Local Environment Affects Activity of Enzymes on 3D Molecular Scaffold
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ABSTRACT

Ability of coordinating and confining enzymes presents opportunity to affect their performance
and to create chemically active materials. Recent studies show that polymers and biopolymers can
be used to scaffold enzymes and that can lead to the modulated biocatalytic efficiency. Here, we
investigated the role of micro-environments on enzyme activity using a well-defined molecular
scaffold. An enzyme, glucose oxidase (GOx), was positioned at different locations of a three-
dimensional (3D) octahedral DNA scaffold (OS), allowing to alter enzyme’s polyanionic
environments. Using electrical sensing, based on a bipolar junction transistor, we measured
directly and in real-time enzyme’s proton generation at these different micro-environments. We
found a 200% enhancement of immobilized enzyme over free GOx, and about 30 % increase in
catalytic rates when enzyme is moved on the same molecular scaffold to a micro-environment with
a higher local concentration of polyanions, which suggests a role of local pH on the enzymatic

activity.
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Enzyme confinement and compartmentalization are general strategies found in the nature to
control substrate specificity, prevent unwanted off-target reactions, and concentrate biochemical
reactions.! Inspired by nature, the catalytic properties of surface and volume-confined enzymes
have further been studied for the understanding of complex cellular pathways, and for enhancing
enzymatic activities through engineering of their structures.> * Several approaches to modulate
enzymatic activities by physical adsorption and covalent crosslinking of enzymes onto bioactive
surfaces have also been developed.*® For example, metal-organic frameworks offer a porous
surface for physically immobilizing enzymes through surface attachment and pore encapsulation,
as well as covalently anchoring enzymes mediated by carboxylate activating molecules.’” Besides,
an ability to manipulate biocatalytic cascades using a magnetic field that can affect local
environments was recently shown.®

Designed molecular scaffolds offer tremendous opportunity for manipulating enzymatic
cascades’, but require ability to create desired scaffold architectures, place of enzymes specifically
and control of local physiochemical properties of scaffolds. In this respect, DNA nanotechnology,
which utilizes molecular plasticity and intermolecular connectivity to program DNA
architectures,'®-'* has been exploited as a promising scaffold material'>!° for tailoring enzymatic
reactions and activities.?’>5 Researchers have reported that a DNA origami scaffold can
significantly enhance the catalytic activities of serial enzymatic reactions, such as glucose oxidase
(GOx)- horseradish peroxidase (HRP) cascade with 15 folds of activity enhancement®® in a small
confined space.!> 327 Recently, it was shown that GOx-HPR enzymes cascades can be rationally
organized into 3D nanostructured arrays using a DNA-based material voxel strategy: such
organization leads to an enhanced activity of the cascades.?®

Two possible mechanisms have been proposed to discuss the observed enhancement of
enzymatic activities on DNA-based scaffolds: (i) improved transport of intermediate substrate of
serial enzymatic reactions and (ii) promotion of the inherent catalytic kinetics of a single enzyme.?’
In the former, a charged DNA scaffold is hypothesized to facilitate a substrate transport between
two enzymes, so-called substrate channeling that enhances biocatalytic cascade reactions. In this
hypothesis, DNA scaffold allows for positioning of enzymes at optimized distances and increasing
the flux of the reactive components.!? 1326 However, previous simulation works showed that the
cascade throughput of closely placed enzyme pairs was only enhanced in reactors larger than

micron-size cells and for initial time.3% 3! Thus, the conflict between the experimental results and



simulated predictions implies that the possible mechanism, substrate channeling, might not be
sufficient to explain the activity enhancement.

On the other hand, the second mechanism describes that the local environment of polyanionic
DNA materials affects the kinetic constant of single enzyme, such as turnover number and
Michaelis constant. It has been hypothesized that a negatively charged DNA surfaces with a high
density of phosphate groups could affect the active conformation of an attached enzyme that is
surrounded by a strongly bonded hydration layer.?” In order to explain the enhancement of catalytic
kinetics of single enzyme, pH profile near DNA surface was modeled and it was concluded that
pH might have a critical effect on enzymatic activity.>?> Moreover, researches also showed that

36,375 activity can be improved by increasing the affinity of

HRP3**% and phosphotriesterase
substrates on negatively charged DNA motifs, implying that polyanionic DNA material could
promote enzymatic activity through altering local chemical and physical micro-environments.

