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Enzyme clustering is widely used in many organisms to increase the catalytic efficiency of cascade reac-
tions. Inspired by nature, organizing enzymes within a cascade reaction also draws much attention in
both basic research and industrial processes. An important step for organizing enzymes precisely in vitro
is enzyme modification. However, modifying enzymes without sacrificing their activity remains challen-
ging until now. For example, labeling enzymes with DNA, one of the well-established enzyme modifi-
cation methods, has been shown to significantly reduce the enzymatic activity. Herein we report an
enzyme conjugation method that can rescue the reduction of enzymatic activity caused by DNA labeling.
We demonstrate that immobilizing DNA-modified enzymes on the vertex of TDNs (tetrahedral DNA nano-
structures) enhances the enzymatic activity compared with their unmodified counterparts. Using this
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Introduction

Enzymatic reactions play critical roles in many cellular pro-
cesses and are essential for cell survival. In many circum-
stances, multiple enzymes are involved in one reaction to
produce the final products.’ To improve the catalytic efficiency
of such cascade reactions, related enzymes are usually
assembled into a functional co-cluster in cells.> Clustering
enzymes together can promote the formation of protein
tunnels that connect the active sites of enzymes. Under such
circumstances, the intermediary metabolic product can be
passed to the downstream enzymes directly, which accelerates
the processing of intermediates. This phenomenon is called
substrate channeling and has been shown to enhance the
cascade enzymatic activity significantly.* In addition to maxi-
mizing the catalytic efficiency, functional co-clusters also mini-
mize the interference between different reactions by restricting
the diffusion of intermediate metabolites.”> Clustering related
enzymes together for increasing the cascade enzymatic activity
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sarcosine detection, which holds great promise for prostate cancer screening.

is also one of the primary considerations in many industrial
processes such as the synthesis of pharmaceutical, cosmetic,
and nutritional compounds.® Thus, considerable efforts have
been devoted to developing optimal strategies for constructing
enzyme complexes in recent years. For example, various syn-
thetic scaffolds have been used to organize unmodified
enzymes into confined spaces to increase the activity, stability,
and reusability of enzymes.®® The arrangement of different
enzymes can be achieved more precisely by immobilizing
modified enzymes on pre-designed platforms.’*° Some plat-
forms such as DNA nanostructures provide opportunities to
manipulate the distance and the stoichiometry of different
enzymes, which is ideal for deciphering the influence of those
parameters on the enzymatic activity.”’>* More importantly,
DNA nanostructures also allow the possibility of studying
cascade enzymatic reactions in 3D. For example, a recent study
utilized a 3D DNA wireframe octahedron to organize glucose
oxidase and horseradish peroxidase and deciphered the influ-
ence of the spatial organization on the cascade enzymatic
activity.>

Despite the remarkable progress that has been made in
recent years, there are still limitations to cluster enzymes
in vitro. One of the big challenges that remain unsolved in this
field is how to accurately immobilize enzymes on the scaffold
without influencing their activity. As noted above, enzyme
modification in combination with DNA nanostructures pro-
vides the possibility to immobilize enzymes with nanoscale
precision. However, it has been demonstrated that linking
DNA to enzymes may impair their activity.*® One possible

This journal is © The Royal Society of Chemistry 2023
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explanation is that the single-stranded DNA may interact with
the enzyme due to its flexibility and influence the substrate
accessibility of the active site.”””® Thus, decreasing the flexi-
bility of the single-stranded DNA is a possible way of diminish-
ing its impairment on the activity of the conjugated enzymes.

Tetrahedral DNA nanostructures (TDNs) are ideal platforms
for assembling different functional biomolecules and have
been used widely in biomedical areas including bioimaging,
biodetection, and drug delivery.>® Due to the structural rigid-
ity, TDNs can also influence the flexibility of the DNA strand
assembled on the vertex through base pairing. Here, we used
TDNs as scaffolds for enzyme immobilization and accessed
their influence on the enzymatic activity. Consistent with pre-
vious findings, we found that linking with the single-stranded
DNA (ssDNA) decreases the activity of enzymes. Surprisingly,
our results revealed that coupling DNA-conjugated enzymes
with TDNs significantly enhanced the enzyme activity. A 5.5-
fold increase in the Michaelis constant k. of the TDN
enzymes was observed with the Michaelis-Menten model com-
pared to that of single-stranded DNA conjugated enzymes. We
have also demonstrated that TDN-based cascade enzyme
immobilization is suitable for the analysis of cancer markers
with high sensitivity.

