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1- Abbreviations:

• CuAAC: copper-catalyzed azide-alkyne cycloaddition
• DMF: dimethylformamide
• DMT-MM: 4-(4, 6-dimethoxy-1, 3, 5-triazin-2-yl)-4-methylmorpholinium chloride
• DSS: disuccinimidyl suberate
• HPLC: high-performance liquid chromatography
• MOPS: N-[3-morpholinopropane]sulfonic acid
• MQ: Milli-Q water
• nt: nucleotide
• NT: non-templated
• T: templated
• PAGE: polyacrylamide gel electrophoresis
• PBS: phosphate-buffered saline
• PEG: polyethylene glycol
• TAE: tris-acetate-EDTA
• TAPS: [tris(hydroxymethyl)methylamino]propanesulfonic acid
• TBE: tris-borate-EDTA
• TCEP: tris(2-carboxyethyl)phosphine hydrochloride
• TEAA: triethylammonium acetate
• THPTA: tris(3-hydroxypropyltriazolylmethyl)amine
• rcf: relative centrifugal force
• rpm: rotations per minute

2- Materials:
Unless noted otherwise, all reagents and solvents were purchased from commercial sources and
used as received.

2.1 Homobifunctional molecules
• PEG-N was supplied by Deepak Asthana as part of a collaboration with the

laboratory of Professor Richard E. P. Winpenny, School of Chemistry,
University of Manchester.

• PEG-5000, phthaldialdehyde, and biphenyl-4,4ʹ-dicarboxylic acid:
purchased from Sigma Aldrich.

• DSS: purchased from Thermo Scientific.
• Sulfo-cyanine5 bis-NHS ester: purchased from Lumiprobe
• N,N'-bis[2(iodoacetamido)ethyl]-N,N'-dimethylrhodamine dihydroiodide:

purchased from Santa Cruz Biotechnology.

2.2 Other reagents
• DMT-MM: purchased from Fluka.
• All other chemicals were purchased from Sigma Aldrich.

2.3 DNA oligonucleotides and origami scaffold
• Oligos were purchased either from Integrated DNA Technologies (IDT) or

Biomers, as specified in section (6).
• Scaffold p8064: purchased from tilibit nanosystems.
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3- General Methods:

3.1 Conjugation of DNA adapters

In each reaction the concentration of each DNA adapter was 10 µM. In templated reactions, the
template concentration was 10 µM. The annotation “n×” indicates the molar excess of the
molecule over adapters (n:1:1). In all cases, molar equivalents specified are relative to the
concentration of one DNA adapter, i.e. 10 µM.

CuAAC - PEG-N (Figures 1 and 2- main text):
PEG-N was dissolved in DMF.
For the templated reaction (T): DNA adapters were annealed (using the short annealing
program, SI §3.2) to DNA template in TBE buffer pH 8 with 11mM MgCl2. PEG-N was mixed
with the annealed DNA adapters in the stated molar ratios “n×” (2× - 256×) in the presence of
10% DMF.
For the non-templated reaction (NT): PEG-N was mixed with the DNA adapters in the stated
molar ratios “n×” (2x-256x) in TBE pH 8 with 11mM MgCl2 in the presence of 10% DMF.
To both reactions were added sodium ascorbate (600×), THPTA ligand (420×) and CuSO4
(60×). The reaction was degassed and left covered overnight on a shaker at room temperature.

CuAAC - PEG-5000 (Figure 3 A- main text):
PEG-5000 was dissolved in DMF. DNA adapters were annealed (using the short annealing
program, SI §3.2) to DNA template in TBE buffer pH 8 with 11mM MgCl2. 20 molar
equivalents of PEG-5000 was mixed with the annealed DNA adapters in the presence of 10%
DMF. To the reaction was added sodium ascorbate (600×), THPTA ligand (420×) and CuSO4
(60×). The reaction was degassed and left covered on a shaker at room temperature overnight.

