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Section 1: Materials

Enzymes: Glucose-6-phosphate dehydrogenase (G6pDH, Leuconostoc mesenteroides), malic
dehydrogenase (MDH, porcine heart), lactate dehydrogenase (LDH, rabbit muscle), oxaloacetate
decarboxylase (OAD, Pseudomonas sp.), lactate oxidase (LOX, Pediococcus sp.) and
horseradish peroxidase (HRP) were purchased from Sigma (St. Louis, MO).

DNA strands: Single-stranded oligonucleotides, Cy3-, Cy5- and BHQ-2-labeled
oligonucleotides, and 5’-amino- and 5’-thiol (C6 S-S)-modified oligonucleotides were purchased
from IDT DNA (Integrated DNA Technologies, INC.). Dye-labeled oligonucleotides were
HPLC-purified by the manufacturer.

Crosslinking reagents: N-Succinimidyl 3-(2-pyridyldithio)-propionate (SPDP) was ordered
from Pierce. Disuccinimidyl suberate (DSS), N,N-Diisopropylethylamine (DIPEA), and
Dimethyl sulfoxide (DMSO) were purchased from Sigma.

NAD": B-Nicotinamide-N6-(2-aminoethyl) adenine dinucleotide (GAE-NAD" or AE-NAD") was
ordered from BIOLOG (Bremen, Germany). Unmodified NAD" was ordered from Sigma.

Substrates and activity assay reagents: Glucose-6-phosphate (G6p), sodium pyruvate,
oxaloacetic acid (OAA), resazurin (RESA), and phenazine methosulfate (PMS) were purchased
from Sigma. Amplex® Red for assaying peroxidase activity was purchased from Life

Technologies.

Buffers: Phosphate buffered saline (PBS), HEPES sodium salt, Tris buffered saline (TBS), Tris

base, acetic acid, EDTA, and magnesium acetate were also purchased from Sigma.

Dye-labeling reagents for proteins: AlexaFluor®555 and AlexaFluor®647 amine reactive dyes

were ordered from Life Technologies.
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Section 2: Design, assembly, and characterization of DNA nanostructures

1. DNA nanostructure design: The detailed sequence designs of the DNA double-crossover
(DX) nanostructures are shown in Figures S1-S7. The computer programs of Tiamat, Cadnano
and NanoEngineer (version 1.1.1, Nanorex INC.) were used to facilitate the structure design. To
improve the assembly efficiency of protein onto the DNA tiles, two identical capture probes
were displayed on the DNA scaffolds with a sequence complementary to the DNA strands

conjugated to proteins.

2. Denaturing PAGE purification of oligonucleotides: Oligonucleotides purchased from IDT
(Integrated DNA Technologies, INC.) were purified using denaturing polyacrylamide gel
electrophoresis (PAGE). Denaturing (6-8 %) PAGE gels (8.3 M urea) were prepared at room
temperature. The crude DNA strands were loaded in the wells and run for 1 to 1.5 hours at 35 °C
at a constant current of 90 mA and subsequently stained with ethidium bromide (EB). The bands
corresponding to the correct strand length were cut from the gel, chopped into small pieces, and
incubated for 1 hour in elution buffer (500 mM ammonium acetate, 10 mM magnesium acetate,
2 mM sodium ethylenediaminetetraacetic acid, pH 8.0). The DNA strands were extracted from
the gel pieces by centrifugation using a Costar Spin X filtration device (Corning, cellulose
acetate membrane with 0.22 um size). The filtrate was subjected to butanol extraction to remove
the EB stain, then the DNA was ethanol precipitated, washed by ethanol and vacuum dried. The
DNA strands were dissolved in nanopure water and the concentrations of the individual purified
strands were measured by UV absorbance at 260 nm using the extinction coefficient provided by

the manufacturer.

3. DNA nanostructure assembly: The DNA strands constituting each DNA structure were
mixed in 1xTAE/Mg”" buffer (40 mM Tris, 20 mM acetic acid, 2 mM EDTA and 12.5 mM
magnesium acetate, pH 8.0) to reach a final concentration of 1 pM per strand, except for the
NAD"-conjugated DNA strands, which were added to the mixture at a final concentration of 1.5
uM (with 50% excess to ensure efficient incorporation of the NAD -labeled strand in the DX
tile). All samples were annealed using an Eppendorf Mastercycler using the annealing protocol
shown in Table S1, with the temperature decreasing from 90 °C to 72 °C over 10 min (a relatively
steep gradient to avoid thermal damage to NAD"), decreasing from 68 °C to 24 °C over 60 min,

and finally holding at 15 °C. The formation of the DNA structures was characterized by native
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PAGE. Excess NAD -conjugated DNA strands were removed by size-exclusion chromatography

as described in Section 5.

4. Native PAGE characterization of DNA structures: 3% Native PAGE gels were prepared at

room temperature and run for 2.5 to 3.5 hours at a constant voltage of 200V and subsequently

stained with SYBR® Green.

5. Quantifying the concentration of the purified DX tiles and the yield of protein-DNA tile
assembly: The concentrations of the purified DX tiles were measured using OD,¢p based on the
extinction coefficients of the DX tile estimated by summing the extinction coefficients of all the
DNA strands involved (dsDNA value). The measured concentrations of the DX tiles were within

5% of the theoretical concentration, as shown in Table S2.

Table S2 also shows the estimated extinction coefficients for the different protein-DNA tile
assemblies. The theoretical extinction coefficients of ssDNA and dsDNA were obtained from the
web site IDT Biophysics-DNA Thermodynamics & Hybridization
(http://biophysics.idtdna.com/UV Spectrum.html)
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Temperature Time
90 °C 1 min
88 °C 1 min
86 °C 1 min
84 °C 1 min
82 °C 1 min
80 °C 1 min
78 °C 1 min
76 °C 2 min
72 °C 2 min
68 °C S min
64 °C S min
60 °C S min
56 °C 5 min
52 °C 5 min
48 °C 5 min
44 °C 5 min
40 °C 5 min
36 °C S min
32°C S min
28 °C S min
24 °C 5 min
15°C hold

Table S1. Thermal annealing program for assembling all DNA nanostructures. Note: Fast
process from 90°C — 72°C is performed to avoid thermal damage of NAD+.
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assembled G6pDH and MDH

Theoretical Prepared | Measured | Calculated | Error
Structures €260 (M cm™) | Conc.(nM) Asso conc. (nM) | (%)
7-nm MDH-NAD" 3735503 200 0.778 208 +4.1
semi-swinging arm
14-nm MDH-NAD" 3735503 200 0.773 207 +3.5
semi-swinging arm
21-nm MDH-NAD"* 3735503 200 0.783 210 +4.8
semi-swinging arm
DNA tile 3187221.6 1000 3.15 988 -1.2
Structure Theoretical €260 (M cm™)
NAD" -DNA tile structure in Figure S1 without 3187221.6
assembled protein
MDH-NAD" semi arm structure in Figure S2 3735503.2
with assembled MDH
MDH-DNA tile (structure similar to Figure S2 3554526.8
without NAD arm) + free NAD*
G6pDH-NAD" semi-swinging arm structure in 3785354.2
Figure S1 with assembled G6pDH
G6pDH-DNA tile (structure similar to Figure S2 3604377.8
but without NAD arm) + free NAD"
G6pDH-NAD*-MDH full swinging arm in Figure 3799466.2
S3 with assembled G6pDH and MDH
G6pDH-MDH assembly (structure similar to 3618489.8
Figure S3 but without NAD arm) + free NAD"
G6pDH-NAD*,-MDH; in Figure S5 with 4398701
assembled G6pDH and MDH
G6pDH-NAD,-MDHy, in Figure S7 with 5695362

Table S2. Theoretical vs. measured concentrations and extinction coefficients of all structures
used in enzyme studies. The theoretical extinction coefficients were obtained by summing the
extinction coefficients of all the DNA strands involved (dsDNA value) and protein/NAD"
components. Go6pDH: €,¢0 ~ 61594 M'lcm'l; MDH: €540 ~ 14112 M'lcm'l; 6AE-NAD": €60 ~

21000 M'em™ (provided by Biolog).
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TTTTTTTITTITTITTTITTITTTT- NAD (21-nm)

TTTGGAGGGAGGG (G6pDH anchor, CP-1)
TITTTTTTTTTTTTTTITTTT- NAD (7-nm)
TITTTTTTTTTTTTTITTTT- NAD (14-nm)

'I_:I'TGGCGCGCGTTGACC GCGGGCA CTCCGGCGCCGCG [CCGCGGCC GTGCCCTCGCAGA |ACGGACGT GGGACCCGACCCG |[TTGGTGCATTT
CCGCGCGCAACTGG| CGCCCGT GAGGCCGCGGCGC [GGCGCCGG CACGGGAGCGTCT |TGCCTGCA CCCTGGGCTGGGC |AACCACGT

GAGAACCCGAGCAG GCGACGA TGGCGCGCACCGG TCTCTTTC TACGGCCCTGGCC CGCCGGCA GCAGCGGCCCGCT CGGCGGTC
TTTCTCTTGGGCTCGTC CGCTGCT  ACCGCGCGTGGCC AGAGAAAG ATGCCGGGACCGG GCGGCCGT CGTCGCCGGGCGA GCCGCCAGTTT

(1-dD oyoue HOd9D) HDVYIDOYDDLLL

NAD-7 nm NAD-14 nm  NAD-21 nm
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Figure S1. DNA sequence design for characterizing the distance-dependent activity of the
G6pDH-NAD" semi-swinging arm. (A) The structure incorporates two identical capture probes
(CP) with the sequence CP-1 (5’-TTTGGAGGGAGGG), which are extended from 3’-ends of
the respective stands and 7 bps from the nearest crossover on the helics. The theoretical angle
between the anchor point of the CP-1 probes and the surface of the DNA scaffolds is ~
240°(34.5°x7 ), facing to the top of the surface of the DNA scaffolds. The pair of CPs are
expected to cooperatively recruit one G6pDH that is labeled with two DNA molecules with the
sequence P-1 (5’-TTTTTCCCTCCCTCC). For each experiment, only one of the three positions,
21, 42 or 63 bp away from the protein anchor position, is extended with the NAD -modified
poly(T)20, which acts as the swinging arm at a distance of 7 nm, 14 nm or 21 nm from the anchor
site of the enzyme. The CP-1 and poly(T),o strands are all designed to project from the same side
of the DX tile. (B) Computer modeling (Tiamat) of DNA nanostructures: two capture probes

(CP-1) and NAD" arms are all facing to the same side of the structure.

S9

© 2014 Macmillan Publishers Limited. All rights reserved.