Results and discussion
Scheme of the TDN-directed enzyme cascade

To investigate the influence of DNA modification and TDN
conjugation on the activity of enzymes, we chose sarcosine
oxidase (SOX) and horseradish peroxidase (HRP). There are
two reasons for this choice: (1) sarcosine is the substrate of
SOX and has been identified as a biomarker of prostate cancer
which can be detected in body fluids including urine,**** thus
developing simple and sensitive detection methods holds
promise for an earlier prostate cancer diagnosis;** and (2) the
product of SOX can be used as a substrate of HRP. These two
enzymes can form a cascade reaction and have been widely
used to detect sarcosine (Fig. 1).

Characterization of TDN-immobilized enzyme cascade

To construct the TDN-immobilized enzyme cascade, we first
labeled SOX and HRP with the single-stranded DNA (DNA L1
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Fig. 1 Schematic representation of the TDN-directed enzyme cascade.
Enzymes were modified with a single DNA strand. The DNA-conjugated
enzymes were immobilized on the vertex of TDNs by DNA hybridization.
TDN-SOX converts sarcosine into formaldehyde, glycine, and hydrogen
peroxide(H,05). In the presence of H,O, and TMB, TDN-HRP reduces
H,O, and oxidizes TMB.
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and DNA L2 respectively) using the SPDP crosslinker (Fig. 1
and Fig. S11). The structures of the enzymes are shown in
Fig. S2.t We performed absorbance measurements to assess
the protein-DNA coupling efficiency. A significant increase in
the absorbance at 343 nm was observed after DNA conjugation
(Fig. 2a and b), indicating the successful labeling of enzymes
with DNA (Fig. S11). Next, TDNs were prepared as described
previously (Fig. S31).>* The successful assembly of TDNs was
confirmed by both native polyacrylamide gel electrophoresis
(Fig. S4 and S51) and atomic force microscopy (AFM) imaging
(Fig. 2c, f and Fig. S6T). DNA-conjugated enzymes were then
immobilized on the vertex of TDNs containing a pre-designed
pendant strand (DNA L3 and DNA L4 respectively) through base
pairing (Fig. 1). AFM imaging was performed to verify the
assembly of TDN-SOX (Fig. 2d, g and Fig. S71) and TDN-HRP
(Fig. 2e, h and Fig. S8). The PAGE results confirmed the for-
mation of TDN enzymes (Fig. S9 and S10t). The average inter-
distance between TDNs and enzymes was measured to be 8 nm,
which is consistent with the predicted length of the linker DNA
(Fig. 2g and h). The structure of TDN enzymes was rendered by
PYMOL (Fig. 2i), and the size of the TDN-SOX was predicted to
be 17.7 nm. Next, we used synchrotron-based SAXS to character-
ize the in situ structure of the TDN-enzymes conjugation
(Fig. 2j). By fitting the SAXS data, we found that the size of
TDN-SOX was 16.1 nm, which is consistent with the size pre-
dicted by PYMOL. Taken together, these data demonstrated that
the TDN-enzyme conjugations were assembled successfully as
designed and were suitable for further analysis.