Reductive amination - phthaldialdehyde (Figure 3 B- main text):
Phthaldialdehyde was dissolved in DMF. Amine-labeled DNA adapters were annealed (using
the short annealing program, SI §3.2) to DNA template in TAPS buffer 100 mM pH 8.5 with
1M NaCl. To the annealed DNA adapters was added phthaldialdehyde (40×) then NaBH3CN
to a final concentration of 80 mM. The reaction was carried out in a covered Eppendorf
thermomixer at 25oC overnight, 300 rpm.

Amine acylation - Sulfo-Cyanine5 bis-NHS ester (Figure 3 C- main text):
Sulfo-cyanine5 bis-NHS ester was dissolved in MQ water. Amine-labeled DNA adapters were
annealed (using the short annealing program, SI §3.2) to DNA template in 100 mM PBS pH
8.75. Sulfo-cyanine5 bis-NHS ester (2×) was added to the annealed DNA. The reaction was
carried out in a covered Eppendorf thermomixer at 25oC for 2 h, 300 rpm.

Amine acylation - DSS (Figure 4 D- main text):
DSS was dissolved in DMF. Amine-labeled DNA adapters were annealed (using the short
annealing program, SI §3.2) to DNA template in 100 mM PBS buffer pH 8. DSS (30×) was
added to the annealed DNA in the presence of 15% DMF. The reaction was carried out for 30
min at room temperature.

Amine acylation- biphenyl-4,4ʹ-dicarboxylic acid (Figure 3 E- main text):
Biphenyl-4,4ʹ-dicarboxylic acid was dissolved in DMF. Amine-labeled DNA adapters were
annealed (using the short annealing program, SI §3.2) to DNA template in aqueous MOPS
buffer 100mM pH 7.0 with 1M NaCl, 15% DMF. Biphenyl-4,4′-dicarboxylic acid (40×) was
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added to the annealed DNA adapters. DMT-MM was added to the reaction mixture to a final
concentration of 50mM. The reaction was carried out for 15 h at 25oC.

Alkylation - N,N'-bis[2 (iodoacetamido)ethyl]-N,N'-dimethylrhodamine dihydroiodide (Figure
3 F-main text):
Rhodamine was dissolved inDMF. Thiol-labeledDNA adapters were annealed (using the short
annealing program, SI §3.2) to DNA template in 50mM PBS buffer pH 8 with 11mM MgCl2
and containing 15%DMF. 40mM TCEP was added to a final concentration of 20 nM and left
covered at room temperature for 1 h to reduce the templated thiol adapters. N,N'-bis[2
(iodoacetamido)ethyl]-N,N'-dimethylrhodamine dihydroiodide (50×) was added. in equal
steps, each with half the final rhodamine volume. Between the two steps the reaction was left
covered at room temperature for 30 min. The reaction was then carried out in the dark at 4oC
overnight.

In cases of Cy5 and rhodamine conjugation, Biorad Micro Bio Spin column Bio-Gel® P-6 in
Tris buffer was used to remove the unreacted molecule (unbound dye) following the
manufacturer’s instructions before HPLC purification. Other reactions were subjected directly
to HPLC purification.

3.3 Reaction product purification:

3.2 Short annealing program:
• Start: 96°C
• End 15°C
• -1°C/ 3 sec
• Hold: 15°C

HPLC (Agilent 1200):
• Buffer A: 5%MeCN, 0.1 M TEAA
• Buffer B: 70%MeCN, 0.1 M TEAA
• Column: Waters XBridge® Oligonucleotide BEH C18 column, 130 Å, 2.5 µm

4.6×50 mm
• Temperature: 60°C

Time / min %B Flow
0.0 0.0 1 mL/min
1.0 0.0 1 mL/min
20.0 100.0 1 mL/min
23.0 100.0 1 mL/min
23.10 0.0 1 mL/min

3.4 Denaturing PAGE gel:
• 20% PAGE (29:1acrylamide:bis-acrylamide) containing 25% formamide, 30%

W/V urea in TBE.
• gels were pre-run for 30 min, 300 V.
• samples were heated to 95°C for 10 min then placed on ice before loading.
• 300 V, 50 min after sample loading.
• loading buffer: 80% formamide, 10% tris glycine, 10% urea.
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3.5 Native PAGE gel:
• 10% PAGE (19:1acrylamide:bis-acrylamide) in TAE.
• 300 V, 15 min.

