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Abstract: This study demonstrates the
self-assembly of inhibitor/enzyme-teth-
ered nucleic acid fragments or enzyme
I-, enzyme II-modified nucleic acids
into functional nanostructures that lead
to the controlled inhibition of the
enzyme or the activation of an enzyme
cascade. In one system, the anti-co-
caine aptamer subunits are modified

subunits complex results in the inhibi-
tion of ChOx by MB*. In a further
configuration, two nucleic acids of lim-
ited complementarity are functional-
ized at their 3" and 5’ ends with glucose
oxidase (GOx) and horseradish perox-
idase (HRP), respectively, or with
MB™* and ChOx. In the presence of a
target DNA sequence, synergistic com-

plementary base-pairing occurs, thus
leading to stable supramolecular Y-
shaped nanostructures of the nucleic
acid units. A GOx/HRP bienzyme cas-
cade or the programmed inhibition of
ChOx by MB™ is demonstrated in the
resulting nucleic acid nanostructures. A
quantitative theoretical model that de-
scribes the nucleic acid assemblies and

with monocarboxy methylene blue
(MB™) as the inhibitor and with chol-
ine oxidase (ChOx). The cocaine-in-
duced self-assembly of the aptamer

Introduction

The self-organization of nucleic acids into functional supra-
molecular structures has attracted substantial research ef-
forts over the last decade.!! As one prime example, the self-
assembly of nucleic acid fragments into catalytic DNAzyme
units was used to create inducible catalytic labels and to de-
velop various amplified sensors.”! The formation of supra-
molecular complexes between aptamer subunits and their
substrates has enabled the design of optical and electro-
chemical sensors.”) Similarly, the organization of supra-
molecular DNA structures allowed the design and activation
of different DNA machines, such as “walkers”™ or “tweez-
ers”.’l The programmed mechanical interconversion of the
DNA nanostructures has been used to perform logic-gate
operations® and has been suggested as a future means for
nanomedicine.! Furthermore, DNA scaffolds have been
used to assemble enzymes through directed hybridization,
and the systems have been used to activate enzyme cas-
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that results in the inhibition of ChOx
by MB* or in the activation of the
GOx/HRP cascade, respectively, is pro-
vided.

cocaine -

cades.”! Recently, it has been reported that the self-assembly
of enzyme-modified anti-cocaine aptamer subunits—modi-
fied at their 3" and 5 ends with enzymes—into a supra-
molecular aptamer/cocaine complex resulted in a communi-
cation between the tethered enzymes and the activation of a
biocatalytic cascade.”) Also, the self-organization of Y-
shaped armed nucleic acid structures provided a configura-
tion for the fluorimetric detection of DNA.[

Herein, we present programmed assemblies of supra-
molecular complexes of nucleic acids that do not only allow
the activation of enzyme cascades, but permit the controlled
inhibition of enzymes—processes that do not occur (under
similar experimental conditions) in a diffusion-controlled
homogeneous mixture of the biomolecular components. We
demonstrate that aptamer subunits or two nucleic acid subu-
nits tethered to an enzyme and an inhibitor self-assemble
into aptamer/ligand complexes or are bridged by a comple-
mentary nucleic acid into Y-shaped structures, in which the
enzyme is inhibited. Furthermore, we show that the tether-
ing of two enzymes to the nucleic acid units that are bridged
into the Y-shaped nanostructure by the complementary oli-
gonucleotide allows the activation of a biocatalytic cascade
of the two enzymes. In addition, we formulate a quantitative
model that describes the inhibition phenomena or the
enzyme cascades in the different supramolecular structures
of the nucleic acids.
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Results and Discussion

Enzyme/inhibitor-modified aptamer subunits: The anti-co-
caine aptamer subunits were functionalized at their 3" and 5’
ends with monocarboxy methylene blue (MB™") and choline
oxidase (ChOx) to yield MB*- and ChOx-modified strands
1 and 2, respectively. Spectroscopic analysis indicated that
the average loading of ChOx corresponded to one nucleic
acid residue per protein. The nucleic acid-functionalized
ChOx exhibited approximately 92% of the native enzyme
activity (synthesis of the modified ChOx, determination of
the loading, and enzyme-activity assays are provided in the
Experimental Section and Supporting Information). MB™ is
known to inhibit ChOx.'""! Indeed, the addition of cocaine
to a system that consists of the MB *-functionalized aptamer
subunit 1 and the ChOx-modified aptamer subunit 2 assem-
bles the supramolecular aptamer/cocaine complex and re-
sults in the inhibition of ChOx (Scheme 1).
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Scheme 1. Cocaine-induced self-assembly of enzyme/inhibitor-tethered
aptamer fragments that yields the controlled inhibition of biocatalytic ac-
tivity. Strand 1 was linked to MB™* and oligonucleotide 2 was coupled by
a bis(sulfosuccinimidyl) suberate BS® linker to ChOx.

