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Enzyme-Regulated DNA-Based Logic Device
Manish Debnath, Rakesh Paul, Deepanjan Panda, and Jyotirmayee Dash™

Department of Organic Chemistry, Indian Association for the Cultivation of Science, Kolkata 700032, India

© Supporting Information

ABSTRACT: Herein, we report a carbazole (Cz) ligand that
displays distinct turn-on fluorescence signals upon interaction
with human telomeric G-quadruplex (h-TELO) and nuclease
enzymes. Interestingly, Cz selectively binds and stabilizes the
mixed hybrid topology of h-TELO G-quadruplex that with-
stands digestion by exonucleases and nuclease S1. The distinct
fluorescence signatures of Cz-stabilized h-TELO with nucleases
are used to design conceptually novel DNA devices for
selectively detecting the enzymatic activity of DNase I as well
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as performing logic operations. An INHIBIT logic gate is constructed using &-TELO and DNase I as the inputs while the inputs
of h-TELO and nuclease S1 form a YES logic gate. Furthermore, a two-input two-output reusable logic device with “multireset”
function is developed by using h-TELO and DNase I as inputs. On the basis of this platform, combinatorial logic systems
(INHIBIT—INHIBIT and NOR—OR) have been successfully installed using different combinations of nucleases as inputs.
Moreover, this new strategy of using a synthetic dual emissive probe and enzyme/DNA inputs for constructing reusable logic
device may find important applications in biological computing and information processing.

KEYWORDS: biomolecular device, DNA computation, dual emissive, G-quadruplex, nucleases

ucleases play crucial roles in key biological processes like

DNA replication, recombination and repair as they
catalyze the cleavage of DNA phosphodiester bonds."”” They
are also considered as biomarkers for cancer and several other
diseases.” Therefore, the development of new and sensitive
devices that detect and distinguish enzymatic activity of
nucleases would be useful in molecular biology and medical
diagnosis applications.” DNA based probes have been
developed to assess the activity of nucleases.””"" In recent
years, DNA has been widely used as a versatile material for
chemical and biological sensing and biomolecular computations
due to their predictable structures, easy chemical synthesis and
reactivity toward enzymes.'” >’ DNA structures (e.g, aptamers,
DNAzymes, hydrogels efc.) that exhibit stimuli responsive
behavior have been reported as components of computational
systems.'” "' However, the requirement of expensive fluo-
rescent labeling and instrumentation techniques hinders the
practical applications of DNA computation devices. In this
work, we demonstrate a novel design Gplatform comprising a
dual emissive fluorescent probe’” ° that simultaneously
detects human telomeric DNA G-quadruplex (h-TELO) and
nuclease enzymes (nuclease $1,” DNase I, T7 Endonuclease I,
Exonucleases I and III) for constructing DNA devices.

DNA G-quadruplexes are four-stranded DNA secondary
structures present in human telomeres and oncogene promoter
regions. The G-quadruplexes are highly polymorphic structures;
for instance, the h-TELO G-quadruplex can adopt mixed hybrid
and antiparallel topologies in the presence of K* and Na* ions,
respectively.**™** G-quadruplexes play key role in telomere
maintenance and oncogene regulation and thus emerging as
important biological targets for anticancer therapeutics.*~*

-4 ACS Publications  © Xxxx American Chemical Society

Small molecule fluorescent probes have been designed to
selectively target DNA G-quadruplexes in biological sys-
tem.”® """ And further, G-quadruplex binding fluorescent
probes have also been used for designing programmable logic
devices.**~® We herein present a carbazole derivative (Cz)*”*
(Figure 1, Scheme S1, Supporting Information, SI) that exhibits
distinguishable turn-on fluorescence signatures for nucleases
and G-quadruplexes. This carbazole probe exhibits salient
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Figure 1. Structure of carbazole derivative (Cz) and fluorescence
emission spectra of the Cz (1 uM) in the presence and absence of 1
UM h-TELO (K*) in 10 mM Tris-HCl, 100 mM KCl buffer (pH 7.4);
1 #M nuclease S1 in 50% glycerol, 20 mM Tris-HCI, 30 mM KCl, 0.5
mM EDTA, 1 mM DTT buffer (pH 7.4); and 1 uM DNase I in 10
mM Tris-HCl, 100 mM KC, 2.5 mM MgCl,, 0.1 mM CaCl, buffer
(pH 7.4).
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features: (i) high selectivity for the mixed hybrid-type
conformation of h-TELO G-quadruplex, (ii) ability to switch
the antiparallel conformation of h-TELO to mixed hybrid type
quadruplex, (iii) protection of h-TELO against digestion by
exonucleases and nuclease S1 and (iv) serving as a reporter for
the detection of DNase I enzymatic activity. Importantly, the
differential fluorescence behavior of Cz-stabilized h-TELO in
the presence of different nucleases is used to construct various
logic devices for biocomputation and diagnostics.

