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ABSTRACT: Spatially addressable DNA nanostructures
facilitate the self-assembly of heterogeneous elements with
precisely controlled patterns. Here we organized discrete
glucose oxidase (GOx)/horseradish peroxidase (HRP)
enzyme pairs on specific DNA origami tiles with
controlled interenzyme spacing and position. The distance
between enzymes was systematically varied from 10 to 65
nm, and the corresponding activities were evaluated. The
study revealed two different distance-dependent kinetic
processes associated with the assembled enzyme pairs.
Strongly enhanced activity was observed for those
assemblies in which the enzymes were closely spaced,
while the activity dropped dramatically for enzymes as
little as 20 nm apart. Increasing the spacing further
resulted in a much weaker distance dependence.
Combined with diffusion modeling, the results suggest
that Brownian diffusion of intermediates in solution
governed the variations in activity for more distant enzyme
pairs, while dimensionally limited diffusion of intermedi-
ates across connected protein surfaces contributed to the
enhancement in activity for closely spaced GOx/HRP
assemblies. To further test the role of limited dimensional
diffusion along protein surfaces, a noncatalytic protein
bridge was inserted between GOx and HRP to connect
their hydration shells. This resulted in substantially

enhanced activity of the enzyme pair.
C ellular activities are directed by complex, multienzyme
synthetic pathways that exhibit extraordinary yield and
specificity. Many of these enzyme systems are spatially
organized to facilitate efficient diffusion of intermediates from
one protein to another by substrate channeling"” and enzyme
encapsulation.” Understanding the effect of spatial organization
on enzymatic activity in multienzyme systems is not only
fundamentally interesting, but also important for translating
biochemical pathways to noncellular environments. Despite the
importance, there are very few methods available to system-
atically evaluate how spatial factors (e.g., position, orientation,
enzyme ratio) influence enzymatic activity in multienzyme
systems.
DNA nanotechnology has emerged as a reliable way to

organize nanoscale systems because of the programmability of
DNA hybridization and versatility of DNA-biomolecule
conjugation strategies.* The in vitro and in vivo assembly of
several enzymatic networks organized on two-dimensional
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DNA and RNA arrays® or simple DNA double helices® has led
to the enhancement of catalytic activities. Nevertheless, the
nucleic acid scaffolds used in these studies are limited in their
ability to study spatial parameters in multienzyme systems
because of the lack of structural complexity. The development
of the DNA origami method’ provides an addressable platform
upon which to display nucleic acids or other ligands, permittin§
the precise patterning of multiple proteins or other elements.
Here, we report a study of the distance-dependence for the
activity of glucose oxidase (GOx)/horseradish peroxidase
(HRP) cascade by assembling a single GOx/HRP pair on a
discrete, rectangular DNA origami tile.

The DNA-directed coassembly of GOx and HRP on DNA
origami tiles is illustrated in Figure 1A. The DNA-conjugated
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Figure 1. DNA nanostructure-directed coassembly of GOx and HRP
enzymes with control over interenzyme distances. (A) The assembly
strategy and details of the GOx/HRP enzyme cascade. (B)
Rectangular DNA origami tiles with assembled Gox/HRP pairs
spacing from 10 to 65 nm. GOx/HRP coassembly yields were
determined from AFM images as shown in the bottom panel. Scale
bar: 200 nm.