The activity of ChOx was monitored by assaying the hy-
drogen peroxide generated by the ChOx-mediated oxidation
of choline to betaine with oxygen by using a secondary col-
orimetric assay that applied the horseradish peroxidase
(HRP)-catalyzed oxidation of 2,2’-azino[bis(3-ethylbenzthia-
zoline-6-sulfonic acid)] (ABTS*") by H,O, to form the col-
ored ABTS"™ species, which was monitored at A =414 nm.

Figure 1 depicts the rates of the oxidation of choline in
the presence of different concentrations of cocaine. Curve a
in Figure 1 shows the time-dependent absorbance change
generated by ChOx-modified strand 2 in the absence of
MB *-modified strand 1. This maximum enzymatic activity
was recorded in the presence of 25 mm choline with no
added cocaine. Upon the addition of MB*-linked oligonu-
cleotide 1, a small depletion of the absorbance is observed
(Figure 1, curveb), thus implying that the inhibition of
ChOx by MB? is not efficient under these experimental
conditions. Curves c—j in Figure 1 show the time-dependent
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Figure 1. Time-dependent absorbance changes that correspond to the oxi-
dation of the ABTS*™ species by the ChOx/MB* system activated by the
supramolecular aptamer complex generated in the presence of various
concentrations of cocaine. a) Only ChOx-modified oligmer 2, b) 0, ¢) 1x
1078, d)5x107%, ) 1x1077, £)5x107, g) 1x107% h) 1x107°, i) 1x107%,
j) 1x107*m. The respective concentrations of the aptamer subunits 1 and
2 were 5x10®m. All the experiments were performed in phosphate
buffer (10 mm, pH 7.4, 100 mm NaCl).

spectral changes of the system upon the addition of different
concentrations of cocaine to the mixture of MB*-modified
strand 1 and ChOx-modified strand 2. As the concentration
of cocaine increases, the degree of inhibition rises. This out-
come is consistent with the fact that as the concentration of
cocaine is elevated, the content of the supramolecular apta-
mer/cocaine complex increases, thus resulting in a high local
concentration of MB* within the proximity of the enzyme.
This behavior leads to the efficient inhibition of ChOx. Con-
trol experiments revealed that cocaine by itself has no effect
on the activity of ChOx and that cocaine in the presence of
a foreign, MB*-modified DNA has no influence on the
ChOx-modified strand 2. The analysis of the activity of
ChOx in the presence of different concentrations of cocaine
indicates an apparent dissociation constant of cocaine that
corresponds to Kp=0.66 um. This value is substantially
lower than the dissociation constant of the cocaine/aptamer
complex (Kp~200 um)'? or the inhibition constant of MB™*
for ChOx in solution (K;=74 pm)."! This difference is
caused by the binding mechanism, which does not resemble
a standard one-to-one interaction, but instead is explained
much better by a cooperative binding mechanism (see the
section on the quantitative evaluation of the DNA com-
plexes).

We examined the specificity of the system to cocaine. It
has been reported that the methylecgonine, generated by
the enzymatic hydrolysis of the benzoyl ester moiety of co-
caine, has a lower affinity to the aptamer fragments."” Ac-
cordingly, treatment of the inhibited ChOx system in the
supramolecular structure of the cocaine/aptamer subunits
with butyrylcholinesterase results in the partial separation of
the aptamer/cocaine complex and the reactivation of the
ChOx activity (Figure 2). In phase I, that is, in the presence
of 1x107M cocaine, an effective 80% inhibition of ChOx
by MB? takes place due to the formation of the cocaine/
aptamer complex. The butyrylcholinesterase is added in
phase II. This results in the reactivation of the ChOx cata-
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Figure 2. Inhibition and reactivation of ChOx activity. Phase I: inhibition
of the activity of ChOx-modified strand 2 by MB*-modified strand 1
during the supramolecular assembly of the aptamer subunits and in the
presence of cocaine (1x10~*m). Phase II: partial restoration of ChOx ac-
tivity after the addition of the hydrolytic enzyme butyrylcholinesterase.

lytic activity. The incomplete

plementarity of 4 and 5 is insufficient to maintain a stable
duplex structure of the two nucleic acids at room tempera-
ture. The two probe strands 4 and 5 were modified at their
3" or 5 ends with glucose oxidase (GOx) or HRP, respec-
tively (see the Experimental Section for the synthesis of the
functionalized nucleic acids). In the presence of the target
nucleic acid 6, the GOx-modified strand 4 and HRP-linked
strand 5 arrange the two enzymes in close proximity (Sche-
me 2A).

