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ABSTRACT

Substrate confinement and channeling play a critical role in multienzyme pathways, and
are considered to impact the catalytic efficiency and specificity of biomimetic and artificial
nanoreactors. Here we reported a modulation of a multienzyme system with the cascade activity
impacted by the surface affinity binding to substrate molecules. A DNA origami modified with
aptamers was used to bind and enrich ATP molecules in the local area of immobilized enzymes,
thereby enhancing the activity of an enzyme cascade by more than two folds. Alternatively, DNA
nanostructure modified with blocked aptamers does not bind with ATP, thereby reducing the
activity of the enzyme cascade. The Michaelis-Menten kinetics showed decreased apparent Ky
values (~ 3-fold lower) for enzyme nanostructures modified with aptamers, suggesting the higher
effective substrate concentration near enzymes due to the local enrichment of substrates.
Conversely, increased apparent Kum values (~ 2-fold higher) were observed for enzyme
nanostructures modified with blocked aptamers, possibly due to the exclusion of substrates
approaching the surface. The similar concept of this modified surface-substrate interaction should
be applicable to other multienzyme systems immobilized on nanostructures, which could be useful

in the development of bio-mimetic nanoreactors.



1. INTRODUCTION

Cell function relies on a series of cascaded and confined chemical reactions, which are
used to carry out important metabolic functions of chemical conversions, energy transformations
and signal transductions. Cellular multienzyme cascades are often spatially organized and
optimized to facilitate the transport of intermediate substrates for improving efficiency and
specificity of reactions. Such examples include scaffold in protein assembly, protein neighbors
assembly, metabolons and compartments.! The ability to mimic and produce these biological
structures in noncellular environment will not only increase our understanding of fundamental life
function and evolution, but could also impact a broad range of potential applications to benefit
both scientific community and society. In the recent decades, various approaches have been
developed to create artificial and biomimetic multienzyme reactors, including cross-linked enzyme
aggregates,” co-immobilized enzyme beads,’ synthetic metabolon,*> polymer vesicles®® and virus-
like particles.”!” The ability to exert control over biomolecular assembly on the nanoscale is
critical to the development of non-living, artificial and biomimetic reactors.

DNA self-assembly has revolutionized the wunderstanding and organization of
biomacromolecules on the nanoscale. Began with Ned Seeman’s construction of artificial
“Holliday” junction, in the past four decades, DNA self-assembly has been widely adopted for the
design and fabrication of prescribed and sophisticated 1D, 2D and 3D nanostructures.!!"!* Several
breakthroughs in the methodology of DNA self-assembly, such as DNA crossovers,'* scaffolded
DNA origami'® and DNA bricks', have empowered the design capability toward more complex

structures and functionality,'”!8

as well as folding nanostructures with single-stranded nucleic
acids.”” Owing to unique features of programmable and prescribed geometry, sequence-

addressable assembly and adaption to various bioconjugations,?’ DNA nanostructures hold great



promise to organize complex molecular systems with precise control of spatial arrangements. %!

For example, multienzyme systems were assembled on DNA nanostructures for controlling inter-
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enzyme distances, engineering biomimetic swinging arms, and confining enzymes within
nanocages.”®" DNA nanostructures can also be used to engineer micro/nano-environment for
modulating biochemical activities, such as the stabilized hydration layer*® and decreased local
pH.?! Using nucleic acids (e.g. aptamers) to bind with enzyme substrates, it enriched substrate
molecules on DNA scaffolds, and thereby increasing the activity of attached enzymes.>*° By
modifying the surface affinity to small molecule ligands, it is possible to make biomimetic
nanoconfinement with the ability to trap substrate molecules for facilitating the substrate
channeling in multienzyme systems. DNA-conjugated enzyme complexes were also used to
modulate the proximity interaction between enzymes and catalytic partners,’’ inhibitors®®*’ and
cofactors*'*?, thereby regulating enzyme activities' and improving enzyme stabilities.*

Here, we reported to use DNA nanostructures to organize a multienzyme complex with the
cascade activity impacted by the surface affinity binding to intermediate substrate molecules.
Aptamer modifications were able to bind and enrich ATP molecules near enzymes on a DNA
origami, thereby promoting the activity of a kinase cascade. Alternatively, blocker-modified

structures were used to exclude ATP molecules from reaching to the origami surface, thereby

reducing the cascade activity.