TDNs conjugation enhances the cascade enzymatic activity

Next, we examined the influence of the TDNs conjugation on
the activity of enzymes using the well-established SOX-HRP
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Fig. 2 The characterization of TDN—-enzyme conjugations. (a and b)
Quantification of SOX-DNA and HRP-DNA conjugation efficiency via
absorbance spectra. (c—h) AFM images and corresponding measure-
ments of the TDN (c and f), TDN-SOX (d and g) and TDN—-HRP(e and h),
respectively. Scale bar: 20 nm. (i) Schematic of a TDN—enzyme structure
model. (j) Fitting of the experimental SAXS profile for the TDN—-enzyme
structure model by CRYSOL.
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cascade reaction. As shown in Fig. 1, SOX catalyzes the oxi-
dative demethylation of sarcosine and produces hydrogen per-
oxide (H,0,), which is the substrate of horseradish peroxidase
(HRP). The activity of HRP can be visualized by the conversion
of its colorless TMB (3,3',5,5-tetramethylbenzidine) starting
substrate into its green oxidation state. We compared the
cascade catalytic efficiency of free enzymes, ssSDNA-enzymes,
and TDN-enzymes by measuring the absorbance change of
each reaction at 370 nm in the absence and presence of
100 pM sarcosine. Consistent with previous studies, we found
that the enzymatic activity of DNA labeled enzymes was 80% of
the activity of unmodified enzymes (Fig. 3a). The activity of
TDN-conjugated enzymes was 1.44-fold higher than that of
ssDNA-enzymes, indicating that TDN conjugation enhanced
the activity of enzymes. More surprisingly, the activity of TDN-
conjugated enzymes was even higher than that of unmodified
enzymes (Fig. 3a and Fig. S11}). We further fitted our experi-
mental data with the Michaelis-Menten model and found that
the Michaelis constants k., of the TDN-enzymes and the
ssDNA-enzymes were 0.91 + 0.022 ms™ ' and 5.0 + 1.2 ms ™,
respectively (Fig. 3b). This indicated that a 5.5-fold enhance-
ment of the enzymatic activity could be achieved by immobiliz-
ing ssDNA-enzymes on TDNSs.

Sensitive sarcosine detection with TDN-enzymes

To further test the performance of the TDN-conjugated
enzyme cascade and explore its potential diagnostic appli-
cation, we immobilized TDN-conjugated enzymes on the inter-
face of a 16-channel electrochemical chip to electrochemically
detect sarcosine (Fig. 4a and b). We first characterized the
morphology of the enzyme-immobilized electrode by AFM
(Fig. 4c). After immobilization, TDN-conjugated enzymes were
uniformly distributed on the interface. The inter-enzyme dis-
tance of TDN-enzymes was ~20 nm (Fig. 4d), which is within
the critical coupling length (CCL) for efficient reactions.**
Next, we performed the sarcosine detection and found that the
cascade catalytic efficiency of TDN-enzymes was significantly
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Fig. 3 The activity of TDN-conjugated enzyme cascade of SOX and
HRP enzymes. (a) Enhancement of the TDN-conjugated enzymatic
activity compared to free enzymes and ssDNA-enzymes in solution.
Enzyme cascade activity was evaluated by the production of oxidized
TMB which was monitored by the change in absorbance at 370 nm. (b)
The kcat values of ssDNA—enzymes and TDN-enzymes were obtained
according to the Michaelis—Menten model. Kcat = Vimax/0.25 pM.
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Fig. 4 Electrochemical detection at the interface. (a) The 16-channel
electrochemical chip which was employed to detect sarcosine. (b) The
principle for the TDN-enzymes electrochemical biosensor device. (c)
AFM image of the TDN—-enzymes at the interface. Scale bar: 200 nm. (d)
Statistical inter-enzyme distance of the TDN-enzymes. (e)
Demonstration of the enhancement of the TDN-directed enzyme
activity compared to that of ssDNA—-enzyme on electrodes. (f) Sarcosine
detection in complex biological fluids.

higher than that of ssDNA-enzymes (Fig. 4e). Catalytic kinetics
analysis demonstrated that there was a 5-fold increase in the
speed of the TDN-enzyme-mediated cascade reaction com-
pared to that of ssDNA-enzymes. Lastly, we employed the
modular platform established here to detect sarcosine in
complex biological samples. The electrochemical interrogation
of complex biological samples with spike-in sarcosine exhibi-
ted a linear dose-response curve. The detection limit of the
TDN-enzyme-immobilized electrochemical chip was estimated
to be 100 nM, which makes it suitable for clinical use.

