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ABSTRACT: Advances in DNA bionanotechnology have led to the ability to create
structures with well-defined chemical and physical features at the nanoscale. Such
nanostructures can be used to create spatially organized enzymatic cascades that promote
substrate channeling and result in enhanced cascade kinetics. Here, we investigate the
effects of substrate−scaffold interactions on the catalytic activity of an enzyme−DNA
complex using horseradish peroxidase (HRP) and a nanoscale DNA scaffold with three
addressable sites. Kinetic assays with a library of HRP substrates revealed that DNA
scaffolding enhances HRP activity in a manner that is analogous to the Sabatier Principle.
In this case, the binding of the substrate is to the scaffold and not to the catalyst, but the
Sabatier trend holds: weak and strong binding substrates showed no enhancement in
kinetics, whereas intermediately bound substrates result in >300% increase in enzyme
activity.
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Metabolic pathways are often organized in multienzyme
complexes that promote the efficient transport and

processing of substrates along the pathway, resulting in
enhanced pathway kinetics and high yields.1,2 When engineer-
ing new and re-engineering existing pathways, such nanoscale
organization and the associated kinetic benefits are often lost. A
number of recent efforts to reproduce these kinetic benefits in
engineered pathways, both in vitro and in vivo, have focused on
enzyme colocalization with nucleic acid3−7 and protein
scaffolding,8−10 where scaffold is defined as a biomolecular
structure to which proteins can be attached at specific sites. As a
material, DNA can be used to create precisely defined
multidimensional shapes with molecular-level control over
structural and chemical features.11 These capabilities can be
used to create multienzyme cascades (or polyvalent enzyme
displays) with well-defined spatial organization. However,
interactions between enzyme substrates and scaffolds, and
their potential effectsbeneficial or detrimentalon enzyme
kinetics have yet to be explored. Here, we investigate a
potentially advantageous (or constraining) aspects of these
designs, interactions between substrates and the DNA scaffold.
On the basis of well-known interactions between small

molecules and DNA (e.g., DNA stains used in electrophoresis
and anticancer drugs12,13) and DNA templating of aniline
monomers for the enzyme-mediated synthesis of polyaniline
nanowires,14 we reasoned that interactions between DNA
scaffolds and enzyme substrates may affect local substrate
concentrations and alter the kinetics of enzymes assembled in
enzyme-DNA nanostructures. To investigate this possibility, we
used a model system of horseradish peroxidase (HRP)
assembled on a nanoscale DNA triangle. We elected to use

this system because HRP oxidizes a wide range of chemically
distinct substrates, including phenol; charged and uncharged
phenolics; and colorimetric substrates, such as 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 3,3,5,5-
tetramethylbenzidine (TMB) that are commonly used in
analytical assays. This range of substrates differs in their
interactions with DNA, binding with a range of affinity and
location thus allowing for experimental investigation of enzyme
kinetics with varying substrate−scaffold interactions.
One, two, and three HRPs were assembled on a triangular