Figure 3 shows the activation of the biocatalytic cascade
of the two enzymes upon the bridging of the 4/GOx and 5/
HRP components by the target 6. The activity of the cas-
cade was monitored by the peroxidase-catalyzed oxidation
of the ABTS?" ion to the colored ABTS™ species. The sec-
ondary HRP substrate, hydrogen peroxide, was provided by
GOx. This enzyme uses molecular oxygen to oxidize glucose
and yields gluconic acid and the necessary H,O,. Only the

recovery (approximately 50 % ) _/f : g
of the activity of ChOx might Ig p /;jgf._ffa L
be attributed to the low hy- 5 \.LT\G = P - _‘/—Gf chJJ ABTS™ = ~cMhoyn {30
drolysis rate of cocaine by bu- G@é’ A e . K/}{ c/'_\/_/,f;f 1} o M8
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a low affinity of the hydrolytic e s ol 1
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concentration of the supra- A) (T
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the enzyme and inhibitor in
close proximity is essential to R’
activate the enzyme inhibition.
Toward this goal, we used
ChOx-tethered nucleic acid 1
as one component and cova-
lently attached MB™ to nucleic
acid 3. The latter nucleic acid is fully complementary to 1, in
which the characteristic aptamer loop is eliminated. The
spatial organization of ChOx/MB* by the DNA duplex
structure 1/3, indeed, causes the inhibition of the biocatalyt-
ic process with an efficiency comparable to high concentra-
tions of cocaine (see Figure 1S in the Supporting Informa-
tion).

It should be noted that the inhibition of the biocatalytic
transformation by the cocaine-induced assembly of the
supramolecular complex might also be viewed as a method
for the amplified detection of cocaine. In fact, this method
enabled the analysis of cocaine with a detection limit corre-
sponding to 1x 10 *m.

Enzyme-cascade-modified Y-shaped DNA structure: The
second configuration (Scheme?2) comprises two nucleic
acids of limited complementarity that are designed to cap-
ture a specific target DNA sequence. The base-pairing com-
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Scheme 2. The self-assembly of enzyme/enzyme or enzyme/inhibitor-tethered DNA fragments into Y-shaped
DNA. A) Enzyme cascade of GOx and HRP and B) inhibition of ChOx by MB™.

0.25 - k)
i
i)
0.2 4
h)
0.15 - 9)
] f)
0
<
0.1
e)
d)
c)
0.05 A b)
- a)
&= =
0 - == T T T T |
0 50 100 150 200 250 300
time (s)

Figure 3. Time-dependent absorbance changes that correspond to the oxi-
dation of the ABTS?" species by the GOx/HRP enzyme cascade activat-
ed by the Y-shaped DNA duplex generated by variable concentrations of
6. a) No target 6, b) 1x10™", ¢)5x107", d) 1x107", e) 5x107%, f) 1x
107%, g) 5x107%, h) 1x107%, i) 5x107%, j) 1x1077, k) 5x107"m. All the ex-
periments were performed with a respective probe strand concentration
of 5x10*m and in phosphate buffer (10 mm, pH 7.4, 100 mm NaCl).
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close proximity of both enzymes and a high local concentra-
tion of H,O, allow the activation of the bienzyme cascade.
In the absence of 6, only a very low turnover is recorded
(Figure 3, curve a). This outcome confirms that the two en-
zymes hardly communicate with each other without the for-
mation of a stable nucleic acid assembly. The bienzyme cas-
cade is only activated in the presence of target oligonucleo-
tide 6. As the concentration of 6 increases, the bienzyme
cascade turnover is enhanced (Figure 3, curves b-k). Control
experiments reveal that a foreign nucleic acid that lacks
complementarity to 4 and 5 does not activate the bienzyme
cascade. These results indicate that the hybridization of 6
with 4/GOx and 5/HRP leads to the supramolecular nucleic
acid assembly that brings the two enzymes into proximity,
thus allowing the activation of the bienzyme cascade.