Thus, understanding the mechanisms of how DNA scaffold can modulate the activity of
enzymes is of crucial importance. However, the direct effect of polyanionic environments on
catalytic kinetics has not yet been experimentally uncovered due to the limitations of conventional
colorimetric measurement techniques that are used to monitor reactions.?’ Typically, it is quite
difficult to measure the catalytic difference of enzymes on the same DNA nanostructures, but at
different local environments, due to a lack of assay sensitivity.

In this work, we addressed this challenge by establishing a system that allows probing
enzymatic activities over both comparable and distinct polyanionic environments. We used a 3D
DNA origami scaffold (OS) of octahedral shape to prescribe GOx either externally at one of the
vertices (noted as position A) or, internally, along one of duplex bundles (noted as position B), as
illustrated in Figure la. The rigid 3D DNA configuration has been previously used to guide the
assembly of nanoparticles and biomolecules into 1D, 2D and 3D organizations.?** We adapted
the design and used the OS as a 3D scaffold for targeted GOx placement. The two GOx positions
were selected due to the prominently different densities of phosphate groups, as defined by the
amount of DNA spatially surrounding the enzyme: position A (a vertex formed by four DNA
bundles) > B (on a DNA bundle). The position design allows differentiating two polyanionic
environments. Then, an oxidation activity of GOx-OS nanostructure was investigated to reveal an

effect of DNA scaffold on a catalytic activity.



We applied a bipolar junction transistor (BJT) based label-free pH sensor to investigate the
activity of these two types of GOx-OS nanostructures (Figure 1b). This BJT sensor with high
resolution and high sensitivity was recently proposed and validated.*! 2 It has also been used to
study the kinetics of non-specific DNA binding to surfaces.* Different from the conventional
colorimetric or fluorometric methods that require other biocatalysts or derivatizing chemical
reagents, this electronic method permits us to directly probe pH/proton concentration changes in
aqueous solutions. BJT-based probing offers a limit of detection (LOD) of 0.0003 pH and > 20
times increase in a signal to noise ratio (SNR) over state of the art field effect transistor (FET).*>
4,45 The proton concentration changes are resulted from gluconic acid (GA), produced by the
GOx-mediated glucose oxidation, because GA is a weak acid and it dissociates over 95% at pH >7.
As shown in Figures 1b and S1, the BJT pH sensor is composed of three basic components: (i) a
BJT device as the transducer, (ii) a pH-sensitive TiN sensing surface and (iii) a reference electrode;
both the sensing surface and the reference electrode are immersed in the studied aqueous solution
with GOx-OS. By taking advantage of this sensing approach, we uncovered the difference in
enzymatic activity of GOx bound at the different locations of the 3D OS. Our finding indicates
that GOx externally placed at a vertex (position A) exhibited a higher activity than GOx anchored
on a DNA bundle (position B), which supports the hypothesis of inherent GOx activity
enhancement by a negatively charged DNA scaffold. We conclude that it is the resulting local pH
decrease associated from the different local DNA organization and topology that favorably affects

GOx activity, as we discuss below.

RESULTS AND DISCUSSION

The octahedral DNA scaffold (OS), composed of 12 six-double helix bundles, was fabricated
using the DNA origami technique,*> 47 where an M13mp18 single-stranded DNA (ssDNA) was
mixed with ~120 staples to form the designated OS structure.®® To place glucose oxidase (GOXx)
at designated positions of the OS, a selected vertex (position A) and a placement on the interior
position (non-vertex) of a selected bundle (position B) were separately encoded with an extended
ssDNA sequence from the staples, known as the “sticky ends”, which specifically hybridized with
the complementary ssDNA functionalized on GOx (ssDNA-GOx, see Figure la, Method and
Supplementary Material Part 3).
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Figure 1. Mechanism for the detection of glucose oxidase (GOx) activity using the bipolar junction
transistor (BJT) sensor. (a) Three sets of octahedral DNA scaffold (OS)-GOx conjugates, where the GOx
conjugated with single-stranded (ss) DNA is positioned at different locations (external and internal
positions A and B, respectively) of the scaffold via DNA hybridization. GOx is represented by a green
sphere. (b) Schematic shows the glucose oxidation reaction catalyzed by the OS-GOx. The protons
generated during the oxidation process change the pH of the weakly buffered solution which is measured
by the BJT-based sensor with collector current (Ic) as the sensing signal. (c) Calibration curve of pH
dependence of sensing signal: the sensing current (I¢) is plotted against the pH of the buffer solution, where

symbols are measured data and the solid line is a fit to the data.