enzymes, GOx-poly(T),, (S-HS-TTTTTTTTTTTTTTT
TTTTT TT-3’) and HRP-poly(GGT)s (5'-HS-
TTGGTGGTGGTGGTGGTGGT-3’), were assembled on
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rectangular DNA origami tiles (~60 X 80 nm) by hybridizing
with the corresponding complementary strands displayed on
the surface of the origami scaffolds. Four different rectangular
origami tiles” were prepared with interenzyme probe distances
(distance between two protein-binding sites) of 10 nm (S1), 20
nm (S2), 45 nm (S3), and 65 nm (S4). For detailed sample
preparations, please see Figures S1—S6 (Supporting Informa-
tion (SI)). To achieve high coassembly yields of the GOx/HRP
pairs, a 3-fold excess of enzymes were incubated with the DNA
tiles (Figure S7 (SI)). The coassembly of the GOx/HRP
cascade was visualized using AFM imaging of DNA
nanostructures. The presence of a protein results in a higher
region than the surrounding surface of the origami tile (Figures
$8—9, S16—17 (SI)). Most origami tiles were deposited on the
mica surface with the protein decorated side facing up, likely
because of the strong interaction (charge or stacking) of the
opposite flat side with the mica surface.

As shown in Figure 1B, high coassembly yields of GOx/HRP
pairs on DNA origami tiles were achieved for longer
interenzyme distances, with ~95% for S3 (45 nm) and ~93%
for S4 (65 nm). For shorter distances, the coassembly of GOx/
HRP pairs was less efficient because of the steric hindrance
between two nearby enzymes, with ~45% for S1 (10 nm) and
~77% for S2 (20 nm). To rule out any nonspecific absorption
of the enzymes to the tile surfaces, a control experiment was
performed where tiles without any nucleic acid probes (C1)
were incubated with DNA modified GOx and HRP, and no
binding of the enzymes to the tiles was observed. The activities
of the enzyme complexes, containing all components of GOx/
HRP coassembled on DNA tiles, unbound enzymes and free
DNA tiles were measured in the presence of substrates glucose
and ABTS*” by monitoring the increase in absorbance at 410
nm (Figure 2A). The S1 (10 nm) tile solution exhibited the
highest enzyme activity, which was more than 2 times greater
than the activity of the S2 (20 nm) tile solution (Figure 2B),
even though the coassembly yield of GOx/HRP pairs was
significantly lower for S1 tiles. Increasing the distance between
GOx and HRP from 20 to 65 nm resulted in a small decrease in
the raw enzyme activity (~10%). A similar distance-dependent
trend in activity was also observed in additional interenzyme
distance-dependence studies using a different attachment
scheme (Figure S10 (SI)). All samples containing assembled
GOx/HRP tiles exhibited higher activities than unassembled
enzyme controls, demonstrating how arranging the enzymes in
close proximity results in enhanced activity. Further, the control
solutions (with free enzymes and unbound DNA tiles) had
similar activities as free enzymes without any DNA
nanostructures, confirming that a DNA-nanostructure environ-
ment does not affect enzyme activity under the conditions used.

Y, 3-Y,
raw — as;emAassem + 3assem (1)

Equation 1 was used to adjust the activities to account for the
differences in yields of coassembled enzymes. In eq 1, the raw
activity (A,,,) consists of contributions from both assembled
GOx/HRP cascades (A,.,) and unassembled enzyme
(Aunassem), Where Y, . is the coassembly yield of GOx/HRP
pairs on the origami tiles. Because a 3:1 ratio of enzymes to
origami tiles was used for the assembly, the percentage of
assembled enzymes was ~(Y,i.n/3), while the percentage of
unassembled enzymes was ~((3 — Y,iem)/3). The resulting
calibrated activities are presented in Figure 2B. The largest
enhancement in activity was observed for enzymes with 10 nm
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Figure 2. Spacing distance-dependent effect of assembled GOx/HRP
pairs as illustrated by (A) plots of product concentration vs time for
various nanostructured and free enzyme samples and (B) enhancment
of the activity of the enzyme pairs on DNA nanostructures compared
to free enzyme in solution. Both the raw activity (uncorrected for the
yield of the completely assembed nanostructures) and yield-corrected
activity are shown. The activity correction for assembly yields was
performed using eq 1.

spacing, which was more than 15 times higher than the
corresponding control. A sharp decrease in cascade activity
occurred as the interenzyme distance was increased from 10 to
20 nm, followed by a slow and gradual decrease in activity as
the distance was further increased to 65 nm.