Further support for the significance of the Y-shaped-in-
duced proximity effect on the activation of the enzyme cas-
cade consisting of GOx/HRP was obtained by studying the
effect of added catalase on the turnover of the enzyme cas-
cade activated on the Y-shaped DNA structure, and on the
enzyme cascade in solution. Catalase disproportionates
H,0,, hence, it is anticipated to scavenge the GOx-generat-
ed H,0,, thus decreasing the yield of the ABTS™™ species.
Figure 4 A shows the time-dependent absorbance changes
generated by the free enzymes GOx and HRP (each at a
concentration of 1x107®m) in the absence and presence of
catalase (2x10®m; Figure 4 A, curves a and b, respectively).
The absorbance of the ABTS"™ species formed after approx-
imately 400 seconds is significantly lower in the presence of
catalase corresponding to approximately 50 % inhibition of
the cascade upon the addition of catalase (Figure 4B). Fig-
ure 4 A shows the time-dependent formation of the ABTS~
species in the presence of the Y-shaped DNA structure
(each nucleic acid-modified enzyme at a concentration of
1x107%m) in the absence of catalase (Figure 4A, curve c)
and in the presence of added catalase (concentration: 1x
107% and 2x 10 *m; Figure 4 A, curves d and e, respectively).
We realize that in the presence of the Y-shaped DNA struc-
ture the enzyme cascade is inhibited only by 20% in the
presence of 2x107®m catalase (relative to 50% inhibition of
the cascade in solution; Figure 4 B). These results are consis-
tent with the expected influence of the proximity effect on
the activation of the enzyme cascade. Whereas in solution,
catalase scavenges the diffusive H,O, effectively, thus lead-
ing to the effective inhibition of the biocatalytic cascade.
However, the diffusional catalase cannot efficiently scav-
enge the H,O, generated by GOx in the Y-shaped structure
relative to the effective uptake of H,O, by the adjacent
HRP. As a result, the GOx/HRP cascade is less affected by
added catalase.

Although our discussion emphasized the use of the three-
arm DNA structure for the activation of the enzyme cas-
cade, one may consider this system also as a sensor configu-
ration for the amplified detection of nucleic acid 6 by the
enzyme cascade. The detection limit for the sensing of
target nucleic acid 6 by the enzyme cascade is 1x107''m.
Another advantage of the configuration presented herein

Chem. Eur. J. 2010, 16, 3690 -3698
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Figure 4. A) Time-dependent absorbance changes that correspond to the
oxidation of the ABTS*" species by a) the free enzymes GOx/HRP in the
absence of catalase; b) the free enzymes GOx/HRP in the presence of
catalase (2x107%m); c)the GOx/HRP enzyme cascade activated by the
Y-shaped DNA structure in the absence of catalase; d) the GOx/HRP
enzyme cascade activated by the Y-shaped DNA structure in the pres-
ence of catalase (1x10M); e) the GOx/HRP enzyme cascade activated
by the Y-shaped DNA structure in the presence of catalase (2x10 *m).
All the experiments were performed with a respective probe strand con-
centration of 1x10*M in phosphate buffer (10 mm, pH 7.4, 100 mm
NaCl). B) Comparison between the different final absorbance changes
(AADs at 400 s) of the respective systems shown in A.

rests on the fact that only a very low background signal is
observed in the absence of the analyte 6.

It should be noted that the Y-shaped DNA structure is
asymmetric and the left arm of the supramolecular structure
includes only eight base pairs, whereas the right arm of the
structure includes twelve base pairs. This model was pur-
posely designed to achieve the desired DNA supramolecular
nanostructures. The eight-base complementarity is insuffi-
cient to stabilize the left-arm duplex structure at room tem-
perature. On the other hand, the twelve-base complementar-
ity between 5 and 6 can stabilize the duplex structure to
form the right arm of the assembly. The secondary associa-
tion of 4 to the preformed duplex 5/6 is stabilized by the
synergetic base pairing of the complementary domains of 4
with § and 6, respectively. This programmed assembly of the
structure prevents the formation of aggregated, multimeric
nanostructures through intermolecular hybridizations of the
three components. Indeed, gel-electrophoretic studies reveal
the formation of pure Y-shaped DNA structures without
any aggregated by-products (see Figure 28 in the Supporting
Information).
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Enzyme/inhibitor-modified Y-shaped DNA structure: Fol-
lowing the paradigm of the assembly of aptamer subunits
studied previously,”! and herein, we also modified the two
probe strands 4 and 5 with an enzyme and its inhibitor (i.e.,
ChOx and MB™, respectively). The interaction with the
target nucleic acid 6 leads to the assembly of the supra-
molecular Y-shaped structure and, consequently, to the in-
hibition of ChOx activity by MB* (Scheme 2B). The biocat-
alytic turnover of ChOx was monitored by the oxidation of
choline to betaine and the concurrent reduction of oxygen
to hydrogen peroxide. The formation of H,O, allowed the
peroxidase-catalyzed oxidation of ABTS*" ions to the col-
ored ABTS™™ species, which was measured spectrophotomet-
rically at A =414 nm.