In our study, the glucose oxidation induced by the GOx-OS architectures took place in diluted
TE buffer (2 mM Tris, 0.2 mM EDTA and 12.5 mM MgClz, pH=7.35). Diluted Tris and EDTA
served as buffering components to mildly maintain a starting pH value. As discussed in the
Supplementary Material (Part 1c), we also investigated the effect of buffer capacity on GOx
reactions for the BJT measurement, where different concentrations of the Tris buffers were used.
The conclusion is that a strong buffer can impair the BJT measurement due to the buffering effect

on neutralizing proton changes (Figure S5 and S6), while a weak buffer can decrease a GOx



activity because its inability of maintaining a proper and stable environment for enzymatic reaction
(Figure S7). We also modelled the effect of buffer capacity on electrostatic environment near DNA
nanostructures (Supplementary Material, Part 1g), and the computations indicate that diluted
buffer could show a larger variation of pH near a DNA surface relatively to the bulk (Figure S12).
Therefore, a diluted TE buffer is the most suitable, and it has been used in this study. The
concentration of magnesium ions (Mg?") in all the buffers was kept at 12.5 mM in order to stabilize
the OS structure by preventing inter-DNA repulsions between the negatively charged phosphate
backbones.

To evaluate the catalytic properties of the GOx-OS nanostructures in the presence of glucose,
the BJT pH sensor was applied to measure the sensing current (/c) in response to changes in the
pH of the solution due to the enzymatic reaction. Figure 1c¢ shows the pH calibration curve for the
BJT sensor with the collector current /c as the sensing signal. The sensing signal (/c) dependence
was measured as a function of various pH buffer solutions at room temperature and fixed applied
voltages; symbols are the measurements and solid line is fit to the data. From the fit (Figure 1c¢),

the measured dependence of /c on pH can be presented as:
I = k+-107%PH (1)

where a = 0.95 and k is constant.
Since an addition of glucose to the GOx solution for triggering enzymatic reaction results in pH
change, the relationship between measured signal /c (t) and solution pH(t) at time ¢ after the

glucose addition can be written as:

Iclﬂ — 10~0-95(PH()~pH(0)) ()
0

where o and pH (0) are collector current /c and solution pH prior to the glucose addition.

We applied this BJT sensor to probe the catalytic reactions of GOx-OS systems with two
different GOx locations, as described above. To verify whether the BJT sensor could distinguish
subtle differences in proton generation among different GOx-OS systems, three GOx-OS sets were
designed: control, position A and position B (Figure 1a). The control experiment served to examine

activity changes due to the presence of DNA scaffolds, and thus the solution contained free



ssDNA-GOx conjugates and OS without encoded sticky ends. As shown in Figures 2a-c, the OS
and GOx-OS structures are clearly visible in the negative-stained micrographs obtained by
transmission electron microscopy (TEM). Since GOx is a dimeric globular protein with
dimensions of 6.0x5.2x7.7 nm,*® the enzyme is presented as the faint globular objects positioned
externally and internally on the OS (Figures 2b-c, as indicated by yellow arrows). We estimated
the yields of GOx placement at the positions A (48%) and B (51%) based on TEM imaging and
analysis of 207 and 224 counted OS structures, respectively. It is noteworthy that in order to
prepare GOx-OS samples, we mixed ssDNA-GOx and OS in amolarratio of 1 : 1.2 (ssDNA-GOx :
OS). Thus, the statistic results of GOx-OS yields show that the actual concentration of well-formed
GOx-08, unbound ssDNA-GOx and unfunctionalized OS were close in the samples GOx-OS (A)
and (B). Therefore, our study on activity comparison between GOx-OS(A) and (B) is based on a
similar concentration of GOx.