B RESULTS AND DISCUSSION

The interaction of Cz with quadruplexes was evaluated using
fluorescence spectroscopy, melting analysis by Forster reso-
nance energy transfer (FRET)®' and circular dichroism (CD)
spectroscopy. We have used a 24-mer h-TELO sequence that
folds into mixed hybrid-type quadruplex structure in K* buffer,
ie, h-TELO (K*) and antiparallel G-quadruplex in Na* buffer,
ie, h-TELO (Na*). The h-TELO sequence was also annealed in
MQ water (pH 7.4) (in the absence of salt) and used as free h-
TELO. In addition, we have used three parallel-type oncogenic
promoter G-quadruplexes like c-MYC, ¢-KIT1 and ¢-KIT2 and a
control duplex (ds) DNA.

Cz Preferentially Interacts with Mixed Hybrid-Type h-
TELO G-Quadruplex. Carbazole derivative Cz showed two
weak emission peaks at 373 and 530 nm (quantum yield, ¢ =
0.019 and 0.016, respectively, A, = 320 nm) in 100 mM KC],
10 mM Tris-HCI at pH 7.4 (Figure SI and S24, SI). Upon
addition of DNA quadruplexes (1 pM), the fluorescence
intensity of Cz was enhanced at 530 nm but no significant
changes were detected at 373 nm (Figure S2, SI). Cz (1 uM)
exhibited a strong (14-fold) turn-on fluorescence signal at 530
nm with a 40 nm blue shift in the presence of 1 yuM h-TELO
(K*); while only a 5 fold increase at 530 nm along with a 25 nm
blue shift was observed in the presence of 1 uM h-TELO (Na*)
(Figure 2A and Table 1). Interestingly, the fluorescence
intensity of Cz was increased 6 fold (26 nm blue shift) in the
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Figure 2. (A) Fluorescence emission of Cz (1 M) in the presence of
different DNA quadruplexes (1 pM); (B) Fluorescence titration of Cz
(1 uM) with different G-quadruplexes and ds DNA (0—4 uM). CD
spectra of S uM (C) h-TELO (K") in 10 mM Tris-HCI 100 mM KCl
buffer (pH 7.4); and (D) h-TELO (Na') upon addition of Cz (0—S
equiv) in 10 mM Tris-HCl 100 mM NaCl buffer (pH 7.4).

Table 1. The K,, F/F, (at 1 uM) and Concentration of Cz at
AT™ with Different Quadruplexes Used in This Study

F/F, [Cz] at
DNA sequences Ky* (1 uM) N
h-TELO (K*): §'- 0.15 14 100 nM
A(T,G3THAGT,AGy T,AG,A)-3"
h-TELO (Na*): 5'- 09 5 600 nM
d(T,G;T,AG;T,AG;T,AG;A)-3’
h-TELO (free): 5'- 0.6 6 600 nM
d(T,G;T,AG;T,AG;T,AG;A)-3’
¢MYC: 5'-d(TGAG;TG,TAG,TG,TA,)- 045 6 200 nM
3
¢KITI: 5'-d(G;AG;CGCTG,AGAG,)-3 17 3 800 nM
-KIT2: §'-d(G;CG;CGCGAG;AG,)-3’ 1.9 3 1000 nM
ds DNA:“ §'-d(TATAGCTATA HEG N.D. - -

TATAGCTATA)-3’

“Ky in uM (Error = + 5%), determined from Hill equation. AT =
AT,, value to attain a maximum T, of 93 °C. “HEG = Hexaethylene
glycol.