For a GOx/HRP cascade, effective transfer of the
intermediate H,0, between the enzymes is essential to the
cascade activity (Figure 3A). Here, we use Brownian motion to
simulate the distance-dependent, three-dimensional (3D)
diffusion of H,0, between enzymes as described by eq 2,
where n(r,t) is the concentration of H,0, at a distance r from
the initial position, D is the diffusion coefficient, and ¢ is the
diffusion time.'® GOx is assumed to generate H,0, at a
constant rate, k.. Equation 3 describes the convolution
function of Brownian motion of H,0, with a constant catalytic
rate for a GOx/HRP pair in the given time f, where 7 is the
average time between GOx turnovers (1/ k). Figure 3B shows
the simulation result using the following parameters: D = 1000
pm?/s for Hy0,,"' ke = 300 s for GOx (Figure S11 (SI)),
and t = 1 s. Because of the rapid diffusion of H,0O, in water, the
concentration of H,0, drops off only slightly within a few
hundred nanometers of GOx. If one assumes that the activity is
linear with substrate concentration, this simulation result agrees
with the observation that assembled GOx/HRP cascades
exhibit only small variations in activity for interenzyme
distances between 20 and 65 nm. For a 1 nM solution of
unassembled enzymes, the average spacing between proteins is
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Figure 3. Model of H,0, diffusion in a single GOx/HRP pair. (A)
Simplified illustration of the distance-dependent (r) H,0, concen-
tration gradient resulting from 3D Brownian diffusion. (B) Simulated
H,0, concentration gradient as a function of distance between GOx
and HRP using eq 3 with the following parameters: diffusion
coefficient ~1000 um?/s; k., (GOx) ~300 s™'; and the integration
time ~1 s. Inset shows the enlarged distance-dependent H,0O,
concentration gradient within 1 ym.

~1.2 um, where the H,0, concentration is ~60% of the initial
position in the simulation. This result is consistent with the
limited activity enhancement (less than 2-fold) for distantly
spaced GOx/HRP pairs (e.g, 45 or 65 nm) compared to
unassembled enzymes in Figure 2. Further, if the intermediate
transfer between distantly spaced enzymes is dominated by
Brownian motion, diluting the sample will result in a decreased
H,0, concentration for free HRP, while the H,0, concen-
tration near HRP in the assembled complexes remains nearly
constant. Thus greater activity enhancement will be observed
for assembled GOx/HRP pairs relative to the free enzymes
under these conditions. This concentration-dependent en-
hancement was confirmed by performing the assay at a range of
GOx/HRP concentrations (Figure S12 (SI)).

n(r, t) = ;QXP(_i)
( 4nDt)3/ 2 4Dt )
i=t/t—1 1 2
0 L G- Zexp(_ (¢ - "T))
3)

While the Brownian diffusion model is consistent with the
interenzyme distance dependence of the activity at distances
greater than 20 nm, the strong activity enhancement for GOx/
HRP pairs spaced 10 nm apart cannot be explained by this
model. Apparently, the transfer of H,O, between closely spaced
enzymes is governed by a different mechanism than that for
more distantly spaced enzymes. Since both GOx and HRP are
randomly oriented on the DNA origami tiles, it is unlikely that
the active sites of GOx and HRP are perfectly aligned to allow
the direct transfer of H,0, between active sites. It seems more
likely that when GOx and HRP are spaced in very close
proximity, the two protein surfaces become essentially
connected with one another, as demonstrated by AFM imaging
of S1 tiles for 10 nm interenzyme spacing (Figure 1B). One
possibility is that under these circumstances, H,O, does not
generally escape into the bulk solution but instead transfers
from GOx to HRP along their mutual, connected protein
surface, providing a dimensionally limited diffusion mechanism
that dominates over three-dimensional diffusion when the two
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enzymes are essentially in contact. In support of this concept, it
is known that water molecules are translationally and
rotationally constrained in the hydration layer around a protein,
relative to bulk solution, because of hydrogen bonding and
Coulombic interactions with the protein."> Some simulation
results have suggested that H,0, also has an affinity for protein
surfaces resulting in an even longer residence time in the
hydration layer near the protein than water."> In addition,
dimensionally limited diffusion has been observed in a number
of biochemical systems, resulting in decreased times for
diffusion of a substrate or ligand to its point of action.'
Examples include linear diffusion of nuclease or transcription
factors along DNA'* and the surface-attached “lipoyl swing
arm” in the pyruvate dehydrogenase complex.?