We first used the BJT sensor to explore the three GOx-OS systems (control, and with target
enzyme at the positions A and B, denoted as GOx-OS(A) and GOx-OS(B)) and compared real-
time /c in the absence and presence of glucose. Here, glucose is required as a substrate for the
enzymatic reaction. Figures 2d-f show the real-time monitoring data of working curves, Ic (¥), in
these three systems before and after adding glucose in diluted TE buffer. Before adding glucose
(blue curve), the current flows remained flat, exhibiting negligible fluctuations of pH. It is worth
noting that the absolute /c in the absence of glucose varied due to the initial pH variations: pH =
7.39 for a control set, pH = 7.35 for GOx-OS(A), and pH = 7.42 for GOx-OS(B) as measured by
a benchtop pH meter. After adding glucose (Figures 2d-f, orange curves), the change of /c behavior
indicated proton generation. Note that the higher /c at t = 0 s after the addition of glucose (orange
curves), compared to the baseline (without glucose, blue curves), was due to the spontaneous
oxidation of glucose to gluconic acid before dissolution and a necessary manual operation before
starting the measurements (approximately 30 s).

The real-time current monitoring (Figures 2d-f) clearly shows the process of buffering glucose
oxidation reaction: (i) during the initial time (0 to 100 s), the rate of /c increase grew because of
buffering disequilibrium; then (ii) in a steady state (100 to 200 s), the rate of /c increase remained
steady. We note that the unsteady state (i) was different from conventional enzymatic kinetics that
displays initially a linear rate. The unsteady state resulted from the pH fluctuation caused by

substrate addition at the early reaction time. This state was detected by the BJT-based pH sensor,



but not the conventional colorimetric methods. Such a behavior of steady state (ii) may occur since
after the pH fluctuation the dissociation reaction of GA produced from the oxidation reached an
equilibrium with the buffering process, stabilizing /¢ increase. Thus, the real-time monitor of /¢
reveals a two-stage process, indicating a high sensitivity of this type of pH measurement. These
apparent differences in the oxidation reaction process, as monitored by the BJT sensor, were used
for the detailed investigation of the effect of enzyme positioning on the 3D DNA scaffold, as we

discuss below.
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Figure 2. Structure of GOx-OS architectures and temporal dependence of BJT-sensing current (I¢).
TEM images of (a) octahedral DNA scaffold (OS), (b) GOx-OS(A), (c) GOx-OS(B). In (b) and (c), GOx
is indicated by yellow arrows. (d-f) Time dependence of /¢ before and after glucose addition, as monitored
by the BJT sensor. Blue curve shows /¢ before adding glucose. The solution contained 0.4 nM of ssDNA-
GOx (control) or GOx-OS. Orange curve shows a current flow after adding glucose. Compared to the blue
and orange curves, uprush at 0 s resulted from glucose addition and oxidation reaction when setting the
transistor probe. During the unsteady state (0 to 100 s), the rate of /¢ increase went up because of turbulence
disruption caused by adding glucose. In the equilibrium stage (100 to 200s), the rate of /¢ increase

maintained consistent (scale bars: 50 nm).



Next, we quantified a time evolution of proton concentration by accounting proton
concentration ([H* (t)]) dependence on Ic(?)/lo. Since pH(t) = —logo([HT (t)]) with [H*(t)]
as the corresponding proton concentration of the measured solution, the above Equation (2) can be

rewritten as:

1

[H*(t)] = [Hy ] (%)m = [Har](%)l.os 3)

Using the data presented in Figure 2d-f and Equation (3), we show in Figure 3a the time
dependence of proton accumulation (A[H* (t)] = [H*(t)] — [H{]). Here, the three measurements
(groups 1-3) correspond to three batches of GOx-OS preparations. Although a pH adjustment of
different batches contributed to discrepancies in absolute proton accumulation of the groups,
similar trends among the three GOx-OS systems were observed: (i) the rate A[H* (t)] in control
system was lower than for the two GOx-OS ones, indicating that the enzymatic activity of GOx
was enhanced by the DNA scaffold and leading to a boosted proton generation; (ii) A[H™ (t)] for
GOx-OS(A) (orange curve) was consistently higher than for GOx-OS(B) (green curve) in each
group, implying that GOx at position A had a higher enzymatic activity than GOx at position B.