presence of 1 uM free h-TELO, suggesting that Cz could fold
the free h-TELO into a G-quadruplex structure. Similarly, Cz
exhibited 3—6 fold fluorescence enhancements and 24—26 nm
blue shifts in the presence of 1 uM parallel-type ¢-MYC, ¢-KIT1
and ¢-KIT2 quadruplexes. Fluorescence binding titration of Cz
with G-quadruplex and ds DNA targets showed that Cz
interacted with h-TELO (K*) with considerably high affinity
with a dissociation constant (Ky) of 150 nM compared to the h-
TELO (Na*) (K4 = 900 nM), free h-TELO (K4 = 600 nM) and
promoter quadruplexes like -MYC (K4 = 450 nM), ¢-KIT1 (K4
= 1.7 uM) and c-KIT2 (K4 = 1.9 uM) (Figure 2B and S3, Table
S1, SI). Importantly, ds DNA did not influence the emission
peaks of Cz, indicating its negligible binding affinity toward ds
DNA.

The binding stoichiometry of Cz with quadruplexes was
determined by monitoring the change in fluorescence intensity
as a function of the mole fraction of ligand (Job’s plot). The
Job’s plot analysis revealed that Cz binds to h-TELO with a 2:1
stoichiometry, while a 1:1 stoichiometry was observed with
parallel quadruplexes (Figure S4, Table S1, SI). Molecular
modeling analysis further supported that Cz could stack on
both terminals of the h-TELO mixed hybrid-type quadruplex
(Figure Ss, SI).

The FRET melting analysis revealed that Cz showed a
maximum stabilization potential for h-TELO (K*) with a AT,
value of 36 °C (T, of 93 °C) at 100 nM; whereas, higher
concentrations of Cz (600 nM) were required to achieve
saturation in AT,, values for free h-TELO and h-TELO (Na")
(Figure S6, Table S1, SI). Similarly, 2—10 fold higher
concentrations of Cz were required to attain maximum AT,
values for parallel G-quadruplexes; 200 nM for ¢ MYC (AT, =
24 °C, T,, = 93 °C), 800 nM for ¢-KITI (AT,, = 39 °C, T,, =
93 °C) and 1 uM for ¢-KIT2 (AT, = 29 °C, T,, = 93 °C).
These results are in agreement with fluorescence binding
titrations, suggesting Cz selectively recognizes and stabilizes the
h-TELO mixed hybrid-type quadruplex structure over parallel,
antiparallel type quadruplexes and ds DNA.

Cz Induces a Conformational Switch. To further
ascertain the selectivity of Cz for the mixed hybrid topology,
CD spectroscopic analysis of h-TELO quadruplex was
performed in the presence and absence of metal ions (Na*
and K*). The CD spectrum of h-TELO (K*) exhibited a
positive peak at 290 nm and a shoulder at 260 nm,
characteristic of a mixture of parallel and antiparallel

DOI: 10.1021/acssynbio.8b00088
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conformations (Figure 2C and S7A, SI). No further changes in
the peaks were observed after titration with 0—5 equiv Cg,
indicating that ligand does not alter the mixed hybrid topology
of h-TELO G-quadruplex.

The h-TELO (Na*) showed a positive peak at 290 nm, a
negative peak at 260 nm and a positive peak at 245 nm,
characteristic of an antiparallel topology (Figure 2D).
Interestingly, when h-TELO (Na*) was titrated with 0-$
equiv Cz, the negative peak at 260 nm was gradually diminished
and a new positive shoulder at 260 nm was developed. In
addition, the positive peak at 245 nm was completely
disappeared whereas the positive peak, at 290 nm remained
almost unchanged. This suggests that Cz-stabilized h-TELO
structure is similar in both K* and Na* buffers.

It is worth noting that Cz could induce the formation of a
mixed hybrid conformation of the h-TELO quadruplex even in
the absence of any metal ions (Figure S7B and Scheme S2, SI).
As shown in Figure S7B, the free h-TELO, in the presence of
Cz in MQ water (pH 7.4), showed a similar spectral pattern as
in K* buffer. No significant changes in the CD spectra were
observed upon titrations of parallel quadruplexes (c-MYC, c-
KIT1 and cKIT2) with Cz (Figure S8, SI), suggesting the
preference of Cz to induce a mixed hybrid quadruplex
topology.