TITTTTITTITITTITITTITTT- NAD (21-nm)
TITITTTTTITITT TTT- NAD (14-nm)

TITITTTITTITITT TTT- NAD (7-nm)

TTTCCAGCCAGCC (MDH anchor, CP-2)

TITGGCGCGCGTTGACC GCGGGCA CTCCGGCGCCGCG [CCGLGGCC GTGCCCTCGCAGA

ACGGACGT GGGACCCGACCCG

TTIGGTGCA TTATGCC ~CATACTGACATAGATTT

CCGCGCGCAACTGG CGCCCGT GAGGCCGCGGCGC |GGCGCCGG CACGGGAGCGTCT ITGCCTGCA CCCTGGGCTGGGE | AACCACGT AATACGG  GTATGACTGTATCT
GAGAACCCGAGCAG GCGACGA TGGCGCGCACCGG TCTCTTTC TACGGCCCTGGCC CGCCGGCA GCAGCGGCCCGCT CGGCGGTC TCTAAGGA | GGTAAATGGAATC
TTITCTCTTGGGCTCGIC CGCTGCT  ACCGCGCGTGGCC AGAGAAAG ATGCCGGGACCGG GCGGCCGT CGTCGCCGGGCGA GCCGCCAG AGATTCCT | CCATTTACCTTAGTTT,

NAD 21 nm NAD 14 nm

NAD 7 nm
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Figure S2. DNA sequence design for characterizing the distance-dependent activity of an
MDH-NAD" semi-swinging arm structure. (A) The structure incorporates two identical
capture probes with the sequence CP-2 (5’-TTTCCAGCCAGCC), which are extended from 3’-
ends of the respective stands and 7 bps from the nearest crossover on the helics. The theoretical
angle between the anchor point of the CP-2 probes and the surface of the DNA scaffolds is ~
240°(34.5°x7 ), facing to the top of the surface of the DNA scaffolds. The two CP-2 probes are
expected to cooperatively recruit one MDH that is labeled with two DNA molecules with the
sequence P-2 (5’-TTTTTGGCTGGCTGQG). For each experiment, only one of the three positions,
21, 42 or 63 bp away from the MDH anchor position, is extended with the NAD -modified
poly(T)a0, which acts as the swinging arm at a distance of 7 nm, 14 nm or 21 nm away from the
anchor site of the enzyme. The CP-2 and poly(T),o strands are all designed to project from the
same side of the DX tile. (B) Computer modeling (Tiamat) of DNA nanostructures: two capture
probes (CP-2) and NAD" arms are all facing to the same side of the structure.
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TTTTTTTTTTTTTITTTTITTT- NAD (7-nm)

TTTGGAGGGAGGG (G6pDH anchor, CP-1)
TTTCCAGCCAGCC (MDH anchor, CP-2)

TTTGGCGCGCGTTGACC| GCGGGCA CTCCGGCGCCGLG [CCGCGGEC GTGCCCTCGCAGA| ACGGACGT GGGACCCGACCCG  TTGGTGCATTT
CCGCGCGCAACTGG) CGCCCGT GAGGCCGCGGCGC |GGCGCCGG CACGGGAGCGTCT| TGCCTGCA CCCTGGGCTGGGC AACCACGT

GAGAACCCGAGCAG GCGACGA TGGCGCGCACCGG TCTCTTTC TACGGCCCTGGCC CGCCGGCA GCAGCGGCCCGCT CGGCGGTC
TTTCTCTTGGGCTCGTC CGCTGCT ACCGCGCGTGGCC AGAGAAAG ATGCCGGGACCGG GCGGCCGT CGTCGCCGGGCGA GCCGCCAGTTT

1

(1-dD oyoue HOdYD) DOOVODOVODLLL
(Z-d9D “Joysue HQW) D09DYODDVIOLL

NAD 7 nm
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Figure S3. DNA sequence design for the GopDH-NAD'-MDH swinging arm structure. (A)
The structure incorporates one pair of each of the capture probes CP-1 (TTTGGAGGGAGGG)
and CP-2 (TTTCCACCAGCC), which serve as anchors for G6pDH and MDH, respectively.
The NAD -modified poly(T)y swinging arm is located in the middle and designed to be
anchored 7 nm away from the anchoring points of either enzyme. All the probes and poly(T)zo
strand are designed to project from the same face of the tile. (B) Computer modeling (Tiamat) of
DNA nanostructures: capture probes (CP-1 and CP-2) and NAD" arms are all facing to the same

side of the structure.
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TTTTTTTTTTTTTITTITTITTT- NAD (Top)
TTTTTTTTTTITTITTTTITTTT- NAD (Left)

TTTGGAGGGAGGG (G6pDH anchaor, CP-1)

TTTGGCGCGCGTTGACC|GCGGGCA CTCCGGCGCCGCEG |[CCGICGGCC GTGCCCTCGCAGA ACGGACGT GGGACCCGACCCG TTGGTGCATTT
CCGCGCGCAACTGG| CGCCCGT GAGGCCGCGGCGC [GGC|GCCGGE CACGGGAGCGTCT TGCCTGCA CCCTGGGCTGGGC AACCACGT

GAGAACCCGAGCAG GCGACGA TGGCGCGCACCGG TCT|CTTTC TACGGCCCTGGCC CGCCGGCA GCAGCGGCCCGCT CGGCGGTC
TTTCTCTTGGGCTCGTC CGCTGCT ACCGCGCGTGGCC GAAAG ATGCCGGGACCGG GCGGCCGT CGTCGCCGGGCGA GCCGCCAGTTT

>
[
b

(wonog) QYN -LLLLLILLLLILLIILELalL
(b)) QYN -LLLL LA i li1nll

(k=d2 “Joyoue HAd9D) HOOYODOYDDLLL

NAD -Top

NAD -Left

NAD -Right

NAD -Bottom

S14

© 2014 Macmillan Publishers Limited. All rights reserved.



Figure S4. DNA sequence design for Orientation dependent enzyme-NAD" arm activity for
complexes. (A) The structure incorporates one pair of the capture probes CP-1
(TTTGGAGGGAGGG), which serve as anchors for G6pDH and MDH, respectively. The
NAD"-modified poly(T),o swinging arms are located at four different positions: NAD-Top, 21
bps (~ 7 nm) from CP-1 probes on the same helix, and 8 bps from the nearest crossover position.
The theoretical angle between the anchor point of the NAD-Top probe and the surface of the
DNA scaffolds is ~ 270°(34.5°x8 ), facing to the top side of the DNA scaffolds. NAD-Left, 24
bps (~ 8 nm) from CP-1 probes on the same helix, and 5 bps from the nearest crossover position.
The theoretical angle between the anchor point of the NAD-Top probe and the surface of the
DNA scaffolds is ~ 172°(34.5°x5 ), facing to the left side of the DNA scaffolds. NAD-Right, 24
bps (~ 8 nm) from CP-1 probes on the same helix, and 5 bps from the nearest crossover position.
The theoretical angle between the anchor point of the NAD-Right probe and the surface of the
DNA scaffolds is ~ -172°(-34.5°x5 ), facing to the right side of the DNA scaffolds. NAD-
Bottom, 21 bps (~ 7 nm) from CP-1 probes on the same helix, and 8 bps from the nearest
crossover position. The theoretical angle between the anchor point of the NAD-Bottom probe
and the surface of the DNA scaffolds is ~ -240°(-34.5°x7 ), facing to the bottom side of the DNA
scaffolds. (B) Computer modeling (Tiamat) of DNA nanostructures.
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TTCCAGCCAGCE (MDH anchaor)
TTTTTTTTTITTITTITTITTITTT- NAD (7-nm)
TTTGGAGGGAGGG (G6pDH anchor)

TTTTITTTTITTTITTITTITTIT- NAD (7-nm)
TTTCCAGCCAGCC (MDH anchor)

TTTGGCGCGCGTTGACC| GCGGGCA CTCCGGCGCCGOG [CCGCGGCC GTGCCCTCGCAGA| ACGGACGT GGGACCCGACCCG |TTGGTGCA TTATGCC -CﬂTACTGACATAGATTT
CCGCGCGCAACTGG| CGCCCGT GAGGCCGCGGCGC |GGCGCCGG CACGGGAGCGTCT| TGCCTGCA CCCTGGGCTGGGE |AACCACGT AATACGG GTATGACTGTATCT

| [ |

GAGAACCCGAGCAG GCGACGA TGGCGCGCACCGG TCTCTTTC TACGGCCCTGGCC CGCCGGCA GCAGCGGCCCGCT CGGCGGTC TCTAAGGA | GGTAAATGGAATC
TTTCTCTTGGGCTCGTC CGCTGCT ACCGCGCGTGGCC AGAGAAAG ATGCCGGGACCGG GCGGCCGT CGTCGCCGGGCGA GCCGCCAG AGATTCCT | CCATTTACCTTAGTTT,

(1oyoue HOW) DODVIDOVIODLLL
(Jououe HOdED) 9DDVDDOVIDLLL
(Joyaue HaW) JDOVIIDVIDLLL

Figure S5. The DNA sequence design for the G6pDH-NAD',-MDH, swinging arm
structure. The structure incorporates one pair of CP-1 strands to anchor G6pDH, two pairs of
CP2 probes to anchor MDH, and two NAD'-modified poly(T) swinging arms located in
between the G6pDH and MDH anchor sites. The anchoring points of the swinging arms are
designed to be 7 nm from the nearest molecules of G6pDH and MDH. All the probes and

poly(T),p strand are designed to project from the same face of the tile.
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Figure S6. DNA sequence design for the GopDH-NAD", swinging arm structure based on
the 4x4 tile design. The structure incorporates two CP-1 strands that anchor G6pDH near the
center of the tile, and four NAD" modified poly(T)y located on the four arms of the tile (North,
East, South, and West) are the swinging arms. All the probes and poly(T), strands are designed
to project from the same face of the 4x4 tile, with approximately 7-8 nm between the swinging
arms and the enzyme at the center of the tile. (B) Computer modeling (Tiamat) of DNA

nanostructures.
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T ———————
(MDH anchor) CCGACCGACCTTT TTTCCAGCCAGCE (MOH acher)

TCCACTGC | CTTAGTTCGGCAT

1990%vLD  LIODLIDL JVIOLIIVLLODD

TTTTTTTTTTITTITTTTT- NAD (North)

=

DOYLD0LYIIV L1D1DIDDDILDDOY

y

TITTTTTITITTITTTTITTT - NAD (West)
CTTGCC AGGC GGTTGCGCTCTAAA TCGTCTT

TTTCCAGCCAGCC (MDH anchar)
TTTCCAGCCAGCC (MDH acher)

LL199Y999Y009
(soyzue HOdaD)

GAACGG TCCG  CCAACGCGAGATTT AGCAGAA AGGTGACS | GAATCAAGCCGTATTTT

DOLYODVLODL  VINIDIODVIDOL| ¥IDOLIVD  WYIOWYIY OLvIVOVIVYIOOLLLL

GCAA GGCTAGT CCGCGATAGGGTC GGGCGATC CTTCTACT | CAGCGGTAACTGGTTTT
CGTT CCGATC GGOGCTATCCCAG CCCGCTAG GAAGATGA| GTCGCCATTGACC

TITTCTTAGCCCATTTG GCGACCCT  CGCAATGA [TTCCTACTCATCA TGGAGACCTCA
GAATCGGGTAMMC CGCTGGGA SCGTTACTRAGGATGAGTAGT ACCTCTGGAGT 4((\

AAACGTTTGGATA |GAAGAGAT CATACTATCGTCTGACTCGGG CGATCC TAGC )))} 4((‘ TGAG GCAACCA TGCTTGTGAGCTA| TCGGTCCC AGGGACAC ATGCTAGACATGT
TTTTTTTGCAMMCCTAT [CTTCTCTA GTATGATAGCAGACTGAGCCC  GCTAGG ATCG ACTC CGTTGGT ACGAACACTCGAT| AGCCAGGG TCCCTGTG  TACGATCTGTACATTTT
3 2 E 3
a 2a E a
e W 0
= =
@ ] 5 @
Is] ] 3
3 s 5
g 8 E a
H =
5 : 5
o . o
g a E:
g 3 :
k4
u

{South) NAD - TTTTTTTTTITITTITITITT

(MDH anchor) CCGACCGACCTTT TTTCCAGCCAGCC (MDH achar)
-——————————

VLVOWODODOLL OVOIVLLD J9901v11 |AGTGTAGAACGGT VIOWILOVVOL
TAGCTACGGCACG [ACTGAGAA CTCACCTG GTGCAACCGAAGG CATGCCGTCT
TTTTATCGATGCCGTGC |[TGACTCTT GAGTGGAC CACGTTGGCTTCC GTACGGCAGA

LLLUWLIDLDD999Y  DLOVIVYD  D000WLVY | LOVOVLOLLS0DY  LODLIVILLIY

Figure S7. The DNA sequence design for the GopDH-NAD'; -MDH, swinging arm
structure based on the 4x4 tile design. The structure incorporates two CP-1 strands to assemble
a single molecule of G6pDH near the center of the tile, four pairs of CP-2 strands to anchor
MDH near the end of each of the four arms, and one NAD -modified poly(T)yoin the middle of
each arm, ~5-8 nm away from each enzyme. All the probes are designed to project from the same
face of the 4x4 tile.
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Section 3: Preparation, purification, and characterization of protein-DNA conjugates
1. Protein-DNA conjugation

A. Pretreatment of proteins before conjugation to DNA: G6pDH (dimeric, ~ 100 kDa) ordered
from Sigma (/) was washed with 10 mM sodium HEPES buffer (pH 7.4) using an Amicon-30
kD cutoff filter to get rid of small-molecular weight impurities. The crude MDH received from
Sigma was found to form large protein aggregates. To reduce these aggregates, MDH was first
washed with 10 mM sodium HEPES buffer (pH 7.4) using an Amicon-100 kD cutoff filter to
remove impurities larger than 100 kD. Then the filtrate was concentrated with an Amicon-30 kD
cutoff filter to collect the dimeric MDH (~ 70 kD) (2). The concentration of the enzymes was
measured using UV absorbance at 280 nm and their respective extinction coefficients provided

by the company (115200 M'cm™ for G6pDH and 19600 M'cm™ for MDH).