This result suggests that enzyme location on the OS affects its catalytic property.
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Figure 3. Real-time monitoring of proton accumulation (A[H" (¢)] = [H*(t)] — [H{]) and proton

+ +
generation rate (%) by the BJT sensor. Changes of A{[H" (¢)] (a) and w (b) within 200 s were

monitored in diluted TE buffer upon glucose addition, where three independent experiments (groups 1, 2
and 3) were performed, respectively. Samples in different groups correspond to different preparation
batches. Blue, orange and green curves correspond to the control, GOx-OS(A) and GOx-OS(B) systems

respectively.
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In order to further study the catalytic activity of GOx-OS systems, we compared the proton

. d[H* . . .
generation rate (%) of the three designed sets. Based on equation (3), the proton accumulation

over time is shown below:

d[H*(1)] dlc(t) dH*(®)] _ [HT(t+AD)]-[H* ()]
ac =105 [1051 (t)oos ;t or —aw = At 4)

According to Equation (4) and the initial pH of three sets (Figures 2d-f, blue curve as baseline),

aH*@®)]

+
we can convert an electronic signal to (t) by setting At = 1s. As Figure 3b shows, an

d[H* ()]
dat

unsteady regime of was observed in the first 100 s, upon glucose addition. We propose

that this regime can be attributed to a buffering effect. In particular, the pH reduction by glucose
addition could result in a temporary non-equilibrated situation. Such an effect was confirmed by
adding the same amount of glucose to buffer in the absence of GOx-OS, where the voltage applied
at the emitter (V) can also be utilized to probe pH change and a negative correlation between the
Ve and Ic was observed. As shown in Figure S9, Ve quickly jumped down after 30 s after setup,
then it slowly went back with a negative acceleration in rate. Eventually, V& did not return to the
initial value. The stable Vg after glucose addition was lower than the initial Ve, implying the
presence of a more acidic environment due to the addition of glucose. Therefore, glucose can
induce a negative acceleration in the rate of V£, which in turn, contributed to the unstable behavior
of proton generation during the initial reaction period from 0 to 100 s. In the steady state (100 to
200 s), the reaction achieved the equilibrium among glucose oxidation, dissociation of GA and

alH* (0] +()]

buffering. Therefore, we can estimate the enzymatic activity by comparing ——= in steady state:

GOx-0S systems performed better than free GOx control set in producing protons. GOx-OS(A)
showed a higher reaction rate than GOx-OS(B).
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between electronic (BJT-based) and optical characterization of GOx activity (0.4 nM GOx-OS
nanostructures): Normalized enzymatic activity of three independent GOx-OS sets in diluted TE buffer, as

measured by the BJT sensor (red) and optical method (blue). BJT sensor data (Figure 3) were analyzed

dH*(©)]

using Equation (4) by averaging 0

in a range of 100 s to 200 s. Optical data is obtained by UV-

Vis spectroscopy as discussed in the text, respectively. All activities are normalized to the enzymatic
activity of control sets measured by the corresponding methods. (b) Scheme and modelling of negatively
charged DNA bundles and vertex contributing to the local pH environment of GOx, where three bundles
labeled in blue were selected for simulating pH map (see Supporting Material for details). The color-coded
pH scale ranges from the highest pH (pH=7.38), red, to lowest pH=5.67, blue. (c) pH-activity profile of
ssDNA-GOx in diluted TE buffer (averaged for three measurements) as probed by optical method (2 nM
ssDNA-GOx). All activities are normalized to the activity at pH = 7.38.
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In Figure 4a, we summarize an average proton generation rate during steady regime, from 100
s to 200 s, as shown in Figure 3. It is noteworthy that the BJT probing integrates the reaction-
produced protons and the buffer-consumed protons. The data in unsteady state (0 - 100 s) is closer
to the real enzymatic reaction than in steady state (100 - 200 s) due to the lower buffering effect at
the initial stage of the reaction. However, the dependences of the interpretation on the initiation
time and decay at this stage make the proton generation rate estimation difficult. Thus, we use a
steady state regime for comparing GOx activity. We note that while in this regime a lower activity
is expected due to a discussed buffering effect, such measurements are more reliable for cross-
comparisons. Red bars in Figure 4a display the normalized GOx activities of GOx-OS(A), GOx-
OS(B) and control systems by the BJT sensor.