2. MATERIALS AND METHODS
2.1. Materials.
Pyruvate kinase (Type II from rabbit muscle) and hexokinase (from Saccharomyces cerevisiae)

were purchased from Sigma, glucose-6-phosphate dehydrogenase (G6pDH) was purchased from



Worthington Biochemical. M13 single-stranded DNA was purchased from Bayou Biolabs. Single-
stranded oligonucleotides were purchased from IDT. SPDP (N-Succinimidyl 3-(2-pyridyldithio)-
propionate) were purchased from Pierce. ATP-Cy3 was purchased from Jena Bioscience. 10 xXTBS
(tris buffered saline) and sodium HEPES were ordered from Sigma.

2.2. Preparation of buffer solutions.

All buffers are prepared in deionized water or distilled.

1 x TAE- 12.5 mM Mg** (pH 8.0) contains 40 mM Tris, 20 mM acetic acid, 2 mM EDTA and
12.5 mM magnesium acetate. It is prepared by diluting 100 mL 10 xTAE into 900 mL deionized
water. 10 XTAE-125 mM Mg** (pH 8.0) contains 400 mM Tris, 200 mM acetic acid, 20 mM
EDTA and 125 mM magnesium acetate.** 1 x TBS- 4 mM Mg? * (pH 7.5) contains 1 x TBS and
and 4 mM MgClz with pH adjusted to 7.5.

2.3. Preparation of DNA origami.

Rectangular DNA origami tiles were prepared in 1 x TAE- 12.5 mM Mg?" buffer using published
protocols.** Briefly, 20 nM single-stranded M13mp18 DNA (7,249 nucleotides) was mixed with
a 5-fold molar excess of staple stands and a 10-fold molar excess of anti-anchor strands. The
mixture was annealed from 95 °C to 4 °C with the temperature gradient listed in the supporting
information Table S1. The excess staple strands were removed by washing the solution in 1XTAE
Mg?" buffer (pH 8.0) with 100 kD-cutoff Amicon filters (500 pL) for three times. The
concentration of DNA origami solution was quantified by absorbance at 260 nm, assuming an
extinction coefficient of ~ 109119009 Mlcm™!. The detailed design of DNA origami structures
was shown in the supporting information Figure S1 and Table S4-S7.

2.4. Binding affinity assay by anisotropy and aptamer switch.



ATP-binding aptamer was purified with denatured gel as described in the previous publication.**

Anisotropy experiment was carried out by the polarization filter of Cytation 3 multimode reader
(Biotek/Agilent). 0.5 uM ATP-Cy3 was added with aptamer ranging from 0- 32 pM. The
fluorescence anisotropy value was calculated with the equation:

Anisotropy value= (parallel - perpendicular)/ (parallel + 2 x perpendicular)

For aptamer-complement switch, Cy5 and Iowa Black® RQ labelled strands were used for
fluorescence quenching and recovery measurement. 10 nM aptamer-complement duplex was
prepared in 1 x TBS- 4 mM Mg? " buffer. The mixture was annealed from 90 °C to 15 °C with the
temperature gradient shown in the supporting information Table S2. The structure was then
incubated with ATP from 0- 1300 uM for 30 minutes prior to the read of fluorescence. The
sequences design and details were shown in the supporting information Figure S2 and Table S4-
S5. All DNA strands were purified with denatured gel as described previously.**