B. DNA-protein conjugation reactions: The method used to link the enzyme to single-stranded
oligonucleotides is similar to that described in a previous study (3). As shown in Figure S8A,
SPDP was used to crosslink G6pDH to a 5’ thiol-modified oligo (P-1: 5’-HS-TTT TTC CCT
CCC TCC), and MDH (dimeric, ~ 70 kD) with another 5’ thiol-modified oligo (P-2: 5’-HS-TTT
TTG GCT GGC TGG). The conjugation reaction occurs in two steps, followed by multiple

purification steps:

a. First, 1000 pL of 40 uM enzyme solution was reacted with SPDP in 10 mM sodium
HEPES (pH 8-8.5) for one hour, allowing amine-reactive N-hydroxysuccinimide (NHS)
esters to react with the lysine residues on the protein surface. For G6pDH-SPDP
conjugation, a 2-fold excess of SPDP was used, while for MDH-SPDP conjugation a 3.5-
fold excess of SPDP was used. The optimal fold excess of SPDP was chosen by titrating
varied ratios of SPDP to protein with the aim to label ~ 1-2 SPDP per protein on average.
The SPDP label number determines the maximum number of DNA oligos that can be
linked to the protein.

b. Excess SPDP was removed by washing with 10 mM HEPES buffer using Amicon-30 kD
cutoff filters. The SPDP coupling efficiency was evaluated by monitoring the increase in

absorbance at 343 nm due to the release of pyridine-2-thione (extinction coefficient: 8080
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M em™). Quantification of MDH-SPDP and G6pDH-SPDP modification via absorbance
spectra is shown in Figure S8B and C).

c. Next, the SPDP-modified protein was conjugated to a thiol-modified oligo ((P-1 for
G6pDH and P-2 for MDH, 8-fold excess) through a disulfide bond exchange of the
activated pyridyldithiol group. The reaction mixture was incubated in 10 mM sodium
HEPES with 150 mM NaCl (pH 8-8.5) for one hour. The probability of SPDP reacting
with cysteine on the protein surface is very low due to the very few available reduced
cysteine on the protein surfaces, much more slow reaction diffusion of larger proteins as
compared to smaller, and linear DNA molecules and over excess of DNA molecules over
proteins in the solution.

d. The excess oligo was removed by the filtration using Amicon-30 kD cutoff filters and
washing one time with 100 mM HEPES (pH 7.4) containing 1 M NaCl, and three times
with 1xXPBS (pH 7.4). The high salt concentration in the first washing buffer helps to
remove nonspecifically bound DNA from the surface of the protein due to electrostatic
interactions. MDH-oligo conjugates were washed one extra time with 10 mM HEPES
containing 150 mM NaCl and 0.05% (v/v) P-20 detergent to remove additional
nonspecifically bound DNA.

2. FPLC purification of DNA-protein conjugates: Due to the presence of multiple lysine
residues on the surface of both proteins, the reaction product is a mixture of protein-DNA
conjugates with different numbers of DNA oligos per protein (and even for the conjugates with
the same DNA labeling ratio, the labeling sites on the protein may also vary). To isolate a
homogeneous population of enzymes modified with the same number of oligonucleotides, the
DNA-conjugated proteins obtained in the above procedures were then purified by anion-
exchange chromatography using AKTA fast-protein liquid chromatography (FPLC, GE
Healthcare). For a typical purification, ~ 500 pL 50 uM G6pDH-P1 solution with an average
labeling ratio of ~ 1.5 DNA molecules per protein was loaded into FPLC with an anion exchange
column (MonoQ 4.6/100 PE, GE Healthcare) using an elution gradient (Figure S9) from 20% 50
mM sodium phosphate, 1 M NaCl to 55% 50 mM sodium phosphate, 1 M NaCl, with a flow rate
of 1.5 mL/min. Multiple peaks from the purification chromatogram were collected and were
identified respectively to be the unmodified protein, proteins with 1, 2, 3 and 4 DNA labels, and

free DNA molecules which are determined by the UV-absorbance measurement (Figure S10 and
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Table S3). The collected fractions were concentrated using Amicon-30 kD cutoff filters. After
use, the FPLC system was cleaned by flowing with 30 mL pure water, and stored in 20%

ethanol-water solution.
3. Characterization of the activity of DNA—protein conjugates:

A. Method for concentration measurements: The concentration of the DNA-conjugated protein
in fractions collected during FPLC purification was quantified by absorbance at 260 and 280 nm

(Table S3).

B. Activity assay: Activity of the purified DNA-labeled dehydrogenases was measured as
dependent function of the number of DNA labels, as shown in Figure S11. Enzyme activities are
evaluated by the rate of reduction of NAD" to NADH (for G6pDH) or oxidation of NADH to
NAD" (for MDH) with absorbance change at 340 nm. The assay was performed with 1 mM
glucose-6 phosphate or pyruvate (for MDH), 1 mM NAD" or NADH(for MDH) in pH 8 HEPES
buffer. G6pDH labeled with two DNA molecules maintained ~ 40% activity of the wild type,
while labeling with 3 or 4 DNA molecules diminished activity further. In contrast, MDH is less
sensitive to DNA labeling: MDH labeled with two DNA molecules maintained ~80% activity of
the wild type.

4. Characterization of the assembly efficiency of DNA-protein conjugates on DNA
nanostructures: The DNA-conjugated proteins with different DNA labeling ratios were tested
for their efficiency of assembly on the DNA tiles, as shown in Figure S12. Both G6pDH and
MDH labeled with two DNA molecules gave the highest proportion of the predominant product,
presumably representing one protein per DX tile, with >80% yield.

5. Alexa dye labeling of DNA-conjugated proteins: The DNA-conjugated proteins were
further labeled with spectrally distinct fluorescent dye molecules, which allow us to use native
gel electrophoresis to unambiguously confirm the correct assembly of both proteins on the DNA
tiles (Figure 1B in the main text). For a typical reaction, ~100 pL of 20 uM DNA-conjugated
protein was incubated with a 10-fold molar excess of AlexaFluor 555 or AlexaFluor 647 in 1x
PBS buffer for one hour in the dark (the AlexaFluor dyes are activated with an NHS ester, and

react with lysine residues on the protein surface). 10 uL of 1 M sodium bicarbonate was added
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into the solution to adjust the pH between 8-8.5. After incubation, the extra unreacted dye
molecules were removed by washing the protein solution with 1x PBS buffer three times using
an Amicon-30 kD cutoff filter, spun at 4,000 rpm (rcf would be more universal than rpm) for 10
minutes at 4°C. The UV-Vis absorbance spectra of the purified dye-labeled proteins are shown in
Figure S13, and were used to quantify the concentration and labeling ratio of the dye-labeled
proteins together with the extinction coefficients of the dye (150,000 M cm™ for Alexa555 at
546 nm; 250,000 M cm™’ for Alexa647 at 647 nm ) and the protein-DNA conjugates

(quantification is similar to that shown in Table S3).
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Figure S8. Protein-DNA conjugation using a SPDP cross-linker. (A) A schematic illustration
of the conjugation chemistry. First, SPDP is coupled to the primary amine groups of the lysine
residues at the protein surface; then, it is further reacted with thiol-modified DNA to couple the
DNA to the protein. The reaction side product 2-thiopyridine has an absorbance at 343 nm with
an extinction coefficient 8080 M™ c¢m™ which can be used to quantify the number of SPDP
labeled per protein(4). (B) Quantification of MDH-SPDP modification by absorbance spectrum.
AA343 upon SPDP conjugation and T-CEP treatment is ~ 0.72, corresponding to ~ 90 uM SPDP

coupled to 70 uM MDH (e=19600 M ecm™ at 280 nm for MDH) (C)

Quantification of G6pDH-

SPDP modification by absorbance spectrum. AA343 upon SPDP conjugation is ~ 1.07,
corresponding to ~ 130 pM SPDP coupled with 90 uM G6pDH (e=115200 M cm™ at 280 nm
for GopDH). The SPDP labeling ratio was determined by adding 1 pL of 20 mM T-CEP (pH 7.4)
to 20 uL SPDP-labeled protein in 10 mM sodium HEPES buffer (pH 7.4). T-CEP cleaves the
disulfide bond and releases pyridine 2-thione with strong absorbance at 343 nm. T-CEP cleavage
causes a slight absorbance increase at 280 nm, so it is necessary to record the protein

concentration before performing the cleavage.
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Figure S10. Anion-exchange FPLC to purify DNA conjugated proteins. (A) Go6pDH-DNA
conjugates, and (B) MDH-DNA conjugates. The proteins with different DNA label ratios
were separated into distinct peaks that were collected in fractions. Condition: buffer A, 50 mM
sodium phosphate (pH7.5); buffer B, 50 mM sodium phosphate, 1 M NaCl (pH 7.5). The
identities of the distinct peaks were assigned using the A260 and A280 data (Table S3).
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DNA | A260/A280 | &0 €0 Protein | A260/A280 | €200 €200 FPLC | posora280|  A260 A280 DNA-to- - |Protein Conc.
MTem™) | (M em™) M em™) | (M em™) Fractions Protein Ratio (uMm)

P-1 1.27 115200 90709 G6pDH 0.52 61594 118450 D1-D5 0.86 1.28 1.49 1.08 6.88

P-1 1.27 115200 90709 G6pDH 0.52 61594 118450 Do-E2 0.96 6.651 6.90 1.89 23.80

P-1 1.27 115200 90709 | G6pDH 0.52 61594 | 118450 E3-E7 1.03 8.557 8.30 2.80 22.29

P-1 1.27 115200 90709 | G6pDH 0.52 61594 | 118450 | EBEM 1.08 6.855 6.34 3.88 13.47

P-2 1.60 130100 81313 MDH 0.72 14112 19600 D2-D6 1.42 173 122 0.92 12.87

P-2 1.60 130100 81313 MDH 0.72 14112 19600 D7-D10 1.50 2.05 137 1.81 8.23

P-2 1.60 130100 81313 MDH 0.72 14112 19600 E1-E4 1.53 6.16 4,014 2.97 15.39

Table S3. Quantification of the concentration and DNA labeling ratio of the purified G6pDH-
DNA (P-1) and MDH-DNA (P-2) conjugates by measuring the absorbance at 260 and 280 nm,
and using the following equations:

A0 (DNA — protein) = &549 (protein) * Conc. (protein) + £,49 (DNA) * Conc. (DNA)

Ay50(DNA — protein) = e,40(protein) * Conc. (protein) + €550 (DNA) * Conc. (DNA)

DNA )_ Conc. (DNA)

Ratio ( -
protein

~ Conc. (protein)
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Figure S11. Dependence of the activity of the DNA-conjugated dehydrogenases on the
DNA:protein labeling ratio. (A-B) GopDH-DNA conjugates with DNA:protein labeling ratios
of 0, 1, 2, 3 and 4, collected from FPLC in Figure S10A. Assay conditions: 2 nM G6pDH-DNA
conjugate with 1 mM G6p and 1 mM NAD' in 100 mM HEPES (pH 8). Enzyme activity is
measured by the initial velocity of OD increase in absorbance at 340 nm due to the reduction of
NAD' to NADH. (C-D) MDH-DNA conjugates with DNA:protein labeling ratios of 0, 1, 2 and
3, collected from FPLC in Figure S10B. Assay conditions: 20 nM MDH-DNA conjugate with 1
mM oxaloacetic acid and 1 mM NADH in 100 mM HEPES (pH 8). Enzyme activity is measured
by the initial velocity of OD decrease in absorbance at 340 nm due to the oxidation of NADH to
NAD". The details of the assay are in supplemental section 7.
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Figure S12. Native gel assay of the DNA labeling ratio on the assembly efficiency of the
DNA-conjugated proteins on the DNA tile. (A) GopDH-DNA conjugates and (B) MDH-DNA
conjugates. DNA-conjugated proteins were purified using FPLC as shown in Figure S10. A
twofold molar excess of protein-DNA conjugates was used for the assembly. The gels were
stained with SYBR®Green to reveal the mobility of the assembled DNA structures. DX tile

structures were similar as shown in Figure S1 and S2.