Experimental

Materials

Horseradish peroxidase (HRP, P6782), dimethyl sulfoxide
(DMSO), tris(2-carboxyethyl)phosphine hydrochloride (TCEP)
and bp-glucose N-succinimidyl 3-(2-pyridyldithio) propionate
(SPDP) were purchased from Sigma-Aldrich, USA. 3,3',5,5'-
Tetramethylbenzidine (TMB, 34021) was purchased from
ThermoFisher Scientific, Inc., USA. Sarcosine oxidase (SOX,
60105) was purchased from Realbio (Shanghai, China). All
DNA sequences used in this work were synthesized and modi-
fied by Sangon Biotech. Co. Ltd (Shanghai, China). All other
chemicals were purchased from Sinopharm Chemical Reagent
Co. Ltd (Shanghai, China). All solutions used in this work were
prepared with Milli-Q water (18 MQ cm ™).

Assembly of tetrahedral DNA nanostructure

Tetrahedron DNA nanostructures (TDNs) were synthesized by
mixing equimolar quantities (1 pM) of DNA strands in TM
buffer (20 mM Tris, 50 mM MgCl,, pH 8.0). The mixture was
then heated to 95 °C for 10 min and rapidly cooled to 4 °C
within 30 s using a T100 Touch thermal cycler (BioRad). The
final concentration of the TDN was 1 pM.

This journal is © The Royal Society of Chemistry 2023
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Characterization of TDNs

All TDNs were characterized by native polyacrylamide gel elec-
trophoresis (PAGE). Briefly, DNA solutions were resuspended
in gel sample buffer (6x sample buffer: TEK buffer, pH 8.0,
50% glycerol, 0.25% bromphenol blue) and were analysed by
8% native PAGE. The electrophoresis was performed in 1x TBE
buffer (12.5 mM Mg>"; pH 8.0) with a constant voltage of 80 V
for about 120 min. The gel was then visualized on a chemilu-
minescence imaging system (G:Box Chemi-XL) after Gel Red
staining.

Preparation of DNA-enzyme conjugations

SPDP was used to crosslink enzymes with DNA strands. First,
100 pl of the 100 pM SOX solution was reacted with a 5-fold
excess of SPDP in 1x DPBS (pH 8.0) for two hours (a 100-fold
excess of SPDP was used to react with HRP for 4 h). Excess
SPDP was removed with Millipore 30 kDa cutoff filters. Next, a
10-fold excess of thiol-modified DNA was incubated with
SPDP-modified enzymes. The efficiency of DNA-enzyme conju-
gation was evaluated by monitoring the release of pyridine-2-
thione (343 nm, extinction coefficient: 8080 M~* cm™) as
shown in Fig. S1.f Excess DNA was then removed with
Millipore 30 kDa cutoff filters. The enzymes and DNA-modi-
fied enzymes were quantified with a PerkinElmer lambda 850
spectrophotometer (USA). SOX was linked with the single-
stranded DNA linker 1 (L1). HRP was linked with the single-
stranded DNA linker2 (L2). All the reactions above were per-
formed at room temperature.

Preparation of TDN-enzyme conjugations

To immobilize DNA-labeled enzymes on the vertex of TDNs,
ssDNA-enzymes were incubated with equimolar quantities of
TDNs in TM buffer at 37 °C for two hours and then the solu-
tion mixture was cooled to 4 °C. The solution was stored at
4 °C until further use. The successful assembly of TDN-
enzyme conjugations was confirmed by PAGE, as shown in
Fig. S4 and S5.f TDN-enzyme conjugations were then used in
enzyme cascading in solution or at the interface.

Enzyme concentration quantification

Concentrations of free enzymes, ssDNA-enzymes, and TDN-
enzymes were quantified using a UV-vis spectrophotometer
and calculated according to the Lambert-Beer law. Specifically,
the molar concentrations of HRP were measured spectrophoto-
metrically at 403 nm using e4; = 100000 M~' cm™" as the
molar absorption coefficient. The molar concentrations of SOX
were measured spectrophotometrically at 452 nm using &45, =
12700 M~" em™" as the molar absorption coefficient.