3.6 Gel scanning and analysis:
• All gels were scanned in each fluorophore fluorescence channel, then stained

with SYBR® gold and scanned in the SYBR® gold channel.
• All gels were scanned using a Typhoon FLA 9500 gel scanner.
• Gel images were analysed using ImageJ.

3.7 Hetero-DNA-Cy5 hybrid integration into 3D origami structure (Figure 5 main text):

The long stem of the T-shaped origami comprises two layers of DNA helices with a gap
between four helices (Figure 5 main text, Supporting Figure S13). The two DNA adapters of
the hetero-DNA-Cy5 hybrid allow the Cy5 molecule to bridge the gap by hybridizing to the
scaffold strand on either side of the gap (Figure 5 main text, Supporting Figure S13). The
purified hetero-DNA-Cy5 hybrid was added either with the staple strands during the assembly
or by annealing to the assembled origami structure. Samples were analysed on a 2% agarose
gel. The coincidence of Cy5 fluorescence and the SYBR® gold-stained origami band confirms
the integration of the Cy5 molecule into the assembled origami structure in both cases (Figure
5 main text lanes 3 and 5).

3.7.1 DNA origami Folding & hetero-DNA-Cy5 hybrid incorporation during assembly:
To fold the DNA origami template structure, 20 nM of p8064 scaffold was mixed with 200 nM
of each unmodified staple oligonucleotide in 10 mMTris, 1 mM EDTA (pH 8), 16 mMMgCl2.
The folding solution was heated to 65 °C for 15 min to denature all DNA strands and then
slowly cooled to 15 °C over a period of 18 h using the origami assembling program.

- Origami assembling program:
• Start: 65°C for 15 min
• 65°C - 59°C > -1°C/ 5 min
• 59°C - 35°C > -1°C/ 35 min
• 35°C - 30°C > -1°C/ 10 min
• 30°C - 15°C > -1°C/ 5 min
• Hold: 15°C

3.7.2 Origami purification:
Free staples were removed by three rounds of PEG precipitation1. For each round an equal
volume of 12.5 mM MgCl2, 0.5 M NaCl, 15% PEG (w/v) and TAE was added and the samples
were spun at 20,000 rcf for 30 minutes at 20°C.

3.7.3 Agarose gel:
After folding the DNA origami template structures, they were checked via gel electrophoresis.

- 2% agarose
• 11 mMMgCl2.
• TAE 40 mM (Tris, 40 mM acetic acid, 1 mM EDTA, pH 8)
• 60V for 2 h on ice.
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3.7.4 Integration of Cy5 during the origami assembly:
Supporting Figure S13 D, lane 3: the hetero-DNA-Cy5 hybrid was added to the folding solution
to a concentration of 40 nM before folding using the aforementioned origami assembling
program.

3.7.5 Integration of Cy5 after origami assembly:
Supporting Figure S13 D, lane 5: the hetero-DNA-Cy5 hybrid was mixed with the PEG-purified
origami (15 nM) (sample in lane 4, Figure 5 main text) in a 2:1 molar ratio of hetero-DNA-Cy5
hybrid to DNA origami using the origami post-assembly program.

- Origami post-assembly program
• Start: 40°C
• -1°C/ 15 min
• Hold: 15°C

3.8 Hetero-DNA-Cy5 hybrid programmable assembly (Figure 5 - main text):

3.8.1 Step 1- first template:
HPLC-purified hetero-DNA-Cy5 hybrid (at a final concentration of 125 nM) was mixed with
the 3’-modified Cy3 oligo (1.5×) and the first template (2×)) in TBE buffer pH 8 with 16 mM
MgCl2 and annealed (using the short annealing program) in a total volume of 150 µl.

3.8.2 Step 2- second template:
After 10 min, to the mixture (step 1) we added the 2nd template (2.5× excess) (Supporting Figure
S14, A-2).