Discussion: For both G6pDH and MDH, the FPLC fractions labeled with two DNA molecules
per protein gave the highest proportion of the predominant product, presumably representing one
protein per DX tile, with >80% yield. Proteins labeled with one DNA molecule resulted in lower
assembly yield and formation of a secondary product with lower mobility in the gel, which is
likely to consist of two proteins bound to adjacent probes on the same DNA tile. Proteins labeled
with three or four DNA molecules also resulted in aggregated, lower-mobility structures,

possibly due to one protein molecule bridging two or more DNA tiles.
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Figure S13. Quantification of fluorescent dye-labeled enzyme-DNA conjugates using UV-
(A) AlexaFluor 555-labeled G6pDH-P1 with dye:protein
labeling ratio about 2:1. (B) AlexaFluor 647-labeled MDH-P2 with dye:protein labeling ratio
about 1.4:1.

Vis absorbance spectroscopy.
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Section 4: Preparation, purification, and characterization of NAD'-DNA conjugates

1) NAD'-DNA conjugation: The method for the conjugation approach is similar to that
reported in a previous publication (4). Figure S14 shows the detailed reaction pathway of the
conjugation of Aminoethyl NAD" (AE-NAD") to a 5’-amine-modified single-stranded
oligonucleotide. A 200-uL sample of 100 uM 5’-amine-modified oligo was first immobilized
onto 200 pL anion-exchange DEAE-Sepharose resin (Sigma) by charge adsorption. Unbound
oligo and water were removed by washing with DMF and filtering the resin in a Sigma Prep Spin
column (pore size 7-30 pum). A 200-uL portion of 150 mM DSS was prepared in DMF with 2%
(v/v) DIPEA. The oligo-bound resin was incubated with DSS for one hour. Excess DSS
crosslinker was removed by washing the resin with DMF. To couple NAD" to an oligo, a 10-
fold excess of AE-NAD" was incubated with the oligo-bound resin in 1 M HEPES, pH 8 for one
hour. After the reaction, the oligo-bound resin was spun down at 3000 rpm to remove any
unreacted AE-NAD". To elute DNA molecules from the resin, DNA-bound resin was incubated
with 50 mM HEPES containing 1.5 M NaCl (pH 8) for 10 min and spun down to collect the
filtrate. AE-NAD" was purified from the filtrate using HPLC (Agilent 1200) with an elution
gradient of 25% methanol, 100 mM TEAA to 35% methanol, 100 mM TEAA (Figure S15A).
Purified NAD" conjugated DNA was characterized by MALDI-TOF Mass Spectrometry as
shown in Figure S15B-D.

2) Characterization of the activity of the NAD'-DNA conjugates: Since the NAD'-
modified DNA must undergo thermal annealing to form DNA nanostructures, the thermal
stability of the NAD -coupled oligo was measured by incubating them at varied temperatures
(25-95°C) for different times (0-60 min) and then measuring the dehydrogenase activity using
G6pDH/NAD" catalyzed reactions, as shown in Figure S16. AE-NAD" activity was evaluated
via the reduction of NAD" to NADH by G6pDH, followed by a coupled PMS-catalyzed
resazurin reaction as described in Figure S30A. The relative enzyme activity was calculated by
analyzing the slopes of the product vs. time traces, which were obtained by fitting the raw time
traces in (Figure S16b-d) with a linear regression. Assay conditions: 50 nM G6pDH, 50 uM AE-
NAD", 1 mM glucose-6-phosphate, 200 uM PMS and 400 puM resazurin in 1xTBS with 1 mM

MgCl, at pH 7.5, at room temperature. The results indicate that NAD" maintains most of its
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activity after incubation at temperatures < 75°C, but is dramatically inactivated by incubation at

temperatures higher than 85°C for even a short time (10 min).
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Figure S14. Reaction pathway for the conjugation of aminoethyl NAD" to 5’ amine-
modified DNA strands using resin-based DSS crosslinking chemistry. First the 5’-amine-
modified DNA strand is adsorbed on the surface of positively charged resin by electrostatic
interactions. A solution of DSS and DIPEA in DMF is added to the resin for 1 hour to activate
the amine group on DNA. The excess DSS and DIPEA are removed by washing the resin with
DMF. 10 equivalents of 6-AE-NAD" in HEPES buffer (pH 8) are added to the resin and
incubated for 1 hour, coupling the NAD" to the DNA. The NAD'-DNA is eluted from the resin
with 50 mM HEPES containing 1.5 M NacCl, then further purified by HPLC and characterized by
MALDI-MS (Figure S15) (4).
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Figure S15 A. HPLC elution gradient for purifying DNA-NAD" conjugates. Buffer A: 100 mM
Triethylammonium acetate (TEAA); Buffer B: Methanol.
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Figure S15 B. HPLC purification and MS characterization (inset, upper right) of NAD'-
modified poly(T),o oligos that are designed to be anchored 7-nm, 14-nm and 21-nm away from
G6pDH as shown in Figure S1 and Figure 2C and D in the main text. The MALDI-MS
characterization of the HPLC-purified sample shows peaks for product carrying both one and

two positive charges, the latter appearing at half the molecular weight of the former.
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Figure S15 C. HPLC purification and MS characterization of NAD -modified poly(T),o strands
that are designed to be anchored at the left, right and bottom relative to the anchoring position of
the enzymes as shown in Figure 2E and F in the main text and Figure S4. The MALDI-MS
characterization of the HPLC-purified sample shows peaks for product carrying both one and

two positive charges, the latter appearing at half the molecular weight of the former.
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Figure S15 D. HPLC purification and MS characterization of NAD -modified poly(T),o strands
that are designed to be anchored on the 4x4 tile as shown in Figure S6 and S7. (N), (S), (E), (W)
indicate the strands located on the North, South, East and West arms of the 4x4 tile, respectively.
The observed mass of each of the NAD-DNA conjugates matches the expected mass well.
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Figure S16. Evaluation of the thermal stability of aminoethyl-modified NAD" (AE-NAD").
(A) Normalized G6pDH/AE-NAD" activity after incubating the AE-NAD' at various
temperatures then adding it to the enzyme-substrate reaction mixture. AE-NAD" was incubated
at a series of temperatures ranging from 25 to 95°C for 10 min (black), 30 min (blue) and 60 min
(red), respectively. Activity under all conditions was normalized to that of the sample incubated
at 25°C. (B-D) Raw activity traces for GoGpDH/AE-NAD" after AE-NAD" was pre-incubated at

various temperatures for 10, 30 and 60 min, respectively (4).

Discussion: The activity of AE-NAD" is significantly diminished after incubation at
temperatures higher than 70°C, even briefly (10 minutes). Incubation at temperatures up to 60°C
for 1 hour did not cause significant reduction of NAD" activity. In order to assemble the DNA
nanostructures, a thermal annealing process is required which involved an increase of the

temperature and then slowly cool down. Based on the thermal stability studies here, a
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modification of the annealing program with a very quick temperature drop in the high
temperature range (Table S1) is necessary to avoid losing the activity of NAD" carried on the

DNA structure.

>
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Figure S17. Raw data showing the dependence of G6pDH activity on cofactor
concentration. Time traces are shown for the (A) G6pDH/NAD" pair and (B) G6pDH/AE-
NAD" pair. Assay conditions: 10 nM G6pDH (unmodified), 1 mM G6p, 15.6-1000 uM NAD" or
AE-NAD" in 100 mM HEPES (pH 8). The production of NADH was monitored by following

absorbance at 340 nm over time.
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Figure S18. (A) Michaelis-Menten plot for G6pDH activity (turnover rate) vs. NAD" and AE-
NAD" concentration. Enzyme turnover rate was calculated by fitting the initial velocity (linear
activity range) of raw activity traces in Figure S17 to a straight line. (B) Standard curve of
Absorbance vs. NADH concentration for converting the OD value to the molar concentration of
NADH produced by G6pDH. The standard curve fitting sets the condition of X=0, Y=0.
GraphPad Prism 6 is used for the Michaelis-Menten fitting. All the tests were performed with
free enzymes and free NAD" molecules.
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Figure S19. Comparison of the activity of DNA-NAD'-conjugates with that of AE-NAD".
All three DNA- NAD" conjugates with different sequences (for the 7-nm, 14-nm and 21-nm
swinging arms, as shown in Figure SI have similar activities. AE-NAD" shows comparable
activity with those of the DNA-NAD" conjugates — only slightly (10%-20%) higher. Conditions:
100 nM G6pDH and 100 nM DNA-NAD"-conjugate or AE-NAD" assayed with 1 mM G6p and
500 uM PMS/resazurin in 1xTBS buffer (pH 7.5). The reaction is monitored by the fluorescence

increase of PMS/resazurin at 590 nm with excitation at 544 nm.

Discussion: The activity of DNA-NAD" conjugates was compared with those of AE-NAD" and
unmodified NAD" by a G6pDH-catalyzed reaction. Figures S16 and S17 show that the
G6pDH/AE-NAD" pair maintains ~ 20% catalytic efficiency (k../K,,) of the GopDH/NAD" pair.
The NAD'-DNA conjugates exhibit slightly lower activity (~10-20% less active) than that of
AE-NAD", as shown in Figure S19. The activity of NAD'-DNA conjugates with different DNA
sequences of the same length (for the 7, 14 and 21-nm distances) is similar, indicating that the

activity of NAD-DNA conjugates is independent of the sequence of the attached DNA.
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Section 5: Assembly, purification, and characterization of proteins on DNA nanostructures

1) DNA tile assembly was described in section 2 and used the thermal annealing program shown

in Table S1.

2) Protein-DNA tile Assembly: The assembly of protein-DNA nanostructures was optimized by
combining the DNA tiles with a one-, two-, or threefold molar excess of protein as shown in
Figure S20. An optimal assembly yield of more than 80% was achieved with a twofold molar
excess of DNA-conjugated G6pDH or MDH; a threefold excess gave no significant
improvement. Proteins were assembled onto DNA structures using a one-hour annealing
program in which the temperature was first held at 37 °C for 5 min and then decreased from 36 °C

to 16 °C at 2 min/ °C and finally held at 15 °C.

3) Size-exclusion purification of protein-DNA tile assemblies: After assembly, excess proteins
and aggregates were removed by size-exclusion chromatography using a Superdex 200 HR 10/30
column (GE Healthcare) and a fast protein liquid chromatograph (FPLC) system (AKATA, GE
Healthcare). For a typical purification, ~ 500 uL, 750 nM protein-DNA tile assemblies were
loaded onto the FPLC column and eluted with 100 mM HEPES containing 100 mM NaCl (pH 8)
at a flow rate of 0.25 mL/min. An example chromatogram from the purification of G6pDH-

NAD'-MDH swinging arm structures is shown in Figure S21.

4) Native gel characterization of the purified assembly: The fractions collected from the
FPLC column were characterized with native PAGE to identify assembled structures based on
comparison with an unpurified sample. The purified protein-DNA tile structures were quantified

by absorbance at 260 nm (see data in Table S2).
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Figure S20. Native 3% PAGE characterization of the assembly of protein-DNA conjugates
with DNA tiles. Each assembly is carried out with a protein:DNA tile molar ratio of 1:1, 2:1 and
3:1. The DNA-conjugated G6pDH and MDH possess ~2 DNA labels per protein and have been
purified using anion exchange chromatography as shown in Figure S10 A&B. A twofold molar
excess of DNA-conjugated G6pDH and/or MDH gave the high assembly yield of more than 80%

according to the gel results (product band intensity divided by the intensity of the entire lane) and
FPLC.
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Figure S21. Purification of G6pDH-NAD'-MDH swinging arm structures. (A)
Chromatogram from size-exclusion FPLC purification of assembled G6pDH-NAD-MDH
swinging arm structures to remove excess enzymes and free DNA oligoes. Fractions B2-B5 were
collected, representing the fully assembled structure incorporating both the enzymes and the
NAD-labeled poly(T). (B) Native 3% PAGE characterization the fractions collected in size-
exclusion FPLC; faction B2 contains a large proportion of aggregated structures (smear band).
Fractions B3 to B5 consist primarily of fully assembled swinging arm structures. Unpurified

swinging arm structure is also shown in the left lane as a control.
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Section 6: Single-molecule FRET (smFRET) characterization of swinging arm dynamics

1. Design of DNA nanostructures. The designs of the DNA-only models of the swinging arm
system for single-molecule FRET experiments are shown in Figure S22. These include (a) a full
swinging arm system with 7 nm between the anchoring points of the Cy3-labeled swinging arm
and each of two probes, labeled with Cy5 or BHQ-2; and (b) a semi-swinging arm system with
varying distance (7, 14, or 21 nm) between the anchoring points of a Cy5-labeled probe and the
Cy3-labeled swinging arm. The DNA tiles are also biotinylated to allow immobilization on a

streptavidin-coated microscope slide.