2.5. Enzyme-DNA conjugation.

SPDP was used to crosslink enzymes with DNA strands as described previously.** HEK was
conjugated to WNI1 strand (5-NH2-TTTTTCCCTCCCTCC-3) and PK was conjugated to WN2
strand (5-NH2-TTTTTGGCTGGCTGG-3). Enzyme solution was first incubated with SPDP (1:5
molar ratio) in 50 mM HEPES buffer (pH 8.5) for one hour. Excess SPDP was removed by
washing the solution with 30 kD-cutoff Amicon filters for three times. Next, SPDP-modified
protein was conjugated to thiol-modified DNA (8-fold molar excess) through a disulfide bond
exchange of the activated pyridyldithiol group. The reaction mixture was incubated in 50 mM
HEPES buffer (pH 7.5) for one hour. Finally, the excess DNA was removed by washing the

solution with 30 kD-cutoff Amicon filters. DNA-conjugated enzymes were further purified by



anion-exchange HPLC to collect the fraction of enzymes labelled with two DNA strands as
described previously.**

2.6. Co-assembly of enzymes on DNA origami tiles.

DNA-conjugated PK and HEK enzymes were mixed with DNA origami tiles in 1 X TAE- 12.5
mM Mg?" buffer (pH 7.5) with a molar ratio of 3:1. The solution mixture was cooled from 37°C
to 4°C with the temperature gradient shown in the supporting information Table S3.* Then,
aptamers and aptamer-complement complexes were introduced onto the enzyme-assembled
origami structures. To prepare aptamer-modified origami, aptamer strands (2:1 molar ratio) and
apatmer complement strands (4:1 molar ratio) were added into the solution and incubated for 30
mins at room temperature (RT). The sequences details were shown in the supporting information
Figure S1 and Table S5.

2.7. Evaluation of enzyme activity.

PK-HEK cascade reaction produces glucose-6-phosphate (Figure 1A), which is analyzed by
G6PDH-catalyzed NADH production. Enzyme assay was performed in 1xTBS, 4 mM Mg?* buffer
(pH 7.5) with the addition of a substrate mixture of 500 pM glucose PEP, NAD", 10 nM G6PDH
and a varied ADP concentrations depending on the specific experiments. The optimization of
buffer and salt conditions was shown in the supporting information Figure S3. The activity was
evaluated by monitoring the increased absorbance at 340 nm resulted from NADH production.
Collected reaction curves were fit by GraphPad Prism using Michaelis-Menten equation for

apparent Ku (Ku, app) and Vimax values.

2.8. Atomic force microscope (AFM) imaging.
DNA nanostructures were imaged in liquid by AFM using the published protocol.** 2 uL of

enzyme-origami solution was first deposited onto a freshly cleaved mica surface (Ted Pella,



Redding, CA) and was left to adsorb for 2 minutes. Then, 80 pL of 1 x TAE- 12.5 mM Mg*" buffer
was added to the Mica for scanning in liquid. 2 pL of 100 mM Ni** were also added to enhance
DNA adsorption on mica. The samples were scanned by the “Scanasyst mode in liquid mode” of

Multimode 8 AFM (Bruker, Billerica, MA), using “SCANASY ST-Fluid + probe”.

3. RESULTS AND DISCUSSION

In Figure 1A, the general design includes a two-enzyme cascade of pyruvate kinase (PK)*
and hexokinase (HEK) *° that are assembled together on a rectangular M13 DNA origami tile.’
PK catalyzes the production of ATP by transferring a phosphate group from phosphoenolpyruvate
(PEP) to a ADP, similarly as its function in glycolysis. Then, HEK uses an ATP to phosphorylated
a glucose for producing glucose-6-phosphate (G6P). The GO6P 1is detected by a
dehydrogenase/NAD assay as described in the method.*! To enrich ATP molecules near enzymes,