DNA scaffold (Figure 1a). The scaffold design was based on a
previously demonstrated DNA nanostructure15 and was
modified in this work to reduce each side of the structure to
∼25 nm in length. This scaffold was selected because its
tensegrity design maintains a rigid structure, the structure has
high assembly efficiency, and it has the potential to be used as a
scaffold for the controlled assembly of reaction cascades with
two and three enzymes. HRP was first conjugated with the
thiol-terminated, 10-base, single-stranded DNA oligomer, A1,
with the bifunctional cross-linker Sulfo-succinimidyl-4-(N-
maleimido-methyl)-cyclohexane-1-carboxylate (Sulfo-SMCC).
Purified HRP−A1 conjugates were mixed with triangular
DNA scaffolds with one, two, or three complementary sticky
ends (unhybridized 10-base segments) to produce enzyme−
DNA nanostructures with one, two, and three HRPs on the
points of the triangular scaffold (HRP1−, HRP2−, and HRP3−
DNA, respectively). For detailed preparation of DNA scaffolds
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and enzyme−DNA assemblies, see Materials and Methods,
SFigures 1 and 2, and STable 1 in the Supporting Information.
Figure 1b shows the successful assembly of HRP1−, HRP2−,
and HRP3−DNA by electrophoretic mobility shift assay. Lanes
5, 7, and 9 (numbered from left to right) show distinct bands of
increasing molecular weight that correspond to HRP1−,
HRP2−, and HRP3−DNA, respectively. Shifts in DNA bands
were not observed in the absence of HRP−A1 or when the
scaffold did not display sticky ends (Figure 1b, lane 3). The
shift assay reveals that assembly of each structure results in a
mixed population of scaffolds with no attached enzymes and
scaffolds with one, two, and three HRPs attached when
applicable. Assembly yield of HRP1−DNA, determined by
image analysis of the shift assays, was found to be 0.57 (lane 5),
whereas HRP2− and HRP3−DNA were assembled with yields
of 0.34 and 0.30 (lanes 7 and 9), respectively.
To explore whether HRP kinetics are affected by substrate−

scaffold interactions, we first used p-aminophenol (AP) as a
substrate. AP has potential for electrostatic and hydrogen
bonding interactions with the negatively charged DNA scaffolds
and is readily oxidized by HRP at pH below the pKa of the
primary amine para to the phenolic hydoxy group (pKa =
5.29).16 The activity of HRP−DNA nanostructures as well as
unbound HRP−A1 in the presence of the scaffold and freely
diffusing HRP−A1 controls were determined by measuring the
absorbance of the quinoneimine dye product of oxidized AP
and 4-aminoantipyrine at 510 nm at pH 5.17 In kinetic assays of
equal enzyme concentrations, HRP3−DNA showed a clear
increase in initial activity over freely diffusing HRP−A1 and
unassembled HRP−A1 and DNA scaffold (Figure 1c). The
initial rate of AP oxidation with HRP3−DNA (uncorrected for
yield) was found to be 1182 ± 166 s−1 (mean ± SD), whereas

initial rates of HRP−A1 in the presence and absence of DNA
scaffold were 775 ± 18 and 493 ± 42 s−1, respectively. The
initial rates of HRP1− and HRP2−DNA were found to be equal
to that of HRP3−DNA (Figure 1c).
Since similar specific activities were observed in all HRP−

DNA nanostructures, HRP3−DNA was selected for all
subsequent studies, including the determination of the apparent
Michaelis−Menten constant (KM) and turnover number (kcat).
The apparent KM of HRP3−DNA was 1.8 ± 0.1 mM, smaller
than both the unbound and freely diffusing HRP−A1 with KM
of 2.6 ± 0.4 and 2.5 ± 0.3 mM, respectively, suggesting that
DNA scaffolds increased the affinity of AP to HRP. In addition,
the kcat of HRP3−DNA was significantly greater than the freely
diffusing control (HRP3−DNA, kcat = 2100 ± 60 s−1; freely
diffusing HRP−A1, kcat = 1420 ± 90 s−1). Although initial rates
of the HRP3−DNA are greater than the unassembled control,
fits to the rate data yield kcat values that are statistically similar.
Increased turnover of HRP with phenolic substrates at
concentrations above and below their respective KM values
have also been observed in the presence of excess calf thymus
DNA in solution.18 Changes in KM and kcat for DNA modified
heme centers in HRP has also been reported.19 The increase in
turnover in the presence of DNA was also observed in our
system (i.e., the unassembled control), possibly as a result of
interactions between the positively charged HRP (pI = 8.8) and
negatively charged DNA .
If the observed enhancement in specific activity was due

solely to electrostatic interactions between the negatively
charged phosphate backbone of DNA and the positively
charged amino group of AP, the enhancement should be
suppressed in the presence of salt. Here, we define the percent
enhancement of enzyme activity as the ratio of the specific