2. Instrument and methods. Single-molecule FRET experiments were carried out on an
inverted total internal reflection fluorescence (TIRF) microscope with a 1.2 NA 60x water-
immersion objective (IX71, Olympus) in a darkened room at an environmentally controlled
temperature of 20 = 3 °C. Fluorescence excitation was provided by a 532-nm green laser
(CrystaLaser CL532-050-L, 50 mW, attenuated and focused to give an illumination intensity of
~100 W/em® in the sample plane); presence of an active FRET acceptor was confirmed at the
beginning and end of each experiment by brief excitation with a 640-nm red laser (Coherent
CUBE 635-25C, 25 mW). The Cy3 and Cy5 emission signals were separated by a dichroic
mirror with a cutoff wavelength of 610 nm (Chroma) and projected side-by-side onto an ICCD
camera chip (iPentamax HQ Gen III, Roper Scientific, Inc.) with a full-frame acquisition rate of
10 Hz. The Cy3 channel image was passed through a bandpass filter (HQ580/60m, Chroma) and
the Cy5 channel was passed through a long-pass filter (HQ655LP, Chroma). A Newport ST-UT2
vibration isolation table was used in all experiments to reduce instrument interference. In all
smFRET measurements, an oxygen scavenger system (OSS = 5 mM 3,4-dihydroxybenzoic acid,
Sigma P5630; 2 mM Trolox, Acros 218940050; and 50 nM protocatechuate dioxygenase, Sigma-
Aldrich P8279) was included in the imaging buffer to retard photobleaching (35).

3. Sample preparation for smFRET experiments. Microscope slides were constructed with
flow channels and coated with biotinylated BSA and streptavidin as described previously (6) to
permit surface immobilization of biotinylated DX tiles bearing the swinging arm and
complementary probe(s). A solution containing 20 nM of a DX tile and either 0.2 uM (in the

case of half-arm structures) or 2 uM (in the case of the full swinging arm structure) of P*-1 (5°-
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CCC TCC CTC CTT TAT AGT GAA ATT), Cy5-P*-1 (5’-CCC TCC CTC CTT TAT AGT
GAA ATT-Cy5), P*-2 (5’-GGC TGG CTG GTT TAT AGT GAA ATT), and/or BHQ2-P*-2
(5°-GGC TGG CTG GTT TAT AGT GAA ATT-BHQ2) strands was incubated for 30 min at
37 °C in the presence of IxTAE-Mg”" (see Figure S22 for DNA sequence design). The sample
was kept on ice in the dark until use. About 10 min prior to each experiment, a portion of the
sample was diluted to a DX tile concentration of ~200 pM in I1xTAE-Mg”" buffer. Then, the
sample was immobilized on a streptavidin-coated microscope slide, and the excess sample
flushed away with 1xTAE-Mg®" buffer, followed by imaging buffer. In the case of single-
molecule competition experiments, the buffer was supplemented with 0.5-320 uM of inhibitor
DNA molecule I (5'-AAT TTC ACT ATT TTT TTT TTT TTT TTT TTT TTT T). The inhibitor
contains a stretch of 11 bases (labeled in red) complementary to the (5'-AT AGT GAA ATT)
probe sequence of Cy5-P*-1, and was designed to compete with the Cy3-labeled swinging arm

for hybridization to CyS-P*-1.

4. Data analysis for smFRET: Figure S24 shows CCD images of representative fields of view
from smFRET measurements. Analysis of single-molecule FRET trajectories and inhibition
experiments was performed with custom-written IDL and MATLAB scripts as previously
described (7). A given smFRET trajectory was used in subsequent analysis only if it (1)
exhibited total fluorescence of Cy3 and Cy5 exceeding 500 counts/frame; (2) showed clear
evidence of both Cy3 + Cy5; and (3) showed no evidence of multiple identical fluorophores, for

example, multiple photobleaching steps or overlapping point-spread functions in the CCD image.

In the case of the full Cy3-Cy5-BHQ-2 swinging arm complex, which exhibits a wider variety of
behaviors due to the presence of three labels (any of which may be missing or oxidized prior to
observation), other observed behaviors were catalogued with interpretations as to the most likely
cause of each behavior (Figure S25A). FRET histograms were constructed from the first 400
frames of each molecule. The equilibrium fraction of high-FRET molecules (fhign-rrer) was
determined by thresholding with a cutoff of FRET = 0.5, which is approximately halfway
between the low- and high-FRET states (or quenched and fluorescent states, in the case of the
Cy3-Cy5-BHQ2 complex) of 0-0.2 and ~1.0, respectively.
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Semi-swinging arm complexes within a given sample exhibited heterogeneous FRET dynamics.
Histograms of the number of observed semi-swinging arm complexes spending a given fraction
of the time in the high-FRET state are shown in Figure S26 (in contrast, the FRET histograms in
Figure 2B represent the total fraction of time spent by a// complexes of each type in a given

FRET state).

5. Determination of equilibrium dissociation constants of DNA hybridization for probe
strands for model swinging arm structures by ensemble FRET. Ensemble FRET experiments
were performed at 20 °C on an Aminco-Bowman Series 2 Luminescence Spectrometer with an
excitation wavelength of 500 nm (0.5 nm bandwidth). As with smFRET experiments, all
ensemble FRET measurements were performed in an imaging buffer consisting of 1xTAE-Mg>"

+ OSS.

To determine the equilibrium dissociation constant (K,) of hybridization between Cy3-poly(T)2o
(5°-Cy3-TTT TTC ACT ATT TTT TTT TTT TTT TTT TTT TTT) and Cy5-P*-1 or BHQ2-P*-
2, 0.5 uM Cy3-poly(T);9 was mixed with 0-8 uM of Cy5-P*-1 or BHQ2-P*-2 (all are final
concentrations), resulting in quenching of Cy3 as determined from fluorescence emission scans.
To simulate the duplex that normally holds CyS5-P*-1 or BHQ2-P*-2 on the DX tile, a twofold
excess of the appropriate capture sequence (CP-1: 5’-GGA GGG AGG G; or CP-2: 5’-CCA
GCC AGC C) was added to each reaction prior to mixing with Cy3-poly(T),. Reactions were
incubated in the dark at room temperature for 5 min, at which point the hybridization had
reached equilibrium as verified by successive fluorescence measurements on the same sample.
The intensity of Cy3 fluorescence was plotted as a function of CyS-P*-1 or BHQ2-P*-2

concentration and fit with the equation:

((x+T+Kd)—J(—x—T—Kd)2—4 T x)
y =4 > + Yo (D

where T is the concentration of Cy3-poly(T),o, x is the concentration of Cy5-P*-1 or BHQ2-P*-
2, and A4 and y, are constants, yielding K, estimates of ~0.3 uM for both reactions (Figure S27A).
The use of this exact equation was necessary because the relatively large concentration of Cy3-
poly(T)z resulted in significant differences between free and total concentrations of the

reactants(§).
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6. Determination of the inhibition constant of an inhibitor DNA that blocks hybridization
of the swinging arm: To determine the inhibition constant K;of the inhibitor 7, 0.5 uM Cy3-
poly(T)z¢ was mixed with 0.5 uM of Cy5-P*-1 or BHQ2-P*-2 (pre-bound to CP-1 or CP-2, as
described above), and 0-3.2 uM of I was added, resulting in a concentration-dependent de-
quenching of Cy3. The intensity of Cy3 fluorescence was plotted as a function of inhibitor
concentration and fit to the logistic function:

M-N
1+1/ICsq

y= +N (2)

where M and N are constants and / is the inhibitor concentration, to determine /Csy. The true K;

was estimated to be ~ 0.06 uM (Figure S27B) using the correction(9):

—_ 1o  _ ( "o )
K = 14_TCro+2) Ka ro+2 3)
ZXKd(T0+1)

where 7y is the ratio of bound to free Cy3-poly(T),¢ in the absence of inhibitor.

The 5-fold increase in the binding affinity of the inhibitor (~0.06 uM) compared to Cy5-P*-1
(~0.3 uM), provided by the 2 extra base-pairs, suffices to inhibit hybridization between the

swinging arm and Cy5-P*-1, even at the shortest anchor spacing of 7 nm (see Section 7 and

Figure S28).

7. Estimation of effective concentration. The local effective concentration Cepmess 0f the
swinging arm was estimated by plotting the fraction of time spent in the high-FRET state as a

function of inhibitor concentration and fitting with the following equation(/0):

Ceff,meas

1
Ceffmeas + Kd*(l +K_i

frigh-rrET = A * ) + Yo 4)

where 4 and y, are constants, / is the concentration of inhibitor, and K; and K; are the
equilibrium dissociation and inhibition constants for Cy5-P*-1 and the inhibitor, respectively, as
determined by solution measurements (Figure S28). The estimated local effective concentration
of the swinging arm in the vicinity of Cy5-P*-1 is ~ 250 uM for the 7-nm complex and 2.7 uM
for the 14-nm complex (Table S4).
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Simulation of swinging arm conformation and prediction of local effective concentration.
Metropolis Monte Carlo simulations (//) were performed using a recently published coarse-
grained model of ssDNA that explicitly accounts for excluded volume effects and intra-strand
electrostatic repulsion (72). Using the parameterization for 10 mM Mg*" (virtual bond angle 6 =
57.8 °, virtual bond length /y = 0.369 nm, radii of closest approach a = d = 0.56 nm, and charge
renormalization factor /= 0.229) and prohibiting chain excursions below the plane of the DX tile,
10° chain conformations were sampled. A conformation was considered compatible with
hybridization if it placed the proximal end of the sticky-ended probe of the poly(T),o arm within
a hemispherical shell S representing the volume swept out by the proximal end of the probe
sequence of Cy5-P*-1 (Figure S29). The inner and outer radii of S were estimated as 3.4 + 1.4 +
1.4 nm, taking into account the rigid 10-bp anchor duplex and two 3T linkers on either side of
the duplex, assuming that the 3T linker distal to the tile is rotationally unhindered and using a
wormlike chain model with a persistence length of 1 nm to predict the root-mean-square end-to-
end distance of ssDNA(/3). The predicted local effective concentration (Cey;prea ) Was calculated

as:

_ fnyp
Ceff,pred - NaxVg (5)

where fj,5 is the fraction of conformations compatible with hybridization, N4 is Avogadro’s
number and Vs is the volume of § in liters. We find that the value of Ce;peq 15 rather insensitive
to the thickness of S, since any change will affect f4,, and Vg approximately proportionally. The
predicted local effective concentration of the swinging arm at the two closest distances is shown

in Table S4: ~ 607 uM for the 7-nm complex, and 4.7 uM for 14-nm complex.