Figure 5 depicts the rate of the oxidation of choline in the
presence of different concentrations of 6. The inhibition of
ChOx was induced by assembly of the three-arm duplex
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Figure 5. Time-dependent absorbance changes that correspond to the oxi-
dation of the ABTS*™ species by the ChOx/MB™* system activated by the
Y-shaped DNA structure generated by variable concentrations of nucleic
acid 6. a) Only ChOx-modified strand 4, b)0, c¢) 1x107", d)5x107",
€) 1x107%, £) 5x1077, g) 1x107%, h) 5x107% i) 1x 1077, j) 5x 107" m. All the
experiments were performed with a respective probe strand concentra-
tion of 5x10°m and in phosphate buffer (10 mm, pH 7.4, 100 mm NaCl).

structure consisting of ChOx-functionalized strand 4 and
MB *-functionalized strand 5 bridged by the target nucleic
acid 6. The maximum activity of ChOx is achieved when
only the ChOx-functionalized nucleic acid 4 is present in the
sample (Figure 5, curve a). The activity decreases slightly
upon addition of the second MB™-labeled oligonucletide 5
(Figure 5, curve b). This outcome can be explained by the
existence of a small fraction of a dimeric complex of 4 and 5§
despite the limited complementarity and the low concentra-
tion of the two nucleic acids. As the concentration of 6 in-
creases, the degree of inhibition of ChOx increases further
(Figure 5, curves c—j), thus implying that the close proximity
of the MB™ inhibitor to ChOx controls the efficiency of the
inhibition process.

Quantitative evaluation of the binding features of the apta-
mer subunits and the Y-shaped DNA complexes: As stated
earlier, the detection limit for cocaine using the assembly of
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the aptamer subunits upon ligand binding is substantially
lower than what could be expected from the affinity binding
constant of the aptamer toward cocaine. In fact, a simple lo-
gistic fit (similar to antigen/antibody binding phenomena) of
the experimental absorbance data reveals an apparent disso-
ciation constant Ky of 0.66 umolL™' (see Table 1 and the

Table 1. Obtained parameters after nonlinear curve fitting of the cocaine
binding by the ChOx/MB*-modified aptamer subunits."

Logistic fit Ternary complex

Ky [pmol L™ - 0.19

Ky [umol L™ - 45

a - 25.1

E 0.177%! 0.203

A2 0.017 -

Xo [umol L] 0.66 -

» 0.59 -

reduced y> 1.477x107* 1.899x107*

[a] Comparison of the standard logistic fit versus the binding model for
the ternary complex assembly by using Equation (1). [b] This value is the
upper limit (A1) of the logistic fit for comparison.

Supporting Information). This value is approximately 400-
fold lower relative to the reported value of 200 um.'¥ We
also observed a Hill slope that is not unity (p =0.59). These
facts indicate that the examined binding and assembly does
not follow a simple one-to-one binding model. We attempt-
ed to develop a quantitative model that may explain the ex-
perimental results to account for this apparent discrepancy.
The aptamer/ligand complex and the Y-shaped bridged nu-
cleic acid structure share a common binding feature that is
represented by the assembly of the three components. The
quantitative model should, therefore, take into account the
different possible interactions among all the components.
Furthermore, one should realize that in the inhibition sys-
tems, the inhibitor could provide an additional driving force
to the formation of the resulting supramolecular structures.
We adapted the method described for the association of G-
protein-coupled receptor (GPCR) complexes to formulate
the binding model in our systems. The allosteric behavior of
GPCR is characterized by the binding of an orthosteric
ligand A to the receptor R in the presence or absence of an
allosteric modulator B."! Usually, A is a low-molecular-
weight compound (e.g., serotonin) that binds to a specific
receptor R. The affinity toward the receptor can be altered
through the binding of a secondary ligand. This ligand B can
be a low-molecular-weight substance, another protein, or
biopolymer (e.g., oleamide, G-protein, or heparin, respec-
tively).['”)

This model was adapted to evaluate the binding features
of the cocaine/aptamer complex. In particular, the ChOx-la-
beled subunit 2 (H;) resembles the receptor because it pro-
vides the measured signal and both of the other two compo-
nents bind to it. The second aptamer subunit 1 (H}) was
modified with MB* and works as the orthosteric ligand, as
the binding of MB™ to the enzyme directly alters the activi-
ty of the enzyme. Thus, the fraction of MB™-labeled Hj
bound to H; represents the receptor occupancy by its ligand.