The findings show that the enzyme at position A (at the vertex) is about 25-30% more active
than at position B (at the edge), while both GOx-OS sets are 2 to 3.5 times more active than the
control sets (unbound enzyme). In order to compare the BJT-based sensing results with those for
the conventional optical method, we examined the enzymatic activity of all studied systems using
a 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay. This assay probes a
kinetics of hydrogen peroxide (H202), which is a product of glucose oxidation reaction, and the
results are shown by blue bars in Figure 4a (see Method). The optical measurements indicate that
the enzymes attached to OS exhibited enhanced activity. However, they are unable to differentiate
between two GOx-OS positions. In contrast, the high resolution (ApH ~ 0.0003)* of the BJT pH
sensor is readily able to resolve small difference in enzyme activities associated with the two GOx-
OS positions. Intrinsically different mechanisms for sensing, a one-step reaction for the measuring
of protons for BJT vs a two-step reaction for the measuring of H2O2 for ABTS assay, might be
responsible for enhanced sensitivity by electronic method. Thus, both electronic and optical
sensing methods show an enhanced activity of the enzyme on DNA scaffold, but only an electronic
method can resolve dependence of the enzyme activity on its location on a 3D DNA scaffold.

It has been reported that electrostatic interaction between enzymes and carriers can affect
apparent enzymatic activities.* For example, ionic-liquid-coated lipase in organic solvent was
observed to enhance activity because of the micro-partition of water attracted by the ionic liquid.*’
Besides, many studies demonstrated that GOx coated on positively-charged polymers or metal
surfaces, widely used for bio-sensor fabrications, displayed the enhancement of enzymatic

solubility and stability due to the electrostatic interactions with carriers.>® 3! Thus, based on our
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experimental results, we propose that the negatively charged DNA scaffold, the GOx’s carrier,
enhances enzymatic catalysis by creating an electrostatic micro-environment, specifically, by
increasing a local pH (Figure 4b). The phosphate backbones of DNA, by attracting protons, lead
to a higher acidity of local environment surrounding GOx. The magnitude of the effect might
depend on the details of local arrangements of negatively-charged DNA backbones. In our case,
since GOx at the position A is attached to the vertex of four six-double helix bundles, it experiences
a higher amount of DNA in its proximity, in comparison with GOx at position B, which is placed
on one six-double helix bundle. This larger amount of DNA backbones surrounding GOx can result
in a more acidic local environment. Since the intrinsic GOx activity is increased with acidity, lower
local pH can consequently boost an enzymatic activity of GOx-OS(A) over GOx-OS(B).

To model a local pH at position A and B, we selected three bundles (blue bundles in Figure 4b)
and computed the pH map based on Poisson-Boltzmann equation and Boltzmann distribution.
Using Debye-Hiickel approximation to simplify the Poisson-Boltzmann equation, we obtained the
following equation for spatial electric potential i with boundary conditions:

V2 =K%Y (5)

W(DNA surface) =,
Y(bulk solution) = 0

where A, = 1/k is the Debye length. We estimated A, = 2 nm in our diluted TE buffer and ¢, =
—100 mV from the Grahame’s Equation (see Supplementary Material, Part 1g).
The relationship between electric potential and local pH is given as the following from

Boltzmann distribution:

_ Fy
pPH = pHy +—— (6)

where pH,is the pH at bulk solution, R is the universal gas constant, and F is the Faraday constant.
Thus, using Equation (5) and (6) and pH, = 7.38 (GOx at control set exposed to the same pH),
we calculated the pH map of the three selected bundles, representing an octahedral face, with 5
nm diameter and 30 nm length.

Next, the distance of GOx to OS was estimated by approximating the ssDNA sequence of DNA
linker to Gaussian Model and dsDNA bases to rigid-rod model*?:

14



< Rgridge > = 2lpO-Lss + O-(%sdiz (7
where < Rﬁn-dge > is the mean square end-to-end distance of the DNA linker connecting GOx
and OS, [, is a persistence length of ssDNA, o is the length per base in ssSDNA, L, is the ssDNA

bases in total, 65 is the square of the length per base pair in dsSDNA, d? is the square of the dsSDNA
bases in total. Our DNA linker was composed of 5 ssDNA bases and 18 dsDNA base pairs and
thus the distance of GOx to OS was estimated as 6.5 nm.

Figure 4b, pH map displays the local pH around three bundles, where the binding sites of OS(A)
and (B) are shown by black circles and the possible location of linked GOx is marked by white
dash line at 6.5 nm from the binding site. The calculated pH map with three selected bundles
indicates that the local environment of position A is affected much greater than position B.