To model the double-stranded poly(T),y + poly(A) arm (Fig. S54), the calculations were
performed in an identical manner, except that the swinging arm was instead modeled as a rigid
rod of length 6.8 nm (B-type DNA, 20 bp) that isotropically explores a spherical section bounded

by a minimum angle ¢,,;, above the plane of the tile.
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Figure S22. Sequence maps of the DNA-only models of swinging arm structures for single-
molecule FRET experiments. (A) Cy3-Cy5-BHQ-2 swinging arm complex, in which the CyS5,
Cy3 and BHQ-2 labeled strands are designed to extend from the same surface of the tile, with 7
nm between their anchor positions. The 5’-extension of the Cy3-labeled poly(T), strand is
complementary to the 3'-extensions on P*-1 and P*-2, and is designed to swing between the two
binding sites in analogy to the G6pDH-NAD'-MDH system (Figure S3), resulting in energy
transfer from Cy3 to CyS5 or quenching by BHQ-2. (B) Cy3-Cy5 semi-swinging arm complex,
designed to test the distance dependence of binding mediated by the poly(T),o in analogy to the
systems in Figures S1 and S2. Only one of three scaffold strands (7, 14, or 21 nm from the P*-1

anchor site) bears the 5'-Cy3-poly(T), extension in a given complex design.
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Figure S23. Native 3% PAGE characterization of assembled DNA structures shown in
Figure S22. The left three lanes show the Cy3-labeled semi-swinging arms structures with 7, 14
and 21 nm between anchor sites, corresponding to the structures in Figure S22B. The fourth lane
from the left is a control structure with the Cy3-poly(T), as shown in Figure S22 A but lacking
the 3'-extensions of CP1 and CP2. The fifth lane is the same structure as lane 4 but with the
capture strands CP1 and CP2.
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Figure S24. Representative fields of view from smFRET measurements. (A) Cy3-Cy5-BHQ-
2 swinging arm complex (as shown in Figure S22A). (B-D)Cy3/CyS5 labeled semi-swinging arm
complexes (as shown in Figure S22B) with distances of 7 nm (B), 14 nm (C), and 21 nm (D)
between the anchor positions of the Cy3 labeled poly(T), and the CyS5 labeled P-1 strand.
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Figure S25. smFRET characterization of fully assembled swinging arm structures with
energy transfer between Cy3-Cy5 and Cy3-BHQ-2. (A) Tabulated smFRET behaviors of full
Cy3-Cy5-BHQ-2 swinging arm complexes, along with representative single-molecule
fluorescence intensity trajectories (Cy3 in green, CyS5 in red) and the interpretation regarding the
presence or absence of P*-1, Cy5, P*-2, and BHQ-2. Complexes with P*-2 and BHQ-2 but
lacking P*-1 are not likely to be observable since Cy3 fluorescence will be strongly quenched
the majority of the time. (B) Histogram of normalized Cy5 intensity for complexes exhibiting
alternating high-FRET and quenched states (i.e., “++++ behavior in (A), interpreted as the fully
assembled and three-dye labeled complexes). Only the first 20 s of each trajectory whose length
exceeded 20 s were included (N = 81). (C)-(E) Representative single-molecule intensity vs. time
trajectories of control complexes prepared with (C) unlabeled P*-1, (D) unlabeled P*-2, or (E)
unlabeled P*-1 and P*-2.
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Figure S26. Heterogeneous behavior of single semi-swinging arm complexes. (A) Histograms
of the number of observed complexes of each type (d = 7, 14, or 21 nm) spending a given

fraction of time in the high-FRET state (FRET > 0.5). The vertical arrows show the positions of

the corresponding molecules whose smFRET trajectories are shown in panel B (i-ix) (B)

Selected smFRET trajectories showing the diversity of behaviors exhibited by individual

complexes of each type. The majority of complexes with a spacing of 7 nm show high FRET,

slightly more than half (~ 60%) of the complexes with a 14 nm spacing show high FRET, and

only a small fraction (< 10%) of the complexes with a 21 nm spacing show high FRET. Thus,

binding between the swinging arm and target probe is most efficient with a 7 nm spacing,

somewhat less efficient at 14 nm, and generally not possible at 21 nm.
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Figure S27. Determination of binding constants of Cy5-P*-1 and BHQ2-P*-2, and the
inhibition constant of 1. (A) Ensemble FRET binding titration of free Cy3-poly(T),¢ with Cy5-
P*-1 (red) and BHQ2-P*-2 (black) in 1><TAE-Mg2+. The lines are nonlinear least-squares fits
yielding K, values of 0.31 £ 0.05 uM for Cy5-P*-1 and 0.36 + 0.08 uM for BHQ2-P*-2. (B)
Ensemble inhibition of binding between Cy3-poly(T),9 and Cy5-P*-1 by titration with I (which
forms an 11-bp duplex with Cy5-P*-1). Dequenching of Cy3 is modeled by a logistic function
(line) yielding an ICsy of 0.47 £ 0.24 uM and an estimated K; of 0.06 uM (calculated as
described in the Methods section). Error bars shown are 1 standard error of the mean from three

independent measurements.
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Figure S28. smFRET competition assays. (A) Schematic illustration of smFRET competition
assays for the determination of local effective swinging arm concentration. (B) Determination of
the local effective concentration of the Cy3-arm in the vicinity of a Cy5-P*-1 probe displaced by
7 nm (squares) or 14 nm (circles). The fraction of Cy5-labeled probe hybridized to the Cy3-
labeled arm (K; ~ 0.31 uM) in the presence of varying concentrations of Inhibitor strand (K; ~
0.06 uM) is fit with a competitive binding model (solid lines) as described in the Methods,
yielding the effective concentration estimates in Table S4. (C) Representative single-molecule
trajectories for the d = 7 nm and d = 14 nm complexes in the presence of varying concentrations

of inhibitor.
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Figure S29. Modeling conformations and local effective concentration of the swinging arm.
(A) Schematic illustration of the model. The swinging arm (Cy3 labeled) is modeled as a freely
rotating chain using the Metropolis algorithm, giving rise to a distribution of conformations. A
5-nm-wide cross-section of the conformational probability distribution is represented by a
rainbow color map. The Cy5-labeled probe is assumed to evenly explore a hemispherical shell S
(white dotted lines). A conformation is considered compatible with hybridization if it can bring
the two proximal ends of the arm-probe duplex (white circles) into close proximity. (B)
Histograms of the distance between the swinging arm and the anchor site for the Cy5-labeled
probe as determined by modeling of 10° conformations. The red shaded region corresponds to

the hemispherical shell S, the region compatible with hybridization.
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Table S4. Comparison of predicted and measured local effective concentration of the
swinging arm in the vicinity of Cy5-P*-1 (DNA-only model structures)

d="7nm d =14 nm
Cfprea (WM) 607 4.5
Ceffmeas (WM) 250 2.7

Cepprea 15 the predicted local effective concentration of the Cy3-arm in the vicinity of the Cy5-
P*-1 probe, calculated from the Metropolis Monte Carlo simulations as described in Methods
and Figure S29. Cgpmess 18 the local concentration as estimated from smFRET competition
assays (Figure S28).
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Section 7: Enzyme activity assay methods and Michaelis-Menten analysis

1) Free enzymes: The activity of freely diffusing dehydrogenases (G6pDH and MDH) is
evaluated by the rate of reduction of NAD" to NADH (for G6pDH) or oxidation of NADH to
NAD" (for MDH) as monitored by the change in absorbance at 340 nm.

2) Semi-swinging arm structures: 100 nM G6pDH-NAD" or MDH-NAD" semi-swinging arm
structures (with one enzyme and the swinging arm anchored 7, 14 or 21 nm apart on the DX tile)
were prepared into 100 pL total volume with substrate in 1XTBS buffer (pH 7.6) for the activity
assay. The assay was performed using a SpectraMax M5 96-well plate reader (Molecular Device,
Sunnyvale, CA) following method outlined in (/4). The activity of semi-swinging arm structures
was measured using a coupled assay utilizing PMS (phenazine methosulfate) and resazurin in
which PMS first oxidizes NADH to NAD", then reduces resazurin to resorufin with the
appearance of a fluorescence signal (excitation max ~ 544 nm, emission max ~ 590 nm), as
shown in Figure S30A. For a typical reaction, 100 nM G6pDH-NAD' structure was incubated
with 1 mM glucose-6-phosphate (G6p), 500 uM PMS and 500 uM resazurin; and 100 nM MDH-
NAD" structure was assayed with 1 mM malic acid, 500 pM PMS and resazurin and 100 nM
oxaloacetate decarboxylase (OAD) in 1xTBS buffer (pH 7.5).

3) Fully assembled swinging arm structures: 100 uL reactions containing 100 nM complete
G6pDH-NAD-MDH swinging arm structures were assayed with 1 mM G6p, 1 mM oxaloacetic
acid (OAA) in 100 mM HEPES buffer (pH 8) as shown in Figure S30B. The overall activity of
the cascade was measured by monitoring the absorbance decrease at 250 nm due to the reduction
of OAA to malic acid (Figure S30C). NAD" and NADH have slight difference (~ 10%) at 250
nm as compared to the change between OAA and pyruvate. For example, OD at 250 nm
decreases ~ 0.05 for 40 pM NAD" converting to NADH, while the G6pDH/MDH cascade
reaction with the same concentration of NAD" causes an OD decrease of ~ 0.5 in half an hour
due to the conversion of OAA to pyruvate. In the experiments, we kept NAD" at low micromolar
concentration to minimize its interference with the assay. Mg”" and Tris were removed from the
solution using size exclusion FPLC with 100 mM HEPES (pH 8) because they would induce the
auto beta-decarboxylation of OAA to pyruvate (Figure S31) (/5).
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4) Lactate dehydrogenase (LDH) competition assay: The activity of LDH was characterized
using a coupled assay of lactate oxidase (LOX)-horseradish peroxidase (HRP), in which LOX
first oxidizes lactate produced by LDH to hydrogen peroxide, then HRP catalyzes the oxidation
of Amplex Red to the strongly fluorescent product resorufin (ex 544 nm/ em 590 nm) using
hydrogen peroxide (16, 17). A typical LDH competition assay was performed with 100-pL
reactions containing 100 nM each of LDH and the G6pDH-NAD"-MDH structure 1 mM each of
Glucose-6-phosphate, oxaloacetic acid and pyruvate, 10 nM each of LOX and HRP, and 200 uM
Amplex Red in 100 mM HEPES (pH 8) buffer.
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Figure S30. Reaction schemes for detection of enzymatic activity in the G6pDH-NAD"
semi-swinging arm structure and the G6pDH-NAD'-MDH full swinging arm structure. (A)
PMS/resazurin coupled assay for GopDH-NAD" activity. NAD" is first reduced to NADH by
G6pDH. Next, PMS catalyzes electron transfer from NADH to resazurin producing the strongly
fluorescent product resorufin with an emission maximum ~590 nm. MDH-NAD" activity is
assayed similarly using malic acid as the substrate. (B) Assay for G6pDH catalyzes the
oxidation of glucose-6-phosphate (G6p) and the reduction of NAD" to NADH. Subsequently,
MDH catalyzes the reduction of oxaloacetatic acid (OAA) to malic acid using the NADH
produced by G6pDH. (C) Oxaloacetic acid absorbs strongly at 250 nm due to its enol resonance
structure, while malic acid has very little absorbance at 250 nm. The overall cascade activity of
G6pDH-NAD"-MDH can be measured by monitoring the absorbance decrease at 250 nm due to

the reduction of oxaloacetic acid to malic acid.
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Figure S31. (A) Strong autocatalysis of 1 mM oxaloacetic acid (OAA) in pH 7.5, 1% TAE/Mg2+
buffer (12.5 mM MgCl,), due to Mg*"- and primary amine-induced beta-decarboxylation of
OAA to pyruvate. (B) Weak autocatalysis of 1 mM oxaloacetic acid in pH 8, 100 mM HEPES
buffer. (C) Comparing the stability of OAA in 1xTAE/Mg”" buffer and HEPES buffer. HEPES

buffer was used in all enzyme activity assays involving oxaloacetic acid as substrate.
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Figure S32. (A) Michaelis-Menten plot for determining the Michaelis constant of G6pDH with
respect to NAD". (B) Raw reaction traces of G6pDH in the presence of varying concentrations of
NAD" and a constant concentration of 1 mM glucose 6-phosphate. (C) Michaelis-Menten plot
for determining the Michaelis constant of MDH with respect to NADH. (D) Raw reaction traces
of MDH in the presence of varying concentrations of NADH and a constant concentration of 1
mM OAA. (E) Michaelis-Menten plot for determining the Michaelis constant of LDH with
respect to NADH. (F) Raw reaction traces of LDH in the presence of varying concentrations of
NADH and a constant concentration of 1 mM pyruvate. All the assays were performed with

unmodified NAD" or NADH molecules in 100 mM HEPES (pH 8) buffer.

Discussion: G6pDH has almost 10-fold higher k., than MDH, which suggests that in the
G6pDH-NAD'-MDH swinging arm structure, the catalytic capacity of G6pDH is not fully
exploited; in one catalytic cycle, GopDH may need to wait for MDH to convert NADH back to
NAD" before catalyzing another reaction. At the same time, G6pDH has an ~8-fold larger K,
than MDH, suggesting that GopDH requires a higher local concentration of cofactor than MDH
for optimal activity. These differences in turnover number and Michaelis constant led us to
design the G6pDH-NAD2+-MDH2 and G6pDH-NAD4+-MDH4 swinging arm structures as shown
in Figure 3 (main text), which more effectively utilize the strengths of G6pDH and MDH.