Chem. Eur. J. 2010, 16, 3690 -3698
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The target molecule cocaine (7) acts as the allosteric modu-
lator by mediating the assembly of the ternary complex.
Similarly, the target DNA sequence can aid the formation of
the Y-shaped DNA complex based on the two probe strands.
In this case, the target nucleic acid acts as the allosteric
ligand and modulates the channeling of H,O, from the
GOx-modified strand 4 to the HRP-labeled strand 5.
Scheme 3 shows the possible reaction pathways for the for-

K,
T + H, + Hy —= T + H;Hy,

Kt o K1

’

a' Ky
TH +Hy ——=THH)j

Scheme 3. Reaction pathway for the ternary complex assembly of the
two subunits (H; and Hy;: aptamer subunits or DNA probe strands) and
their target (T: cocaine or DNA).

mation of the ternary complex assembly. For clarity, both
aptamer subunits or probe strands are treated as identical
with regard to their individual binding affinities. (It should
be noted that the three-component complexes discussed in
the present study can, in principle, be formed by three alter-
native stepwise paths. However, it is insignificant by which
pathway the final complex is formed. Furthermore, the co-
operativity factors of all three paths are identical. See the
Supporting Information for the mathematical elucidation of
these features.)

Two affinity constants are necessary to describe the
system: Ky is the dissociation constant for the oligonucleo-
tide subunits and K; is the dissociation constant of the
target from the subunit strand. Furthermore, o' is introduced
and represents the so-called cooperativity factor. In analogy
to the equations used to fit the fractional receptor occupan-
cy depending on the agonist concentration,!”) we derived
the concentrations of the assembled supramolecular com-
plexes of the enzymatic systems, where i(x) [Eq. (1)] corre-
sponds to the concentration of the assembled inhibition-
based supramolecular structure, that is, ChOx/MB*, and
¢(x) [Eq. (2)] corresponds to the concentration of the assem-
bled nanostructure that activates the bienzyme cascade
GOx/HRP [see the Supporting information for a detailed
derivation of the relationships given by Equations (1)-(3)].

H
Y= () = B (1 - —) 1)
! H+K,,
EmaxZ -H
y=c(x)= H+ Koy (2)
_ 1 +X/KT
Ko = Kt T 7k, G)

Here H represents the concentration of the ChOx- or
HRP-modified DNA strands. This value is a constant, which
is set by the experimental conditions to 50nm. The
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E...x values constitute the maximum enzymatic turnover. In
the case of the inhibition with MB*, this value represents
the activity of the ChOx-modified strand in the absence of
the MB™-linked oligonucleotide. In case of the enzyme cas-
cade, the maximum value is reached at complete saturation
of the probe strands with the target DNA. The independent
variable x describes the concentration of the target, namely,
cocaine or the bridging DNA 6.

Equation (3) shows that the observed, apparent dissocia-
tion constant K,,, is a composite parameter that depends on
the concentration of the target, the binding constant K, and
the cooperativity factor a'. If there is a positive cooperative
interaction (a’'>1), the observed binding will be stronger
(i.e., K,pp, < Ky). As a result, the dose-response curve will be
shifted to lower concentrations (see the Supporting Informa-
tion for simulated curves). The opposite effect occurs in the
case of negative cooperativity (a’'<1). An apparently
weaker binding (K,,,>Kjy) results in a right-shift of the
curve to higher concentrations (see the Supporting Informa-
tion).

The model for the ternary complex assembly also pro-
vides reasonable explanations for the upper and lower limits
of the sigmoidally shaped curve. The upper and lower limits
(A1 and A2, respectively) of the standard logistic fit are
usually interpreted as saturation of the system and back-
ground signal, respectively. In the case of the ternary com-
plexes, these limits largely depend on the Ky value, the af-
finity between the two aptamer subunits or both probe
strands, and the cooperativity factor «’. As the target con-
centration decreases, the apparent dissociation constant K,
approaches the value of Ky. For infinitely high concentra-
tions of 7, on the other hand, K,,, equals the ratio of Ky
and the cooperativity factor [Eq. (4)].
1T1LI(1] K., = Ky and PP}C K.pp = Ky/o' (4)

This behavior explains the observed drop in activity of
the ChOx-modified oligomer (which represents E,,,, ;) When
the MB™-linked nucleic acid is added. Even at a target con-
centration of zero, a fraction of the aptamer subunits or
probe strands will assemble as a binary complex, thus de-
creasing the enzyme activity. Similarly, Equation (4) predicts
that the lower limit of the inhibition curve will not reach
zero, that is, complete inhibition, even at infinite cocaine
concentration.

Thus, one should select appropriate concentrations of the
components to minimize the formation of inhibitor/enzyme
or enzyme I/enzyme II conjugates in the absence of the al-
losteric modulator (i.e., cocaine or bridging nucleic acid) to
highlight the effect of the supramolecular structures on the
inhibition of the enzyme or the activation of the enzyme
cascade. Our model predicts that these conditions are main-
tained when a concentration of H below Ky is used, thus re-
sulting in a high upper limit for the inhibition-based system
or a small lower limit for the enzyme cascade, respectively.