Based on this explanation, we then experimentally estimated the effect of local pH environment
on GOx activity in the reaction buffer. We first determined the pH dependence of ssDNA-GOx
activity using a commonly used optical method (Figure 4c) based on the ABTS assay, as discussed
above, because this approach provides a well-established methodology that can be applied to our
studies. The comparison between GOx-OS activity (Figure 4a) and the referenced pH-activity
profile (Figure 4c) supports our hypothesis of acidic micro-environment near DNA construct.
Indeed, in Figure 4a, optical probing (blue bars) for GOx-OS(A) and GOx-OS(B) systems show
40-50% higher activity than a control set. Meanwhile, for bulk measurements of ssDNA-GOx
(Figure 4c), about 40% activity enhancement over the bulk TE solution (pH = 7.38) is observed at
acidic solution (pH < 7.0). The two comparable activity trends suggest that the OS could create a
local environment for GOx with a pH lower than 7.0. As evident from pH-activity profile, a
negligible difference of GOx activity is observed by optical method at a pH range of 5.5 to 7.0
(Figure 4c). This phenomenon may result in inability of optical method to differentiate GOx
activities at two positions, GOx-OS(A) and GOx-OS(B). On the contrary, the BJT sensor reliably
differentiates that GOx-OS(A) is 25-30% more active than GOx-OS(B), as discussed above. Thus,
we conclude that the presented electronic sensing method reveals the dependence of enzymatic
activity on the micro-partitioning of ions due to DNA nanostructure, the effect that was proposed
but was not yet proven by other studies.?®> 3> 33 We note that in addition to the leading effect of
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ionic micro-partitioning observed here, hydration shell*® might play a role in the modification of

enzymatic activity.
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CONCLUSIONS

In summary, we show an electronic method for sensing enzymatic activity of GOx-mediated
glucose oxidation reactions using a bipolar junction transistor (BJT). We used a 3D DNA
octahedral scaffold (OS) as a carrier for GOx, and the enzymatic activities in the GOx-OS systems
were directly measured by the BJT device, a label-free pH sensor. This transistor sensor exhibits
a higher resolution for detecting proton generation rate than conventional optical methods in the
condition of a slow reaction. Our study reveals that the GOx-OS systems showed a higher catalytic
oxidation rate than free GOx in solution. Interestingly, using this BJT-based method we found that
GOx placed at one vertex of the DNA octahedra performed a faster oxidation rate than embedded
between the bundles of the OS edge. We relate this effect to different local pH environments
induced by the OS due to exposure of GOx to different amounts of negatively charged DNA
scaffold. The phenomenon results in electrostatic micro-partitioning of protons around the active
sites of enzymes. The difference of local environments caused by DNA density, in turn, can
accordingly influence enzymatic activity because of the demonstrated relationship between
enzymatic catalysis and pH. Therefore, enzymes scaffolded at different locations are immersed

into distinctive micro-environments, thus displaying different catalytic properties.

METHODS
Synthesis and Purification of DNA scaffold. Octahedral DNA scaffold (OS) was made from
mixing 100 nM of each of total 144 staples oligonucleotides, 20 nM M 13mp18 scaffold and buffer
solution. Buffer solution was composed of 1 mM EDTA, 12.5 mM MgClz, and 5 mM Tris buffer
(pH = 7.9 at 20 °C). The mixed solution above was then aliquoted to 100 uL in PCR tubes and put
into a PCR thermocycler, which annealed the solution and led to DNA self-folding process. The
program of the PCR thermocycler rapidly heated the solution to 90 °C in 5 min, then slowly cooled
down to 61 °C over 80 min, followed by slow cooling from 60 °C to 4 °C in the end. The total
annealing time was about 20 hours. These annealed origami samples were then gel-purified to
remove the excess of unfolding staples and scaffolds.

Agarose gel electrophoresis was conducted to purify the origami samples. Agarose gel (1 wt%)
in 0.5X TBE and 10 mM MgCl: was heated in the microwave and then mixed with 10.5 pg/ml
Syber Gold nucleic acid gel stain. After solidifying at room temperature, the gel was immersed in

the same buffer. Samples were mixed with a gel loading dye and carefully loaded into the gel.
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Electrophoresis was performed at 65 V for 2.5 h at room temperature. Targeted bands were
monitored under ultraviolet light and the purified samples were extracted using a gel extraction
(cellulose-acetate) column and centrifuged for 10 min at 2,000 rcf.