multiple ATP-binding aptamers*’#®

are positioned in the middle path between PK and HEK on the
origami surface. In Figure 1B, the assembly of the enzyme complex was characterized by atomic
force microscopy (AFM). The co-assembly of PK/HEK pairs on DNA origami tiles (45 nm
interenzyme distance) were ~ 80 - 94 % (Supporting Information Figure S4). The right panel
showed the similar enzyme-origami structure but modified with 14 aptamers, which formed a
bright strip under AFM imaging. Next, we tested the binding of an aptamer to an ATP molecule.
In Figure 2A, fluorescence anisotropy measurement characterized that the aptamer bound to a
Cy3-labelled ATP in solution with the dissociation constant (Ks) ~ 6 uM, which was in consistent
with the published value for this aptamer.*® In Figure 2B, an aptamer-complement duplex was

displayed on a DNA origami tile. In this duplex, Cy5-labelled aptamer was quenched by a BHQ-

labelled complement strand. For 11-nucleotide (nt) complement strand, the aptamer-complement



duplex was disrupted by the addition of ATP molecules due to the aptamer-ATP binding, resulting
in an increased Cy3 fluorescence. For 15-nt complement strand, the aptamer-complement duplex
was too stable to be disrupted by the aptamer-ATP binding, thus, was unable to bind with a ATP.
This data demonstrated the regulation of the ATP-aptamer binding on the DNA origami surface.
In later experiments, 15-nt aptamer-complement duplex was used as a blocker to prevent ATP
from binding to the DNA origami surface. The aptamer also bound to ADP similarly as binding to
ATP. Sequence design was shown in the supporting information Figure S2. In Figure 3, a
simplified equilibrium model suggested the enrichment of ATP concentrations on the surface of a
DNA origami by introducing aptamer modifications. Region close to the aptamers (Kz is assumed
at 10 uM) was able to enrich a high local concentration of ATP molecules (within 5 nm), which
decayed exponentially to the bulk concentration of 10 uM as the increased distance from the
surface. However, the model does not account for avidity effects, dynamic diffusion and
electrostatic forces. This steady-state model is used to simply describe the ATP enrichment effect
in the local area of aptamer-modified surface. It cannot be used for accurately predicting the exact

ATP enrichment and concentration in a reaction-diffusion system.

Next, we experimentally evaluated the effect of aptamer modification for impacting the
PK/HEK cascade activity. In Figure 4A, the enzyme cascade activity was increased as introducing
more ATP-binding aptamers onto the DNA origami surface from 0 to 48. The normalized activity
(Figure 4B) showed that the nanostructure with 10-aptamer modification boosted the enzyme
cascade activity for almost two folds, and nanostructures modified with more aptamers of 24 and
48 enhanced the enzyme cascade activity for more than two folds. To be noted, a structure modified
with 14 aptamers showed abnormally lower activity than other aptermer-modified structures. This

was attributed to the very closed position between aptamers and enzymes for the 14-aptamer



modification (see the origami design map in the supporting information Figure S1 and Figure S8),
thereby, aptamer could inhibit the nearby enzyme by blocking the active site or other local
electrostatic and ionic interactions. We also tested the blocked aptamer-complement duplexes for
affecting the enzyme cascade activity. As previously discussed in Figure 2B, a 15-nt aptamer-
complement duplex was unable to bind with a ATP due to the stable hybridization of the duplex.
In Figure 4C, all structures modified with blocker duplexes showed lower activities than structures
modified with aptamers in Figure 4A. Normalized activity in Figure 4D further showed that
enzyme nanostructures modified with 10 blockers or more were even less active than the control

enzyme nanostructure without an aptamer modification.