LDH is used to compete with MDH for NADH to demonstrate the specificity of enzyme
complexes organized by swinging arm structures. LDH has ~2-fold higher catalytic efficiency
(kca/Ky value) than MDH. Hence, LDH can effectively compete with an equivalent
concentration of freely diffusing MDH for NADH. However, the GopDH-NAD-MDH swinging
arm structure reduces the ability of LDH to compete with MDH for NADH; as shown in Figure 4
(main text), LDH is effectively out-competed as a larger percentage of MDH is incorporated into

swinging arm complexes.
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Section 8: Dependence of GopDH and MDH activity on the length, position, and
orientation of the NAD -modified swinging arm

Since the multi-enzyme complexes rely on local diffusive transport by the swinging arm, we
expected their activity to depend on the length of the swinging arm, the distance between the
anchor positions of the swinging arm and the enzyme, and the orientation of the swinging arm
with respect to the protein anchor site on the DNA tile surface. We therefore investigated and

optimized these parameters within our design space.

1. Dependence of the activity of GGPDH-NAD" on the length of the NAD"-modified polyT
swinging arm:
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Figure S33. (A) Dependence of enzyme activity on arm length was measured by assembling an
NAD"-modified DNA strand (the red strand, 5> AE-NAD'~(T), CCC TCC CTC C) with G6pDH
labeled with the complementary strand (the blue strand, GGAGGGAGGGATTTTT-G6pDH-3").
The length of the arm was varied (n =5, 10, 20, 40 nt) to adjust the average distance between the
NAD" and the enzyme. (B) Raw activity traces for the GopDH-NAD" assembly shown in (A)
using different arm lengths. Freely diffusing AE-NAD" was also tested as a control to react with
DNA conjugated G6pDH. (C) Normalized activity of the GopDH-NAD" arm assemblies shown
in (A) as a function of arm length. Activity is normalized with respect to G6pDH in the presence
of free AE-NAD". Assay conditions: 100 nM G6pDH-NAD" assembly, 1 mM G6p, 500 uM
PMS/resazurin in 1 x TBS buffer (pH 7.5). The poly(T),y arm gives the highest activity of the
lengths tested.

S72

© 2014 Macmillan Publishers Limited. All rights reserved.



G6pDH-NAD*
semi structures

X

& o X
O
AS N @

1000 bp ——

500 bp =
400 bp |

3000 e -~

200 bp

100 bp

Figure S34. Native 3% PAGE characterization of G6pDH-NAD" semi-swinging arm
structures on DX DNA tiles with distances of 7, 14 and 21 nm between anchor sites. The
dark major bands in the gel indicate that the structures (see Figure S1) assemble with high yield.
The faint lower band in each lane is the DNA tile lacking G6pDH. A G6pDH-assembled DNA
tile lacking the NAD -labeled poly(T),y and mixed with free AE-NAD" is also shown as a

control.
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Figure S35. Native 3% PAGE characterization of MDH-NAD' semi-swinging arm
structures without (left) and with (right) assembled MDH. The dark major bands in the gel
indicate that the structures (see Figure S2) assemble with high yield. The faint lower band in
each MDH-NAD" lane is the DNA tile lacking MDH. DX tiles lacking the NAD'-labeled

swinging arm are also tested the presence of free AE-NAD" as controls.
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Figure S36. Native 3% PAGE characterization of (A) DNA tiles and (B) G6pDH-NAD" semi-
swinging arm assemblies with varying orientation of the NAD" arm relative to the enzyme
anchoring position (top): T (top/parallel), L(left), R (right) and B (bottom). Schematics of the
structures are shown in Figure S39A and Figure 2E in the main text. The gel shows that all

structures form with high yield.
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Figure S37. (A) Schematics of G6pDH-NAD" semi-swinging arm assemblies with varying
orientations of the anchoring position of the NAD" arm relative to that of the protein (defined as
“top”): T, parallel orientation on the top of the DNA scaffold; L, NAD" arm oriented to the left;
R, NAD" arm oriented to the right; and B, NAD" arm oriented to the bottom. These are viewed
from the end of the DNA helices with the protein behind the NAD" arm. (B) Raw fluorescence
time traces of G6p oxidation catalyzed by G6pDH-NAD" semi-swinging arm assemblies with
different anchoring orientations. Assay conditions: 100 nM G6pDH-NAD" semi-swinging arm
assembly in the presence of 1 mM G6p and 500 uM PMS/resazurin in 1XTBS buffer (pH 7.5).
(C) Raw fluorescence traces of 100 nM four DNA-NAD" that are used in constructing
orientation assemblies (shown in figure A), reacting with G6pDH in the freely diffusing systems.
AE-NAD" is also tested as control. Assay conditions: 100 nM G6pDH and DNA-NAD" in the
presence of 1 mM G6p and 500 uM PMS/resazurin in 1xXTBS buffer (pH 7.5). The activity of all

four conjugates is similar and comparable to that of free AE-NAD".
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Figure S38. Native 3% PAGE characterization of (A) DNA tiles and (B) MDH-NAD" semi-
swinging arm structures with varying orientation of the NAD" arm relative to the enzyme
anchoring position (defined as “top”): T (top/parallel), L(left), R (right) and B (bottom).
Schematics of the structures are shown in Figure S41A and Figure 2F in the main text. The gel

shows that all structures form with high yield.
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Figure S39. (A) Schematics of MDH-NAD" semi-swinging arm assemblies with varying
orientations of the anchoring position of the NAD" arm relative to that of the protein (defined as
“top”): T, parallel orientation on the top of the DNA scaffold; L, NAD" arm oriented to the left;
R, NAD" arm oriented to the right; and B, NAD" arm oriented to the bottom. These are viewed
from the end of the DNA helices with the protein behind the NAD" arm. (B) Raw fluorescence
traces of malic acid oxidation catalyzed by MDH-NAD" semi-swinging arm assemblies with
different anchoring orientations. Assay conditions: 100 nM MDH-NAD" semi-swinging arm
assembly in the presence of 1 mM malic acid and 500 uM PMS/resazurin in 1x TBS buffer (pH
7.5). (C) Raw fluorescence traces of 100 nM four DNA-NAD" that are used in constructing
orientation assemblies (shown in figure A), reacting with MDH in the freely diffusing systems.
AE-NAD" is also tested as control. Assay conditions: 100 nM MDH and DNA-NAD" in the
presence of 1 mM malic acid and 500 uM PMS/resazurin in 1xXTBS buffer (pH 7.5). The activity

of all four conjugates is similar and comparable to that of free AE-NAD".
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Discussion: The results in Figures S38B, S40B, and 2E-F (main text) indicate that orientation of
the NAD" arm parallel to the enzymes on the DNA scaffold gives the highest activity, as
expected. Interestingly, even when the NAD "™ arm is anchored on the opposite side of the DX tile
from the protein (bottom), the assemblies possess ~40-70% of the activity of the (top) type
structure. This suggests that the flexibility of the swinging arm, together with the likely
heterogeneity of protein orientations (i.e., active sites may face in various directions relative to
the swinging arm’s anchor position), result in residual activity in structures with a variety of
swinging arm orientations. Nevertheless, a parallel orientation permits the swinging arm to reach

the active sites of the enzymes most effectively, resulting in the highest activity.
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Section 9: Characterization of the assembly and activity of GGpDH-NAD'-MDH (G-NAD"-
M) swinging arm structures and stoichiometry-optimized complexes (G-NAD,"-M, and G-

NAD4-M,)

1. Assembly and purification of G6pDH-NAD'-MDH swinging arm structures. G-NAD"-M
swinging arm structures, as well as G6PDH-NAD" and MDH-NAD" semi-swinging arm
structures, were purified using size-exclusion FPLC to remove aggregates, incompletely
assembled structures and excess proteins. The fractions collected were characterized using native

PAGE to confirm the assignments of the FPLC peaks and to check the purity of the samples.

B2 B3B4B5 G-NAD*-M FPLC purification
{\\°b .

\\}Q;Ifq;‘-'g

§& bl

~— 1000 bp

G-NAD-M H H H — sa0bp
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400 bp
free oligos 300 bp

free G6pDH
200 bp

free MDH

100 bp

Figure S40. (A) Size-exclusion FPLC purification of fully assembled G6pDH-NAD'-MDH
swinging arm structures to get rid of excess enzymes and free DNA oligoes. The fractions B2-B5
were collected, representing the fully assembled structure with both the enzymes and the NAD"
on the DX tile. (B) Native 3% PAGE characterization the structures collected in size-exclusion
FPLC: Faction B2 contains aggregated structures. Fraction B3 to B5 are the fully assembled
swinging arm structures and were used for the activity test (raw data shown in Figure S44).
Unpurified swinging arm structure is also shown in the left lane as a control, which contains

incomplete assemblies, aggregations and free proteins.
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Figure S41. (A) Size-exclusion FPLC purification of G6pDH-NAD" semi-swinging arm
structures. Five fractions (B2-B6) were collected. (B) Native 3% PAGE characterization of the
fractions collected in size-exclusion FPLC. Fractions B2 and B3 contain aggregated structures
(significant smear band). Fraction B4, B5 and B6 contain the purified structure and were used in
subsequent activity assays (raw data shown in Figure S44). The two rightmost lanes contain

FPLC-purified GoGpDH-NAD" and MDH-NAD" semi-swinging arm structures.
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2. Raw activity traces of full swinging arm and semi-swinging arm complexes.
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Figure S42. Raw absorbance traces for evaluating the activity of different swinging arm
constructs. The normalized relative rates of reaction derived from fitting a straight line to each
of these plots are shown in main text Figure 3A. Reaction conditions: 100 nM of the assembled
enzyme-DX tile structures or free enzymes, 100 nM free AE-NAD" (when present), 1 mM G6p.
and 1 mM OAA in 100 mM HEPES buffer (pH 8). The decrease in absorbance at 250 nm due to
conversion of OAA to pyruvate reports on the overall progress of the coupled reactions. Each
trace represents the average of three parallel measurements. The full G6pDH-NAD'-MDH
swinging arm structure shows significantly higher activity than any of the partially assembled
structures, which show reaction rates only slightly above the background autocatalysis of OAA.
The higher absorbance at 250 nm for the reaction mixtures than that of the substrates alone (1

mM G6p and 1 mM OAA) is due to the presence of NAD", proteins and the DNA tile.
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Figure S43. Raw absorbance traces for determining the effective local concentration of
NAD" on swinging arm structures by titrating free AE-NAD" into the G6pDH-MDH assembly
(lacking the NAD" swinging arm) and comparing the initial rates of reaction to that of the
G6pDH-NAD-MDH structure. Assay conditions: 100 nM G6pDH-MDH assemblies with 2.5, 5,
10, 20 or 40 uM free AE-NAD" and 1 mM each of G6p and OAA in 100 mM HEPES buffer (pH
8).

Discussion:

It is remarked in the main text that the effective local concentration of the NAD'-coupled
swinging arm determined by enzyme catalysis (~20 uM at 7 nm) is significantly lower than the
swinging arm concentration estimated from competitive hybridization (~250 pM at 7 nm in Fig.
S28B). We have suggested two possible reasons for this discrepancy: (1) the stricter orientational
and sterical constraints associated with the binding of tethered NAD" to the active site of a
nearby (anchored) enzyme; and (2) the fact that some enzymes or cofactors may be paired
together permanently with inactive partners on DNA nanostructures, preventing the formation of

an active cascade. As shown in Figure S11, DNA conjugated G6pDH is significantly less active
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than unmodified enzyme (> 50 % decrease in activity under the assay conditions); it is thus likely
that some of the DNA-conjugated enzymes are wholly or partially inactivated. When these
inactivated enzymes are assembled into swinging arm structures, many will permanently pair
with active NAD" molecules, resulting in an incomplete cascade. Similarly in Figure S18, the
amino-modified NAD" used in this work is less active than unmodified NAD", with a ~ 50%
decrease in k., and ~ 2.5 fold increased K,, for GopDH on average. This suggests that some
amino-modified NAD" or DNA-conjugated NAD" are not active, and may pair with active
enzymes and inhibit the catalytic function on the swinging arm structures. Conversely, in a
freely diffusing enzyme system, the exchange between enzymes and cofactors happens
frequently, and the inactive components can thereby be rapidly replaced by active molecules
without inhibiting the entire enzyme/cofactor system. This observation and discussion address
one disadvantage of swinging arms and other substrate channeling mechanisms: the malfunction
of one assembled component may inhibit the entire multi-enzyme complex. This might be
circumvented in part by having redundant copies of enzymes and/or cofactors in a single