Figure 6 shows the recorded absorbance changes of the
ChOx/MB™ system for various concentrations of cocaine at
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Figure 6. Absorbance changes (AAbs at 300 s; squares) as a function of
the cocaine concentration and nonlinear fit by using Equation (1)
(dashed line). The obtained fitting parameters are given in Table 1.

t=300s. The nonlinear curve fitting was performed with
software “gnuplot” by using Equations (1) and (3). The fit-
ting results and a comparison to the standard logistic fit are
shown in Table 1. These results show a significant difference
between the two fitting models. The maximum (saturation)
value for the logistic fit is considerably smaller than the
maximum enzymatic activity derived from the ternary com-
plex model. As mentioned above, this outcome is due to the
contribution of the affinity interaction between the two
aptamer subunits. This interaction results in an inhibition of
the ChOx activity by MB*, even at a zero concentration for
cocaine. The true E,,, value is only observed in the absence
of the MB*-labeled aptamer subunit (Figure 1). Further-
more, we see a clear difference between the inhibition con-
stant derived from the inflection point of the logistic curve
fit x, and the target dissociation constant K that we yield
from the ternary complex fit. The obtained K}, value for co-
caine of 4.5 um and the high cooperativity factor a’ support
our premise that a simple one-to-one binding model cannot
give reasonable results. Instead, a more complex model is
necessary to describe the assembly of the aptamer subunits
upon cocaine binding.

The ternary complex model was also applied to fit data
obtained from the target DNA binding by the Y-shaped
structure. In this case, two slightly different equations were
employed for the nonlinear regression of the enzyme inhibi-
tion and the enzyme cascade [i.e., Egs. (1) and (2), respec-
tively]. Figure 7 shows the recorded absorbance changes
after 300 seconds and the fitted binding curves by using the
aforementioned equations. Table 2 gives an overview of the
obtained parameters (see the Supporting Information for a
complete list including the initial parameter set).

Although, both target DNA sensing systems use quite dif-
ferent reporting mechanisms, that is, the inhibition of ChOx
or a cascade of GOx and HRP, the obtained results are
strikingly similar. The cooperativity factor a’ is almost iden-
tical, as is the dissociation constant for the target Ky. Only
the dissociation constant Ky for the two probe strands dif-
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Figure 7. Target DNA binding by the Y-shape probe (AAbs at 300 s) and
a nonlinear curve fit by the ternary complex assembly model. ChOx/
MB*-modified DNA (black squares, solid line) uses Equation (1) and
GOx/HRP-modified DNA (gray circles, dashed line) uses Equation (2).

Table 2. Fitted parameters for the target DNA binding by the Y-shaped
probe after nonlinear regression with Equations (1) and (2) for the
enzyme inhibition or enzyme cascade, respectively.

Parameter Inhibition Cascade
Ky [pmol L™ 0.64 0.16

Ky [umol L] 15.3 18.4

o 21.1 21.5

E axa 0.244 -

E a2 - 0.267
reduced > 4.770x107° 3.199x 107

fers slightly. Interestingly, the obtained Ky value is also very
similar to the one derived from the assembly of the aptamer
subunits. The main difference between the presented sys-
tems, therefore, lies in the target compound, which can be a
low-affinity ligand such as cocaine or a strongly binding oli-
gonucleotide. In either case, the cooperative assembly of the
ternary complex allows sensing of the respective analyte
with a sensitivity well below its bimolecular binding con-
stant.

Conclusions

The present study has demonstrated that the programmed
self-assembly of enzymes by means of DNA nanostructures
provides an effective means to control biocatalytic functions
that do not occur (under similar experimental conditions) in
a random, nonorganized system. The significance of cooper-
ative interactions on the formation of supramolecular struc-
tures has been discussed recently.'") The present study dem-
onstrates the stabilization of supramolecular DNA struc-
tures by such cooperative principles. We examined two dif-
ferent nucleic acid-based systems that were designed to
form such nanostructures. The first one utilizes the facilitat-
ed assembly of two aptamer subunits by cocaine. The
second system uses two nucleic acid probe strands to cap-
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ture a third oligonucleotide, that is, the target. The two parts
of the biocatalytic arrangement, namely, enzyme and inhibi-
tor or enzyme I and enzyme II, were tethered to the nucleic
acids to generate a reporter system. Methylene blue (MB*)
was used to inhibit the catalytic activity of choline oxidase
(ChOx); that is, upon the assembly of the nanostructure of
aptamer subunits 1 and 2 and cocaine or the probe strands 4
and 5 and target nucleic acid 6, a decrease in the ChOx
turnover would be monitored. In another approach, we used
the channeling of H,O, from glucose oxidase (GOx) to
horseradish peroxidase (HRP) to report the assembly of the
Y-shaped nanostructure, which comprised the probe oligo-
nucleotides 4 and 5, by the addition of the target DNA 6.
With these systems, we reached a detection limit for cocaine
down to 10 nM. The target nucleic acid 6 could be detected
at concentrations as low as 0.1 or 0.01 nm for ChOx inhibi-
tion or the enzyme cascade, respectively. Furthermore, we
have provided a model to describe the assembly process of
these programmed nanostructures.