AFM characterization

Enzymes, TDNs, and TDN-enzyme conjugations were charac-
terized by AFM (Multimode Nanoscope VIII, Bruker). 20 pL of
APTES (0.5%) was added to the surface of freshly cleaved mica
for 3 min. Excess APTES was removed by washing with Milli-Q
water. 10 pL of the sample was deposited on the surface of

This journal is © The Royal Society of Chemistry 2023
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APTES-treated mica and incubated for 3 min to allow the
sample to be absorbed onto the substrate. After removing the
excess sample by washing it with Milli-Q water, the sample was
scanned in TM buffer in the ScanAsyst mode using a
Multimode Nanoscope VII (Bruker) instrument.

Enzyme cascade assay in solution

0.25 pM SOX and HRP were used for enzyme cascade assays.
The enzymatic activity of the SOX-HRP cascade was quantified
in 0.04 g L' TMB (phosphate buffer, pH 7.0) with varying sar-
cosine concentrations by measuring the absorbance change at
370 nm. A SpectraMax iD5 96 well plate reader (Molecular
Devices, USA) was used to monitor the absorbance change.

Electrochemical measurements

All electrochemical measurements were performed on
16-channel electrochemical chips with a Model CHI 1040C
electrochemical workstation (CH Instruments, Inc., Austin,
TX). Cyclic voltammetry (CV) was carried out at a scan rate of
50 mV s~'. The amperometric detection was conducted at
100 mV. The electroreduction current was measured for 1 min
after the catalytic reaction reached the steady state.
Electrochemical detection of the SOX-HRP cascade reaction
was performed as described previously. Briefly, the 16-channel
electrochemical chips were washed with 75% ethanol followed
by Milli-Q water. Next, 7 pL of the mixture of TDN-enzyme con-
jugations (TDN1-SOX and TDN2-HRP, with a ratio of 1:1) was
dropped onto the chips and incubated overnight at room
temperature. The excess enzymes were rinsed with 10 mM PBS
(12 mM phosphate buffer, 137 mM NacCl and 2.7 mM KCl) and
then the modified chips were used in the electrochemical
experiment.

Fetal bovine serum (FBS) was filtered using a 10 kDa filter
before being mixed with different concentrations of sarcosine.
Sarcosine detection in complex biological fluids was mimicked
by performing the assay in solutions containing 10% FBS.
Briefly, 7 pL of an equally mixed TDN1-SOX and TDN2-HRP
mixture (0.5 pM) or 7 pL of an equally mixed ssSDNA-SOX and
ssDNA-HRP (0.5 pM) mixture was added on the surface of
16-channel electrochemical chips and incubated overnight at
room temperature. sSDNA-SOX and ssDNA-HRP were immobi-
lized on 16-channel electrochemical chips with DNA L3' and
DNA L4’ respectively. Then excess enzymes were removed by
washing with 10 mM PBS. The enzymatic activity of the
cascade reaction at the interface was measured in 0.144 g L™
TMB (pH 7.0) containing 10% FBS.

Conclusions

In this work, we have reported a strategy to cluster enzymes
in vitro without sacrificing their activity. Consistent with pre-
vious studies, we found that labeling enzymes with single-
stranded DNA impaired their activity. We demonstrated that
this impairment can be rescued by immobilizing sSDNA-
enzymes on the vertex of TDNs. A 5.5-fold enhancement of the
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cascade enzyme activity was observed after the assembly of
ssDNA-enzymes on TDNs. More importantly, the activity of TDN-
enzymes was found to be even higher than that of unmodified
enzymes. Taking advantage of the high controllability of TDN
assembly, we developed an ultra-sensitive and high-throughput
platform for the detection of sarcosine by immobilizing TDN-
enzymes on the interface of a multi-channel electrochemical
chip. The enhancement of the detection sensitivity was achieved
for two reasons. First, the TDN conjugation increased the activity
of enzymes as compared with unmodified enzymes. Second,
organizing TDN-enzymes on the interface of the electrochemical
chip brought the enzyme pairs within the critical coupling length
(~20 nm), which is beneficial for cascade reactions. The detection
limit of sarcosine in complex biological samples was 100 nM.
Thus, the method established here holds great potential for pros-
tate cancer screening.
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