complex, as in the designs depicted in Fig. 3D.
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3. Assembly and characterization of the GGpDH-NAD", complex based on a 4x4 DNA tile.
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Figure S44. (A) Schematic of G6pDH assembly with four NAD"-modified arms on a single 4x4
DNA tile (sequence design shown in Figure S6). The right panel shows a native 3% PAGE
characterization of G6pDH-NAD" 4x4 tile structures, each containing only one of the four
NAD"-modified arms (W, E, N, or S). Binding of G6pDH onto the 4x4 tile causes a mobility
shift. (B) Activity assay of G6pDH-NAD" 4x4 tile assemblies (each containing only one NAD"
arm). (C) Enzymatic activity as determined from the initial velocity of the raw fluorescence
traces in (B), evaluated by fitting each trace to a straight line. Assay conditions: 100 nM G6pDH-
NAD" 4x4 tile structures, 100 nM free AE-NAD" (when present) are 100 nM, 1 mM G6p, and
500 uM PMA /resazurin in 1xTBS buffer (pH 7.5).
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Discussion: The activity measured for each of the constructs shown in Figure S46 is similar,
varying within 20%. This suggests that there is no strong preference for a particular position of
the swinging arm with respect to the enzyme on the 4x4 DNA tile. This may be due in part to the
flexibility of the poly(T), arm and (limited) rotational diffusion of the enzyme by its DNA
anchors, but also is likely attributable to the random orientation of G6pDH attachment to the
DNA tile. The random conjugation of two P-1 DNA probes to G6pDH via two of its many
surface lysines (more than 10) is expected to yield a mixture of isomers, giving rise to a variety
of orientations of the enzyme on the DNA tile. Since the four anchoring positions of the
swinging arm on the 4x4 DNA tile are the same distance (7 nm) from the center of the protein
anchoring position, the effective local concentration of NAD" is almost equal for all four

positions when averaged across all isomers of the enzyme-DX tile complex.
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4. Assembly of GopDH and MDH with 1-4 NAD" swinging arms on the 4x4 DNA tile.
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Figure S45. Native 3% PAGE characterization of the assembly of GopDH-NAD ", (n =1, 2,
3, 4) structures, in which G6pDH is located in the center of the 4x4 tile and the each arm of the
DNA tile carries one NAD" swinging arm (or none). Binding of G6pDH to the DNA tile causes a
significant mobility shift, while the binding of each additional NAD" arm causes only a very

small decrease in mobility. The gel also indicates that the structures assemble with high yield.

S87

© 2014 Macmillan Publishers Limited. All rights reserved.



MDH-NAD?, titration

x N X0 LAY ™
SR Q
,\%0 é?g \Q?‘ é\’“ é?‘
——
‘-_
a———
1000 BP e
-
e
e
500 DD S
400bp =~ Do W g S—
300 bp e
L
200 bp
100 bp

Figure S46. Native 3% PAGE characterization of the assembly of MDH-NAD",(n=1,2, 3,
4) structures, in which MDH is located at the center of the 4x4 tile and the each arm of the
DNA tile carries one NAD" swinging arm (or none). Binding of MDH to the DNA tile causes a
significant gel mobility shift, while the binding of each additional NAD" arm causes only a very

small decrease in mobility. The gel also indicates that the structures assemble with high yield.
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Figure S47. Raw fluorescence traces from reactions catalyzed by G6pDH (A) or MDH (B)
with 1-4 NAD" arms on the 4x4 DNA tile. Assay conditions: 100 nM enzyme-DNA assemblies,
I mM Gé6p for the G6pDH assay or 1 mM malic acid for the MDH assay, and 500 uM
PMS/resazurin in 1xTBS buffer (pH 7.5). The normalized activity of each complex is

determined by fitting a straight line to these traces and is shown in main text Figure 3C.
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5. Assembly and purification of the GoGpDH-NAD",-MDH, complex based on the DX DNA
tile.
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Figure S48. (A) Native PAGE characterization of the assembly of G-NAD",-M, structures on
the DX DNA tile (shown in Figure S5 and Figure 3D in the main text). Lanes from left to right:
DNA tile with two NAD" arms (DNA tile-NAD",), DNA tile with G6pDH and two NAD" arms
(G-NAD",), DNA tile with two NAD" arms and two MDH (NAD",-M), and fully assembled
G6pDH-NAD",-MDH, structures (G-NAD')-M,). (B) Native PAGE characterization of the
fractions collected from size-exclusion FPLC of the fully assembled G-NAD",-M, structures.
Fraction B2 contains aggregates; fractions B3 and B4 were used in subsequent activity assays.
(C) Chromatogram from the size-exclusion FPLC purification of fully assembled G-NAD",-M,
structures, removing excess protein and DNA strands. Three fractions (B2-B4) were collected for

the native PAGE characterization shown in (B).
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6. Assembly and purification of the G6pDH-NAD"-MDH, complex based on the 4x4 DNA

tile.

In this design, the assembly of multiple (1-4) copies of MDH on the 4x4 DNA tile was
characterized using PAGE before constructing the complete G6pDH-NAD"-MDH, structure.

Tile-MDH assembly
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Figure S49. Native PAGE characterization of the assembly of 1-4 copies of MDH on the
4x4 DNA tile. Two capture probes for MDH extend from each of the four arms of the 4x4 DNA
tile (see Figure S7). To precisely control the number of MDH assembled on each 4x4 DNA tile,
the capture probes for MDH are removed from the appropriate scaffold strands during thermal

annealing. Lanes, from left to right: 4x4 DNA tile with 0, 1, 2, 3, and 4 copies of MDH.
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Figure S50. Native PAGE characterization of the assembly of G6pDH-NAD,-MDH4
structures and FPLC purification. (A) Native PAGE characterization of the assembly of G-
NAD4-My structures on the 4x4 DNA tile (shown in Figure S7 and Figure 3D in the main text).
Lanes from left to right: 4x4 DNA tile with four NAD" arms (DNA tile—NADH), G6pDH—NAD+4
(G-NAD";), NAD";-MDH; (NAD"4-My), and fully assembled G6pDH-NAD ,-MDH, (G-
NAD';-M,). (B) Native PAGE characterization of the fractions collected from size-exclusion
FPLC of fully assembled G-NAD"4-M,. Fractions B2 and B3 contained few large aggregates and
free proteins, and were combined for use in subsequent activity assays. (C) Chromatogram from
size-exclusion FPLC purification of fully assembled G-NAD4-M4, removing excess proteins and

DNA strands.
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7. Raw data for comparison of the activity of assemblies with different G6pDH/MDH ratios.
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Figure S51. Raw absorbance time traces of reactions catalyzed by each construct. As the
number of MDH and NAD" arms increases from 1 to 2 to 4 per G6pDH, the overall activity of
the complex increases. The relative activity of each complex, calculated from the slopes of these
absorbance time traces, is shown in Figure 3D in the main text. Assay conditions: 100 nM

swinging arm assemblies, | mM G6p and OAA in 100 mM HEPES (pH 8).
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Figure S52. Native PAGE (3%) characterization of the stability of swinging-arm structures
before and after the catalytic reaction. Left: the structures of G-NAD, M-NAD and G-NAD-M
before running the reaction. Right: the structures of G-NAD, M-NAD and G-NAD-M after
running the reaction. Reaction conditions: 1 mM G6pDH and OAA were incubated with 100 nM
enzyme structures for one hour in the pH 7.5 HEPES buffer.
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8. Regulation of enzyme complex activity by conversion of the ssDNA arm to dsDNA.
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Figure S53. Regulation of enzyme complex activity by conversion of the ssDNA arm to
dsDNA. (A) Regulating the activity of the G6pDH-NAD" semi-swinging arm structure by
adding a poly(A),o strand to hybridize with the NAD"-poly(T)ao arm. The formation of a double-
stranded arm results in a ~50% drop in activities, likely by slowing down the diffusion of NAD"
and decreasing the flexibility of the arm (and hence its freedom to explore the space near the
enzyme). (B) Regulating the activity of the G6pDH-NAD'-MDH swinging arm structures by
adding a poly(A), strand to hybridize with the NAD -poly(T)2 arm. For control reactions in (A)
and (B), an equal concentration of poly(T),o (which is unable to hybridize with the swinging arm)
is added to the sample. Assay conditions: a 10-fold excess of poly(A),o is added into solution
with 100 nM swinging arm complex and incubated for 30 min at room temperature (to allow

hybridization to reach equilibrium) before the activity assay. The activity assay conditions are

described in Section 7.
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Figure S54. Predicted decrease in local effective concentration with increasing
orientational rigidity of a dsDNA arm. When a poly(T),y swinging arm is hybridized to a
poly(A)o complement, it forms a fully double-stranded arm that is not separated from the DNA
tile by a flexible ssDNA linker, and its rotational diffusion is expected to become more hindered.
The dsDNA arm is therefore modeled as a rigid rod (contour length << persistence length)
confined to a spherical section defined by a minimum angle ¢,,;, above the plane of the DNA tile
and the local NAD" concentration calculated according to the Monte Carlo procedure described
on p. S51. While a completely unhindered dsDNA arm (¢, = 0) is predicted yield nearly the
same local concentration of NAD" as the ssDNA arm in the vicinity of the enzyme (Relative
Local Concentration = 1), the experimentally determined 30%-50% drop in enzymatic activity
(figs. S53 and S55) could be explained by confinement of the dSDNA arm to an angle of > 30-40°
above the plane of the tile.
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Figure S55. The dependence of swinging arm complex activity on the length of added
complementary strands. The activity of the swinging arm decreases as the length of the
complements increases, suggesting that the increased rigidity of the double-stranded DNA
reduces activity. However, the partially double-stranded arm consisting of poly(T) and
poly(A);s is slightly more active (15%) than the single-stranded poly(T),o, suggesting that a
partially double-stranded DNA may more effectively present the NAD to the enzyme. The
observed the effect of double-stranded DNA rigidity on inhibiting the efficient interaction
between the enzyme and the cofactor, is consistent with a previous study that the inhibition and
activation of an enzyme-inhibitor complex were regulated by switching the linker between an
enzyme and an inhibitor from a single-stranded DNA to a double-stranded DNA."® Reaction
conditions: 100 nM G6pDH-NAD semi-swinging arm structure was incubated with 1 uM poly(A)
complementary strands, and assayed with 500 pM resazurin and PMS in pH 7.5 HEPES buffer.
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Figure S56. Steric model of Go6pDH-NAD-MDH swinging arm structures. Enzymes are
anchored to the DNA structures through the hybridization of a short double-stranded DNA (10
bp, ~ 3.5 nm). G6pDH (~ 100 kD) is ~ 10 nm in diameter and MDH (~70 kD) is ~ 7 nm in
diameter, according to crystal structures from PDB. (A) At a 7-nm inter-enzyme distance, the
two proteins are expected to be in contact (crowded). (B) At a 14-nm inter-enzyme distance, the
two proteins are not as crowded, and are thus expected to co-assemble with higher efficiency.
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Section 10. AFM images of the fully assembled GGPDH-NAD -MDH swinging arm complex.
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0o 1: Height Sensor 500.0 nm

Figure S57. Zoom out AFM images of the fully assembled GopDH-NAD'-MDH swinging arm
complex (Figure S3). The AFM images were obtained using a FastScan AFM (Bruker) under
aqueous buffer, in Peak Force mode. The thin white boxes highlight correctly assembled, well-
separated structures with both of the proteins clearly distinguished (since MDH is larger than
G6pDH, one protein appears brighter than the other in the AFM image of most complexes). The
DX tile appears as a rod ~30-40 nm long with one protein at each end. The swinging arm (single-

stranded poly(T), labeled with NAD" at the 5° end) is not resolved. Some aggregates were also
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observed. Damage of sample may happen during the AFM imaging process, such as destroyed
sample fragments due to strong tip force, overlapped sample deposit and sample aggregation on

the mica surface. Thereby, AFM imaging cannot reflect the real yield of structure assembly.

AFM imaging protocol: 2 pL samples were deposited onto a freshly cleaved mica surface (Ted
Pella, Inc.) and left to adsorb for 2 minutes. 80 puL of 1 x TAE-Mg”" buffer was added to the
sample and 2 pL 100 mM Ni** was added to enhance DNA adsorption on mica. Extra 40 uL of 1
x TAE-Mg” buffer was deposited to liquid cell. The samples were scanned using
SCANASYST-FLUID " probe (Bruker, Inc.) in “Scanasyst in fluid” mode using a FastScan
AFM (Dimension FastScan, Bruker Corporation).
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