After purification, the concentration of origami solution was confirmed by NanoDrop micro-
volume spectrophotometer (Thermo Scientific NanoDrop™ Lite Spectrophotometer) with a ratio
of 0.25 nM pL/mg. Then we roughly adjusted the pH of origami solution to 7.5 by adding HCI and
stored them at 4 °C.

Functionalization of Glucose Oxidase. Glucose oxidase (GOx, Sigma Aldrich) in PBS buffer
was first mixed with N-g-maleimidocaproyl-oxysulfosuccinimide ester (sulfo-EMCS) at a ratio of
1:20 for 1 h at room temperature, and then purified by a Zeba desalting column (40k MWCO 0.5
mL). Thiolated oligonucleotides (IDT) were first reduced by tris(2-carboxyethyl)phosphine
(TCEP) at a ratio of 1:1000 in PBS buffer and the excess TCEP was removed by a size exclusion
column (G-25, GE Healthcare). Next, the sulfo-EMCS-treated enzymes were mixed with the
activated oligonucleotides at a ratio of 1:8 in PBS buffer and incubated at room temperature
overnight. The DNA-attached enzymes were then purified by an Amicon cutoff filter (50k). The
number of DNA attachment on enzymes was quantified by UV-Vis by the following. Figure S2
shows an example of the DNA-attached GOx:
A,go(conjugates) = €540 (DNA)C(DNA) + €,4,(GOx)C(GOx)
A,s, (conjugates) = g,5,(GOx)C(GOx)

In our study, the number of DNA attached to enzymes was: 1.0 for GOx.

In order to confirm DNA-GOx conjugates, we performed agarose gel electrophoresis (1wt%,
in 1 X TBE) with Syber Gold nucleic acid stain. As Figure S3 shows, DNA-GOx conjugates moved
slower than free DNA and only one visible band stained by Syber Gold was detected, which proved
that most of the GOx were functionalized with DNA.

Sample Preparation and Sensing Process. Prior to electronic measurement, we firstly incubated
OS and GOx together overnight with a ratio of 1.2 OS to 1 GOx to generate the OS-GOx conjugate.
Then we prepared 0.4 nM OS-GOx in the working solution containing weak Tris buffer. Before
adding glucose, we immersed the sensor probe and electrode into 1168 pL working solution to

collect sensor signal in /c as a reference. Next, 32 puL glucose solution was added to the working
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solution to achieve 80 mM glucose for enzymatic reaction. After ~30 s for mixing and probe setup,

we started to record sensing signal, /c.

GOx Activity Measurements via Horseradish Peroxidase (HRP)/ABTS Assay. Glucose
Oxidase (GOx) and HRP are two catalysts for two independent reactions. In particular, when
glucose reacts with oxygen under GOx catalytic reaction, it produces D-glucono-6-lactone and
hydrogen peroxide. The product, hydrogen peroxide, from GOx catalytic reaction can react with
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) under HRP catalytic reaction to
form ABTS radical cation (ABTS""). Thus, GOx and HRP interact as a cascading reaction. ABTS™
is a reaction signal with an absorbance maximum at 415 nm in ABTS assay, which can be
measured by ultraviolet-visible spectroscopy (UV-Vis, Cary 300).

In our experiment, samples were prepared one night beforehand. First, OS solution was diluted
to 3 nM and pH was corrected to pH = 7.5. The DNA functionalized GOx had a stock concentration
of 241 nM and was diluted by the weak buffer to 24.1 nM. Then 24 pL diluted OS, 2.8 puL diluted
functionalized GOx, and 53.2 pL buffer were mixed together to form the sample solution and
incubated at room temperature for 14 hours.

For the optical measurement, UV-Vis was warmed up for half an hour and the absorbance
wavelength was set to 415 nm. In a typical experiment, the following working solution was mixed
and added into the cuvette and measured immediately. The working solution contained 35.3 pL
ABTS (17 nM), 1.81 uL HRP (166 uM), 71.2 puL. sample prepared overnight, 8 uL. glucose (3 M),
and buffer was added to a total volume of 300 puL. The above recipe was for 80 mM glucose with
0.4 nM OS-GOx measurement, and the amount of buffer added was adjusted accordingly when
measuring different glucose concentrations. Figure 9S shows the dependence of reaction rate on

glucose concentration using ABTS assay.
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