To investigate the mechanism of boosted or inhibited enzyme reactions induced by aptamer
modifications, we further evaluated the reaction kinetics for some representative structures. In
Figure SA, we compared enzymatic activities of several structures, including non-aptamer
modification, 10-apatmer modification, 10-aptamer/blocker modification and 14-aptamer/blocker
modification. The result showed that a DNA origami tile modified with multiple ATP-binding
aptamers boosted the activity of the enzyme cascade on the nanostructure, while DNA origami
tiles modified with blocker duplexes significantly reduced the enzyme cascade activity on
nanostructures. In Figure 5B, we measured the enzyme activity depending on added ADP
concentrations for evaluating the apparent Michaelis constant (Ku;, 4pp) of the overall enzyme
cascade reaction. The enzyme nanostructure with 10-aptamer modification showed the smallest
apparent Ky value of ~ 296 uM, and the enzyme nanostructure without aptamer modification
showed a higher Ku;, 4pp value of ~ 860 uM. Enzyme nanostructures modified with aptamer/blocker
showed much larger Ku;, app values of ~ 1060 uM for 10-aptamer/blocker and ~ 1831 uM for 14-

aptamer/blocker. Vmax values for all enzyme structures were ranged from 54 pM to 66 pM, which
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was less variations than apparent Ki values. It suggested that different activities of these enzymes
structures were primarily attributed to Kiu change, rather than Ve variations. The raw reaction
curves for fitting were included in the supporting information Figure S5-S7. Free enzymes
unassembled on DNA origami showed lower activity than enzymes assembled on DNA origami
(supporting information Figure S6), possibly due to the enhancement effect of DNA scaffolds that

were reported previously.?*2%-!

If assuming the true Ku and Vmax of enzymes are not significantly affected by aptamer
modifications, the apparent Ku value (K, app) 1s related to the effective ADP concentration in the
local area of enzymes. ADP concentration near DNA origami surface (Ssu) can be described as:
Ssurf = Spuik X o, where Spuik 1s the added ADP concentration in bulk solution, a is the surface

enrichment factor. For an enzyme reaction on DNA origami, it follows the Michaelis-Menten

. . |2 *S . .
kinetics as: V = 22> - where the true Ki and Vimaxare determined by the local concentrations

Km +Ssurf
of ADP. However, the apparent Ku value (Ku;, opp) 1s measured by bulk concentrations as: V =

Vinax*S . ) K s )
—max®bulk . Prom these, it can be derived as: —¥— = =L = ¢ In Table 1, the enrichment

KM,app+5bulk ' M,app Sbulk

factor () is defined as 1 for the enzyme structure without any aptamer modification. The enzyme
nanostructure with 10-apatmer modification showed a decreased apparent K than the structure
without aptamer modification, thus, a value for this 10-apta structure is ~ 2.9. It indicated a
significant enrichment of local substrates on the surface of enzyme-DNA nanostructure. Enzyme
nanostructures modified with blocked aptamers showed increased Ku values, with a values of ~
0.81 for 10-aptamer/blocker and ~ 0.47 for 14-aptamer/blocker, which suggested that substrates

were excluded from the surface of enzyme-DNA nanostructures.

4. CONCLUSION
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We have designed and demonstrated the assembly of multi-enzyme complexes on DNA
nanostructures with the local enrichment or exclusion of substrate molecules. Aptamers were used
to modify the surface of DNA nanostructures for enriching or excluding local ATP molecules.
This modulation of local ATP concentrations was found to impact the activity of an enzyme
cascade reaction, where enhanced enzyme activities were observed for structures modified with
ATP-binding aptamers, and decreased enzyme activities were observed for structures modified
with blocked aptamers. The aptamer modifications also affected the Michaelis constant of
enzymatic reactions. A decreased apparent Ku indicated the enrichment of local substrates by
aptamers, and an increased apparent K suggested the exclusion of local substrates near enzymes.
The similar concept of this modified surface-substrate interaction should be applicable to other
multienzyme systems immobilized on nanostructures, e.g. confined enzyme reactions in
nanocages,’’ nanotubes?* or microbeads.’ Advances in aptamer technology, such as SELEX, can
also be used to develop new aptamers targeting on various enzyme substrate ligands. Especially,
if aptamers can bind more tightly with substrates than products molecules, it could provide more
accurate and strong modulation on enzyme activities. The underlying DNA nanostructures provide
programmable frameworks for creating complex enzymatic systems with the regulation of activity
and specificity, which could find more useful in the development of bio-mimetic reactors for the
synthesis of high-value chemicals, the bioenergy conversion and the fabrication of smart materials,

as well as regulatory biological circuits for diagnostic and therapeutic applications.
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FIGURES