3.8.3 Step 3- first template complement:
After 10 min, to the mixture (step 2) we added the complement to the 1st template (3× excess)
(Supporting Figure S14, A-3).

3.8.4 Step 4- third template:
After 10min, to the mixture (step 3)we added the complement to the 1st template (3.5× excess)
(Supporting Figure S14, A-3).

After each step, the reaction was analysed using an Agilent Cary Eclipse Fluorescence
Spectrometer (Supporting Figure S14, middle) using excitation – emission bands centred at the
following wavelengths:
Cy5: 650-670
Cy3: 550-570
FRET: 550-670
Then 4 µl were collected for analysis on 10% native PAGE gel (Supporting Figure S14,
bottom).

3.8.5 Following the same protocol, we tested two controls:
Using a non-fluorescently labeled oligo with the same sequence as the 3’ Cy3-modified
oligo (Supporting Figure S14, B):

Upon the addition of each of the templates, bands with the same electrophoretic mobilities as
in (Supporting Figure S14, A) were obtained. However, none of the assemblies showed any
FRET signal, as expected.
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Using a 3’Cy3-modified oligo with a random sequence (Supporting Figure S14, C):
No interaction between the Cy3 oligo and other reaction components was observed by either
gel analysis or FRET, as expected
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4- Calculation of yield:
Yields were estimated from the integrated Cy5 and Cy3 fluorescence intensities of the
corresponding gel bands and are expressed relative to the concentration of DNA adapters of
each type. The integrated intensity for a given fluorophore in each band was normalized to the
total integrated intensity for that fluorophore in the entire lane (Cy3 and Cy5 fluorophore-
labeled oligos were present in equal quantities in each reaction). This normalization procedure
assumes that the quantum yield of a given fluorophore in all products is approximately the
same. For the heterofunctionalized products the yields deduced from normalized intensities in
Cy3 or the Cy5 channels were approximately equal, consistent with this assumption. Yields
quoted in the main text are averages of these two measures.

For the templated reactions:

Stoichiometry
(n:1:1)

Normalized Hetero-PEG-N
Cy3 channel

Normalized Hetero-PEG-N
Cy5 channel

Average

2
4
8
16
32
64
128
256

For the non-templated reactions:

Stoichiometry
(n:1:1)

Normalized Hetero-PEG-N
Cy3 channel

Normalized Hetero-PEG-N
Cy5 channel

Average

2
4
8
16
32
64
128
256
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5- Supporting Figures:

5.1 PEG-N reaction yields with different PEG-N concentrations:
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5.2 Single Color-Channel images:

5.2.1 Templated and Non-templated CuAAC - Figure 2 main text:

5.2.2 Reaction yields as functions of PEG-N concentration - Figure 2 main text:
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5.2.3 Templated heterofunctionalization reactions of a wide range of target molecules -
Figure 3 main text:
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5.2.4 Hybridization reactions demonstrating programmed control of a hetero-DNA-Cy5
hybrid by means of the two oligonucleotide adapters - Figure 5 main text:
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5.3 HPLC chromatograms of all tested reactions and molecules:

5.3.1 PEG-N “Figure 1- main text”

5.3.2 PEG-5000 “Figure 3 A- main text”
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5.3.3 Phthaldialdehyde “Figure 3 B- main text”

5.3.4 Sulfo-Cyanine5 bis-NHS ester “Figure 3 C- main text”:
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5.3.5 DSS “Figure 3 D- main text”:

5.3.6 Biphenyl-4,4ʹ-dicarboxylic acid “Figure 3 E- main text”:
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5.3.7 N,N'-bis[2(iodoacetamido)ethyl]-N,N'-dimethylrhodamine dihydroiodide “Figure
3 F-main text”:
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5.5 Programmable assembly of hetero-Cy5 – Controls:
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6- Oligo Sequences:

- “Figure 1 and 2 - main text”: Oligos were purchased from IDT

1- /5Cy5/ATCGGATGGATTATTTACATTAAAAGGGACATTCTG/3AzideN/
2- /5AzideN/CAACAGAGATAGAAC/3Cy3Sp/
3- TCCTGTTCTATCTCTGTTGCCCAGAATGTCCCTTTTAATGTAAATAATCCAT