Figure 1. Kinetic enhancement of HRP−DNA nanostructures. (a) Illustration of HRP−DNA nanostructures, indicating that structures with 1, 2,
and 3 HRP may be present. (b) Electrophoretic mobility shift assay of HRPn−DNA nanostructures with 4−15% polyacrylamide native gel: lane 1,
DNA ladder (increments of 100 bp from 200 to 1000); 2, DNA triangle (DNA); 3, DNA with unassembled HRP−A1; 4, DNA with 1-sticky end; 5,
HRP1−DNA; 6, 2-sticky end DNA; 7, HRP2−DNA; 8, 3-sticky end DNA; 9, HRP3−DNA. (c, d) Product formation as a function of time and
turnover number as a function of substrate concentration for HRP1,2,3−DNA nanostructures and freely diffusing and unassembled enzyme controls.
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activity of the HRPn−DNA nanostructure over the specific
activity of HRP−A14 with substrate and H2O2 concentrations
2−3 times the expected KM values (ref 17 and Supporting
Information STable 2). Figure 2 (left) shows the kinetic
enhancement decreased to 153 ± 21, 131 ± 11, and 158 ± 24%
in the presence of 50, 150, and 300 mM NaCl, respectively
(Supporting Information SFigure 3), suggesting that electro-
statics is in part responsible for the effect and that other
interactions may also be present. In support of nonelectrostatic
interactions, an increase in activity of 244 ± 6% was observed
with phenol (P; Figure 2, right, Supporting Information
SFigure 4). In addition, the phenolic substrate p-hydroxyben-
zoic acid (HBA), which has a negatively charged carboxylic acid
group in place of the positively charged amino group on AP,
showed a 197 ± 6% enhancement in activity. With two
positively charged amino groups, the enhancement in activity
(130 ± 16%) with the nonphenolic substrate, o-phenylenedi-
amine (OPD), was much smaller than that of AP, also
suggesting a partial role of electrostatics in the enhancement.
The kinetic enhancement of TMB, which is also positively
charged, was found to be 138 ± 12%. Finally, the common
HRP substrate ABTS resulted in a slightly reduced activity (88
± 7%), possibly due to its negative charge. A control sample
with a 50 bp double-stranded DNA oligomer conjugated to
HRP also yielded enhanced activity (174 ± 12%; Supporting
Information SFigure 5), indicating that the scaffold structure
was relevant to the enhanced activity.
Substrate binding to the DNA scaffold was analyzed by

molecular docking simulations of each substrate to the 10-bp
double-stranded DNA fragment closest to the immobilized
enzyme (i.e., DNA oligomer A1). Simulations with AutoDock
software predicted stable docking poses and a corresponding
binding energy (consisting of van der Waals, hydrogen
bonding, desolvation, electrostatic, and torsional energies).20

With the exception of OPD, all substrates were predicted to
bind preferentially in the minor groove of the DNA double

helix (Figure 3a and Supporting Information SFigure 6). OPD
bound to the phosphate backbone bridging the major and
minor grooves and bound with higher affinity than all other
substrates (OPD, ΔG = −7.42 kcal/mol, kd = 4 μM). TMB also
bound strongly to the double-stranded DNA segment (ΔG =
−6.21 kcal/mol, kd = 28 μM), whereas ABTS bound weakly in
the minor groove (ΔG = −2.72 kcal/mol, kd = 10 mM). The
phenolic substrates also bound in the minor groove with the
rank order from strongest to weakest of HBA, AP, and P (HBA,
AP, and P, ΔG = −5.43, −4.96, and −4.00 kcal/mol and kd =
104, 231, and 1160 μM, respectively). Interestingly, the
substrates with the highest and lowest affinity showed little, if
any, enhancement in activity.
A well-known concept in heterogeneous catalysis is the