2 pm =2 um 2pm = 2um

Figure 1. Design and characterization of an aptamer-modified DNA nanostructure providing
the enrichment of ATP molecules between two kinases. (A) Schematic of a nanostructured
enzyme cascade consisting of PK and HEK organized on a rectangular DNA origami tile. ATP-
binding aptamers are modified on the path between the two enzymes. (B) Left: AFM image of the
assembled PK-HEK origami tile without the aptamer modification. Right: AFM image of the

assembled PK-HEK origami with 14-aptamer modification. Scale bar: 200 nm. Size: 2 um %2 um.
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Figure 2. Evaluation of aptamer binding to ATP. (A) Fluorescence anisotropy measurement of
an aptamer binding to a Cy3-labelled ATP with a Ka~ 6.1 uM. (B) Titration of ATP concentrations
to disrupt an aptamer-complement duplex on DNA origami surface. Fluorescence increase is
observed due to the release of BHQ-labelled complement strand by adding adenosine to disrupt
ACDs. As ACD length is increased from 11-nt to 15-nt, apparent Kd values are also increased
significantly, and 15-nt ACD is even unable to bind with adenosine. Conditions: 10 nM aptamer

in 1xTBS, 2 mM Mg?" buffer. Error bars: the range of data for three replicates.
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Figure 3. Equilibrium Simulation of ATP enrichment by aptamers on DNA nanostructures.
The concentration gradient as estimated by the equations described in the method with assuming

K= 10puM, Coui=10uM and a minimal distance of 5 nm. These idealized concentrations are likely

to be over-estimated especially very close to aptamers.
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Figure 4. Evaluation of activities for enzyme-assembled DNA structures with modifications
of aptamers. (A) Raw activities of enzyme-assembled structures with the modification of
aptamers (apta) from 0 to 48, and (B) normalized activities for these structures. (C) Raw activities
of enzyme-assembled structures with the modification of aptamer/blocker complexes from 0 to 48,
and (D) normalized activities for these structures. Aptamer/blocker complex is the 15-nt aptamer-
complement duplex that cannot bind to a ATP. Conditions: 2.5 nM enzyme-DNA nanostructure
was assayed with 500 uM mixture of glucose, PEP, NAD", 10 nM G6PDH and 100 uM ADP in

1xTBS, 4 mM Mg*" buffer. Error bars: the range of data for three replicates.
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Figure 5. Evaluation of Michaelis constants for assembled enzyme complexes with aptamer
modifications. (A) Normalized activities for assembled enzyme complexes with modifications of
no aptamer, 10 aptamers, 10 aptamer/blocker duplexes and 14 aptamer/blocker duplexes. (B)
Titration of ADP concentrations for producing NADH by assembled PK-HEK complexes with
modifications of no aptamer, 10 aptamers, 10 aptamer/blocker duplexes and 14 aptamer/blocker
duplexes. Conditions: 2.5 nM enzyme-DNA nanostructure was assayed with 500 pM mixture of
glucose, PEP, NAD" and 10 nM G6PDH in pH 7.5, 1xTBS, 4 mM Mg?" buffer. ADP was varied

from 0, 12.5, 25, 50, 100, 200, 400 to 800 uM. Error bars: the range of data for three replicates.
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Table 1. Fitting of Vi, apparent Km (Ku, opp) and enrichment factor (a) for assembled
enzyme structures with different modifications of aptamers and blockers.

10-apta No apta 10-apta/blocker 14-apta/blocker
Viar(uM/min) ~ 53.8 2.9 66.2+5.9 66.6 +2.3 58.0+9.9
Kot app (UM) 296 + 37 860 £ 126 1060 £ 56 1831 £418
o ~2.90 £ 0.32 1 ~0.81 +£0.07 ~0.47=+0.02
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