If the enhancement seen in Figure 2 at 10 nm interenzyme
distance is in fact due to dimensionally restricted diffusion
along protein surfaces, it should be possible to enhance the
activity observed at longer interenzyme distances by placing a
protein bridge between the enzymes. To test this, we designed
a ‘bridge-based’ cascade in which a noncatalytic protein was
inserted between GOx and HRP, in order to connect the
protein hydration shells and facilitate the surface-limit diffusion
of H,0,. As shown in Figure 4A, a GOx/HRP pair was first
assembled on a DNA origami tile with a 30 nm interenzyme
distance. Next, a noncatalytic protein, either neutravidin
(NTV) or streptavidin (STV)-conjugated f-galactosidase (-
Gal), was inserted between the enzymes. As shown in Figure
4B, assembled GOx/HRP pairs with a -Gal bridge exhibited
~42 + 4% higher raw activity than control assemblies without
the bridge. For this preparation, the yield of assemblies with all
three components (GOx, HRP, and the bridge) was ~38%.
Assembled GOx/HRP pairs with a NTV bridge showed ~20 +
4% enhancement in raw activity compared to the control
sample, at ~50% coassembly yield (Figures S13, S18 (SI)).
STV conjugated p-Gal and NTV in solution did not affect
GOx/HRP activities (Figure S14 (SI)). With a larger protein
diameter (~16 nm), #-Gal can fill the space between GOx and
HRP more completely than NTV (~6 nm diameter), resulting
in a more enhanced activity for the f-Gal bridge even with a
lower coassembly yield (Figure S15 (SI)). This result supports
the notion that surface-limited diffusion of H,0, between
closely spaced enzymes is responsible for the increase in
cascade activity beyond what is possible by three-dimensional
Brownian diffusion.

In conclusion, we have systematically studied the activity of a
GOx/HRP cascade spatially organized on a DNA nanostructure
as a function of interenzyme distance. The intermediate transfer
of H,O, between enzymes was found to follow the surface-
limited diffusion for closely spaced enzymes, while 3D
Brownian diffusion dominated H,O, transfer between enzymes
with larger spacing distances. These studies imply that the
strong activity enhancement observed for assembled enzyme
cascades is not simply achieved by reducing the interenzyme
distance to reach high local molecule concentration, but also
results from restricting diffusion of intermediates to a two-
dimensional surface connecting the enzymes. While it is
possible that some coassembled GOx/HRP pairs are aligned
in such a way that their active sites are juxtaposed, facilitating
H,0, transfer between enzyme pockets, there was no specific
attempt to orient the enzymes in this study. In the future, it will
be important to study the effect of enzyme orientation on the
activity of assembled enzyme complexes as well.'> With the
further development of DNA—protein attachment chemistry
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Figure 4. Surface-limited H,0, diffusion induced by a protein bridge.
(A) The design of an assembled GOx/HRP pair with a protein bridge
used to connect the hydration surfaces of GOx and HRP. (B)
Enhancement in the activity of assembled GOx/HRP pairs with $-Gal
and NTV bridges compared to unbridged GOx/HRP pairs. AFM
images of GOx/HRP pairs with and without protein bridges were used
to estimate the coassembly yield. Scale bar: 200 nm.

through site-specific conjugation or ligand capture,' it should
be possible to start to direct the flow of substrate molecules
between active sites using some of the concepts and tools
discussed above.
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