CCGATTCCT

- “Figure 3 A - main text”: Oligos were purchased from IDT

1- /5Cy5/ATCGGATGGATTATTTACATTAAAAGGGACATTCTG/3AzideN/
2- /5AzideN/CAACAGAGATAGAAC/3Cy3Sp/
3- TCCTGTTCTATCTCTGTTGCCAGAATGTCCCTTTTAATGTAAATAATCCATC

CGATTCCT

- “Figure 3 B - main text”: Oligos were purchased from IDT

1- /5Cy5/CACCGCTGGTAGCGGTGAGTATTTGGTATCTGCGCTCTGC/3AmMO/
2- /5AmMC6/GAAGCCAGATCCGGCAAACAAAC/3Cy3Sp/
3- TCTGTTTGTTTGCCGGATCTGGCTTCCGCAGAGCGCAGATACCAAATACTC

ACCGCTACCAGCGGTGT

- “Figure 3 C - main text”: Oligos were purchased from Biomers

1- CTCACCGGAAAGAACGGATAACTTTTT/3AmMC3/
2- /5AmMC3/TTTTTTTTTTCCTGATTATCAG
3- TACACTCTGATAATCAGGAAAAAAAAAACCAAAAAGTTATCCGTTCTTTC

CGGTGAG

- “Figure 3 D - main text”: Oligos were purchased from IDT

1- /5Cy5/CACCGCTGGTAGCGGTGAGTATTTGGTATCTGCGCTCTGC/3AmMO/
2- /5AmMC6/GAAGCCAGATCCGGCAAACAAAC/3Cy3Sp/
3- TCTGTTTGTTTGCCGGATCTGGCTTCCCGCAGAGCGCAGATACCAAATACT

CACCGCTACCAGCGGTGT

- “Figure 3 E - main text”: Oligos were purchased from IDT

1- /5Cy5/AACCATCGCCTTTAATTGTATCGG/3AmMO/
2- /5AmMC6/ATGGATTATTTACATT/3Cy3Sp/
3- TCCTAATGTAAATAATCCATGACCGATACAATTAAAGGCGATGGTTTCCT

- “Figure 3 F - main text”: Oligos were purchased from IDT

1- /5Cy5/CACCGCTGGTAGCGGTGAGTATTTGGTATCTGCGCTCTGC/3ThioMC6/
2- /5ThioMC6/GAAGCCAGATCCGGCAAACAAAC/3Cy3Sp/
3- TCTGTTTGTTTGCCGGATCTGGCTTCCCGCAGAGCGCAGATACCAAATACT

CACCGCTACCAGCGGTGT
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- Hetero-DNA-Cy5 hybrid programmable assembly (Figure 6- main text): Templates
were purchased from Biomers, other oligos from IDT

- Figure 4- main text, and Supporting Figure S5& S6 A:

b) 1st template:
TACAACTTATCAAAAAGAGTATTGACTTAAAGTCTACAAAAAGTTATCCGT
TCTTTCCGGTGAG

c) 2nd template: CTGATAATCAGGAAAAAAAAAACCGGGTTGGACTCAA
d) 1st template complement:

CTCACCGGAAAGAACGGATAACTTTTTGTAGACTTTAAGTCAATACTCTTT
TTGATAAGTTGT

e) Hetero-DNA-Cy5 Hybrid complement:
TACACTCTGATAATCAGGAAAAAAAAAACCAAAAAGTTATCCGTTCTTTC
CGGTGAG

f) 3’ Cy3-modified oligo:
TTGAGTCCAACCCGG/3Cy3Sp/

o SI 5.5.1 Supporting Figure S6 B (1st control):

g) TTGAGTCCAACCCGG

o SI 5.5.2 Supporting Figure S6 C (2nd control):

h) CAACAGAGATAGAAC/3Cy3Sp/

- Origami staples: were purchased from IDT
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