Cz Binds to Nucleases and Exhibits Distinct Fluo-
rescence Signal. We observed that Cz could interact with
nuclease S1 and DNase I, and exhibited a distinct fluorescence
signature compared to quadruplexes (Figure 1 and S9, SI).
Upon treatment with nucleases, Cz showed strong fluorescence
turn-on signals at 373 nm whereas fluorescence turn-on
responses at 530 nm were noted in the presence of
quadruplexes. Control studies showed that the nucleases do
not exhibit any significant turn-on emission upon excitation at
320 nm in the absence of Cz (Figure S10, SI). From the
fluorescence binding studies, the Ky values for nuclease S1 and
DNase I were determined to be 1.3 yM and 2.5 uM,
respectively (Table S2, SI). In order to understand the binding
sites of Cz on nucleases, a reverse titration was carried out by
incremental addition of Cz to the nucleases (Figure S11, SI).
Enzymes show a peak at 330 nm due to the presence of
aromatic amino acid residues. The emission of nucleases at 330
nm was monitored by exciting at 280 nm. Notably, upon
addition of Cz, the emission peaks of the nucleases were shifted
to longer wavelengths (~37 nm red shift) with a concomitant
decrease in fluorescence intensity (Figure S11, SI). This
decrease in fluorescence intensity may be due to the energy
transfer resulting from partial overlap between the emission
spectra of enzymes and absorption spectra of Cz. The red-
shifted emission and fluorescence quenching indicate that Cz
binds to the aromatic residues present in the nucleases. The
Job’s plot analysis revealed that Cz binds to nucleases with a 1:1
stoichiometry (Figure S12, SI). CD spectroscopic analysis
suggested that Cz does not alter the conformation of nuclease
S1 and DNase I (Figure S13, SI).

In order to gain insight into the different fluorescence
spectral behavior of Cz with nucleases and quadruplexes, the
microenvironments of the Cz were investigated in solvents of
different polarity (Figure S14A, SI). Cz, which is weakly
fluorescent in aqueous media shows significant increase in
emission intensity in hydrophobic environments (Figure S14B,
SI). It was observed that by decreasing the solvent polarity, the
fluorescence emission maxima (A ) of Cz was blue-shifted
and the Stokes shift (S) values of Cz were decreased (Table S3,

SI). These observations suggest that the enhancement in the
fluorescence intensity along with the blue shift in the A7}, of the
Cz is a consequence of the changing microenvironments of Cz
upon binding with quadruplexes and nucleases. The dual
emissive nature of Cz may be due to the locally excited state
and intramolecular charge transfer, which is promoted by the
extended conjugation along with electron donating amino and
acceptor carbonyl groups.®”~%*

The Aqn of Cz in different solvents were plotted against
Reichardt’s E((30) polarity parameter (Figure S14C, SI). A
linear dependence of A2%, (y = 4.9x + 217.9, * = 0.9735) on the
polarity, ie, Er(30) of the solvent media was noted. The
E1(30) values obtained for Cz in the presence of h-TELO G-
quadruplex and nucleases were determined to be 56.1 and 30.5.
These results indicate a close proximity of Cz to the
hydrophobic binding domain of the h-TELO G-quadruplex
and corroborate with the molecular docking studies that
showed end-stacking mode of Cz to the external G-quartet of
the quadruplex. The E(30) values further suggest that Cz
binds to the nucleases in hydrophobic binding pocket, rich in
aromatic amino acid residues. These results were in agreement
with molecular docking analysis which indicated that Cz binds
to nuclease S1 and DNase I in a site rich in aromatic amino acid
residues (Figure S1S, SI).

Sensor Design and Detection of DNase | Activity. As
Cz showed distinct fluorescence turn-on responses for
quadruplexes and nucleases, it was employed to monitor the
activity of the nucleases on h-TELO in the presence and
absence of K* ions (Figure 3A, 3B, 4A and S16, SI). Nuclease
S1 readily cleaves the phosphate backbone of the DNA at single
stranded region. However, upon addition of nuclease S1 to Cz-
stabilized h-TELO quadruplex in K* buffer, the peak at 530 nm
remained unaffected with the generation of a new peak at 373
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Figure 3. Emission spectra of (A) Cz (1 uM) in the presence of h-
TELO (K*) (1 uM) (red) and upon titration with nuclease S1 (0—1
uM) (cyan); (B) Cz (1 uM) in the presence of h-TELO (K*) (1 uM)
(red) and upon titration with DNase I (0—1 4M) (cyan). The change
in fluorescence intensity (F/F,) of Cz-stabilized h-TELO (K*) at 530
nm (C) upon titrating with nuclease S1 (0—2 uM); (D) upon titrating
with DNase I (0—2 pM) and the linear dependence of fluorescence
intensity of Cz-stabilized h-TELO (K*) with increasing DNase I (0—1
uM) (inset).
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Figure 4. (A) Schematic representation of the distinct spectral behavior of Cz with h-TELO (K*) (PDB ID: 2JPZ) and nucleases. Logic behavior of
Cz (B) when 1 uM of h-TELO (K") and nuclease S1 are inputs; (C) when 1 yuM of h-TELO (K*) and DNase I are inputs.