Sabatier Principle, which states that binding between substrate
and catalyst should be “just right”, that is, substrate binding to
the catalyst should not be too weak or too strong.21 Weakly
binding substrates fail to associate with the catalyst, resulting in
no reaction, and strongly bound substrates are slow to
dissociate and prevent reaction by blocking active sites. This
concept is graphically shown by plotting reaction rate as a
function of heat of formation of the adsorbate. The result is a
volcano plot, so-called as the maximum of a parabolic (or
triangular) fit to the data peaks at the optimum binding energy
and maximum reaction rate.22

This trend is mimicked here with the enhancement of
enzyme activity resembling a volcano plot. Figure 3b shows the
kinetic enhancement for each substrate (corrected for HRP3−
DNA assembly yield; see Materials and Methods in the
Supporting Information) as a function of the substrate−DNA
binding energy. Substrates that bind weakly and strongly to the
scaffold showed little to no enhancement. The maximum
enhancement resulted from an intermediate binding energy
between scaffold and substrate. It is important to emphasize
that the Sabatier Principle is only mimicked and not
reproduced. The effect is one of kinetic enhancement in

Figure 2. Kinetic enhancement of DNA scaffolded HRP is salt concentration- (left) and substrate-dependent (right). Percent enhancement is
defined as the ratio of the initial rate of the HRP3−DNA nanostructure over the initial rate of freely diffusing HRP modified with a 10-base oligomer.
Error bars are standard deviation (n ≥ 3, * p ≤ 0.05).
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enzyme−DNA nanostructures and not absolute reaction rate,
as is traditionally shown in volcano plots. In addition, the
observed effect is analogous to the true Sabatier Principle. We
ascribe the observed effect to an increase in concentration of
the substrate localized around the DNA scaffold in close
proximity to the attached enzyme, an effect that is supported by
the decrease in apparent KM of AP (Figure 1d).
Regardless of the mechanisms that bring about the trend in

kinetic enhancement (Figure 3), the kinetic data of multiple
substrates oxidized by HRP assembled on a DNA scaffold
clearly shows that scaffold−substrate interactions can affect the
overall performance and functioning of the system. In the case
presented here, the interactions between enzyme substrate and
scaffold are mostly beneficial: enzyme turnover was increased,
and the apparent Michaelis binding constant (KM) was reduced.
This observation has potential implications in designing
multienzyme reaction cascades with nucleic acid scaffolds,3−7,11

and will also affect the design of addressable DNA scaffolds for
protein nanoarrays,23,24 DNA origami-based drug delivery
systems,25 and the design and application of DNA-based
materials in general. More specifically, our observations that the
apparent turnover and binding constant may be altered when

enzymes (or binding proteins) are assembled on nonchemically
inert scaffolds suggest that (i) the kinetics and ligand binding
should be characterized after assembly of the system, (ii) the
changes may be substrate- and scaffold-dependent, and (iii) it
may be possible to exploit the binding properties of the scaffold
to increase local concentration of substrates and, in the case of
couple reactions, increase the local concentration of reaction
intermediates.
In this work, we have designed and created a nanoscale

triangular DNA scaffold to polyvalently display up to three
HRP enzymes. We used this system to investigate potential
effects on enzyme kinetics due to substrate−scaffold
interactions. Phenolic compounds (P, AP, and HBA) were
oxidized at enhanced rates over unassembled HRP modified
with a 10-bp, single-stranded DNA oligomer. Other substrates,
including ABTS and OPD, and TMB showed little to no
enhancement in rate with DNA-scaffolded HRP. Plots of the
kinetic enhancement as a function of the predicted binding
energy of the substrate to the 10-bp closest to the immobilized
enzyme revealed a trend that mimics the Sabatier Principle in
heterogeneous catalysis. These observations have implications
on the design and application of multienzyme nanostructures
assembled with DNA scaffolds and with DNA bionano
materials in general.
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