAAGGCGCAGACGGTCAACAAGTTTC
G_to_F-6+7_Ex_Link_L-8nt’s r-9t8e GGAAGAAAAATCTACGACCAGTCAGGACGTTGTTGCAGGA
G_to_F-8+9_Ex_Link_L-8nt’s r-9t10e TGTGAGCTCATTGAATCCCCCTCAAATCGTCATAAATATTGTTCCAAT
G_to_F-10+11_Ex_Link_L-8nt’s r-9tl2e CACCAGGTCTGTAGCTCAACATGTATTGCTGAATATAATGATCGCAAG
G_to_F-12+13_Ex_Link_L-8nt’s r-9tl4e | GTACAGAGGGTTGTACCAAAAACAAGCATAAAGCTAAATCCTATGTGA
G_to_F-14+15_Ex_Link_L-8nt’s r-9tl6e | TCGTGCTAGATGAACGGTAATCGTAGCAAACAAGAGAATC
G_to_F-16+17_Ex_Link_L-8nt’s r-9t18e CGAATTCAGTAATGGGATAGGTCAAAACGGCGGATTGACCGACAGATT
G_to_F-18+19_Ex_Link_L-8nt’s r-9t20e TGTAAAACGACGGCCATTCCCAGTCACGACGTATCCTGCA
G_to_F-20+21_Ex_Link_L-8nt’s r-9t22e GGACAACGCGGTTTGCGTATTGGGAACGCGCGGGGAGAGGGCGCTTAG
G_to_F-22_Ex_Link_L-8nt’s r-9t24e TTTTTCGATGGCCCACTACGTAAACCGTCTATCAGGGAGGACGGA

B) Colors indicate sticky-end segments, and matching colors and underline indicate complimentary sequences

Origami-F 11-nt Sticky-End Bridging Strands @

F_to_G-1_Ex_Link_R-11nt’s rotof | TTTTTTATAAGTATAGCCCGGCCGTCGAGAGGGTTGAGTCCGTATGAA
F_to_G-2+3_Ex_Link_R-11nt’s rot2f | ATCATTCAGACATAAATCCTCATTAAATGATATTCACAAACAA
F_to_G-4+5_Ex_Link_R-11nt’s rot4f | TGTGGAGTTTCAATCAGTAGCGACAGATCGATAGCAGCACCGTCTTGATACAGG
F_to_G-6+7_Ex_Link_R-11nt’s rot6f | CCAAAAGAGTCTAAAGGTGGCAACATAGTAGAAAATACATACAAAGTGCCCTGT
F_to_G-8+9_Ex_Link_R-11nt’s rotsf GACGGGAGAATTAACTACAGGGAAGCGCATTATTCCGCTCCTA

F_to_G-10+11_Ex_Link_R-11nt’s rot10f | ACAAGCACGCTGCTTATCCGGTATTCTAAATCAGATATAGAAGGGACATTTTGC
F_to_G-12+13_Ex_Link_R-11nt’s rot12f | TACACAACGCTCGACAAAAGGTAAAGTAGAGAATATAAAGTACGCCAATCAGTC
F_to_G-14+15_Ex_Link_R-11nt’s rot14f | CTAGGGTAAACCGCGAGAAAACTTTTTATCGCAAGACAAAGAA
F_to_G-16+17_Ex_Link_R-11nt’s rot16f | CTTTGTCCTTGATTAATTACATTTAACACATCAAGAAAACAAAGAGATAAACCC
F_to_G-18+19_Ex_Link_R-11nt’s rot18f | TATAAAGCCGTTTCATCAATATAATCCTATCAGATGATGGCAATAGTAGGTAGT
F_to_G-20+21_Ex_Link_R-11nt’s rot20f AATCAATATCTGGTCACAAATATCAAACCCTCTATTATGGCGG
F_to_G-22+23_Ex_Link_R-11nt’s rot22f | TATGTAACTAGACCAGTAATAAAAGGGATTCACCAGTCACACGGATACCGCTGC
Origami-G 11-nt Sticky-End Bridging Strands @
G_to_F-0+1_Ex_Link_L-11nt’s r-9t2i | GTCTGAATGATAACTTTCAACAGTTTCTGGGATTTTGCTAAACTTCATACGGAC
G_to_F-2+3_Ex_Link_L-11nt’s r-9t4e | GAAACTCCACAGACAGCATCGGAACGAACCCTCAGCAGCGAAA
G_to_F-4+5_Ex_Link_L-11nt’s r-9tée | GACTCTTTTGGTCATAAGGGAACCGAAAGGCGCAGACGGTCAACCTGTATCAAG
G_to_F-6+7_Ex_Link_L-11nt’s r-9t8e GGAAGAAAAATCTACGACCAGTCAGGACGTTGACAGGGCACTT
G_to_F-8+9_Ex_Link_L-11nt’s r-9tl0e | AGCGTGCTTGTCATTGAATCCCCCTCAAATCGTCATAAATATTTAGGAGCGGAA

G_to_F-10+11_Ex_Link_L-11nt’s r-9tl2e | AGCGTTGTGTACTGTAGCTCAACATGTATTGCTGAATATAATGGCAAAATGTCC

G_to_F-12+13_Ex_Link_L-11nt’s r-9tl4e | GTTTACCCTAGGGTTGTACCAAAAACAAGCATAAAGCTAAATCGACTGATTGGC

G_to_F-14+15_Ex_Link_L-11nt’s r-9tl6e CAAGGACAAAGGATGAACGGTAATCGTAGCAAACAAGAGAATC

G_to_F-16+17_Ex_Link_L-11nt’s r-9t18e | ACGGCTTTATAGTAATGGGATAGGTCAAAACGGCGGATTGACCGGGTTTATCTC

G_to_F-18+19_Ex_Link_L-11nt’s r-9t20e TGTAAAACGACGGCCATTCCCAGTCACGACGTACTACCTACTA
G_to_F-20+21_Ex_Link_L-11nt’s r-9t22e | CTAGTTACATACGGTTTGCGTATTGGGAACGCGCGGGGAGAGGCCGCCATAATA
G_to_F-22_Ex_Link_L-11nt’s r-9t24e | TTTTTCGATGGCCCACTACGTAAACCGTCTATCAGGGGCAGCGGTATC

) Colors indicate sticky-end segments, and matching colors and underline indicate complimentary sequences

Table S1. Sequences of the DNA strands for origami-F and origami-G.
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