Experimental Section

Chemicals: Bis(sulfosuccinimidyl) suberate (BS®) was purchased from
Pierce Biotechnologies. Monocarboxy methylene blue N-hydroxysuccini-
mide (NHS) ester was purchased from Emp Biotech. All the other re-
agents were purchased from Sigma-Aldrich.

Oligonucleotides: The following oligonucleotide sequences were pur-
chased from Sigma—Genosys:

1: 5 GGGAGTCAAGAACGAA (CH,).NH, 3
2: 5 NH,(CH,). TTCGTTCTTCAATGAAGT

GGGACGACA 3
3: 5 NH,(CH,),TTCGTTCTTGACTTCCC 3
4: 5 GACTACTGCTAAGTT(CH,),NH, 3
5: 5 NH,(CH,);AACTTAGACAGTCATGCTC 3
5a: 5 AACTTAGACAGTCATGCTCAAAA 3
6: 5 GAGCATGACTGTCAGTAGTC 3

Optical instrumentation: UV/Vis spectroscopic measurements were car-
ried out on a Shimadzu UV-2401PC spectrophotometer.

Preparation of MB*-modified strands 1 and 5 and ChOx-linked strands
2-4: An excess of BS® linker was added to nucleic acid 2, 3, or 4 (1x
107*m) in a phosphate buffer solution (50 pL, 10 mm, pH 7.4). The reac-
tion mixture was shaken for 30 min. The product was purified by separa-
tion on microspin (G-25) columns and treated with ChOx (1x10m) for
2h. Nucleic acids 1 and 5 (1x107*m) in phosphate buffer solutions
(10 mm, pH 7.4) were treated separately with MB™ NHS ester (1x10m)
for 2 h. The products were purified by ultrafiltration on microspin (G-25)
columns.

Enzyme/inhibitor activity assays: ChOx-modified strands 2 or 4 and MB™
-modified strands 1 or 5 (5x10~*M) were mixed with different concentra-
tions of cocaine or 6 for 30 min at room temperature. ABTS* (2.5x
10°m), HRP (5x10"m), and choline chloride (25 mm) were added to
reach a final volume of 0.2 mL. Time-dependent absorbance changes
were recorded at A =414 nm. The reaction was performed in a phosphate
buffer solution (10 mm, pH 7.4, 100 mm NaCl).
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Hydrolysis of cocaine: The inhibited ChOx system, which comprised the
cocaine/aptamer subunit supramolecular structure, was treated with ap-
proximately 4 units of butyrylcholinesterase from human serum to hydro-
lyze the cocaine. The ChOx activity was assayed as described above.

Preparation of the GOx/HRP-modified strands 4 and 5: An excess of
BS® linker was added to nucleic acid 4 or 5 (1x107*m) in a phosphate
buffer solution (50 uL, 10 mm, pH 7.4). The mixture was shaken for
30 min. The products were purified by separation on microspin (G-25)
columns and subsequently treated with GOx (4) or HRP (5) (1x107°m)
for 2 h, respectively. The products were purified by ultrafiltration on mi-
crospin (G-25) columns.

Enzyme cascade activity assays: GOx-modified strand 4 and HRP-modi-
fied strand 5 (5x107°m) were mixed with different concentrations of 6
for 30 min at room temperature. ABTS*" (2.5x107°M) and glucose
(25 mm) were added to reach a final volume of 0.2 mL. Time-dependent
absorbance changes were recorded at A=414 nm. The reaction was per-
formed in a phosphate buffer solution (10 mm, pH 7.4, 100 mm NaCl).

Influence of catalase on the enzyme cascade: The free enzymes GOx (1 x
107*m) and HRP (1x10®m) were mixed for the assay of the free en-
zymes. GOx-modified strand 4 (1x107*m) and HRP-modified strand 5§
(1x107*m) were mixed with 6 (1x 1077 m) for 30 min at room temperature
for the assay of the Y-shaped DNA-modified enzymes. Different concen-
trations of catalase, ABTS?>" (2.5x107°m), and glucose (25 mm) were
added to reach a final volume of 0.2 mL. Time-dependent absorbance
changes were recorded at =414 nm. The reaction was performed in a
phosphate buffer solution (10 mm, pH 7.4, 100 mm NaCl).
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