nm. Similar spectra were obtained when nuclease S1 was added
to Cz-stabilized h-TELO system in the absence of K" ions.
These results indicate that Cz is able to bind both h-TELO and
nuclease S1 and further protects h-TELO against nuclease S1
enzymatic degradation by inducing and stabilizing G-quad-
ruplex structure in the presence and absence of K* ions (Figure
3A and S16C, SI).

To exclude the possibility of competitive displacement of Cz
from h-TELO to nucleases, titration of Cz was carried out with
a 1:1 mixture of -TELO (K*) and nucleases in K* buffer
(Figure S16A and S16B, SI). A single peak was observed at 373
nm with the disappearance of 530 nm peak, which suggests that
nuclease S1 is able to digest h-TELO in the absence of Cz
induced stabilization. In addition, Cz exhibited no competitive
enhancement in the emission peaks, thereby excluding the
possibility of competitive binding. On the other hand, DNase I
could digest Cz-stabilized h-TELO into small fragments in the
presence and absence of metal ions. The formation of a new
peak at 373 nm was observed upon addition of DNase I into
Cz-stabilized h-TELO with the complete disappearance of the
peak at 530 nm (Figure 3B and S16D, SI). These results were
supported by CD spectroscopy as the characteristic CD peaks
of Cz-stabilized h-TELO at 290 and 270 nm were preserved in
the presence of nuclease S1 (2 uM), however the peaks were
gradually diminished upon titrating with 0—1 uM of DNase I
(Figure S17, SI).

To investigate the selectivity of the system, Cz-stabilized h-
TELO was also titrated with Exo I (single strand specific
exonuclease), Exo III (duplex specific exonuclease) and T7
Endonuclease I. Cz bound h-TELO exhibited distinct
fluorescence response for exonucleases and T7 Endonuclease
I (Figure S18, SI). Upon titration with T7 Endonuclease I (0—4

uM), the 530 nm peak of Cz-stabilized h-TELO was gradually
decreased with a concomitant increase in 373 nm peak whereas
Cz-stabilized h-TELO showed both peaks (373 and 530 nm) in
the presence of exonucleases.

On the basis of the observations described above, the Cz-
stabilized h-TELO was used to construct a sensor for detection
of the DNase I enzymatic activity. As shown in Figure 3B, Cz
exhibited high fluorescence intensity in the presence of 1 yuM h-
TELO G-quadruplex in K* buffer. Upon titration with 0 to 2
#M DNase I, the fluorescent intensity of Cz-stabilized h-TELO
was gradually decreased with saturation at 1 yM DNase I
concentration (Figure 3D). The inset in Figure 3D shows a
linear relationship (R* = 0.973) in the concentration range from
0 to 1 uM. It was observed that the system could detect 0.5 uM
of DNase I (working concentration ~0.4—3S yM). And further,
the system could selectively detect the enzymatic activity of
DNase I over other nucleases used in the study (Figure S18D,
SI). No significant change in the fluorescence intensity was
observed upon titration of Cz-stabilized h-TELO with 0—2 uM
of nuclease S1, 0—4 M Exonuclease I (Exo I) and Exonuclease
III (Exo III) (Figure S18, SI). It was found out that 4-fold
higher concentration of T7 Endonuclease I (4 uM) was
required to digest Cz-stabilized h-TELO compared to DNase L
Therefore, the present DNase I sensing platform is selective,
economical, sensitive and timesaving compared to the conven-
tional methods.

Enzyme-Regulated Logic Devices. We envisioned that
these distinct spectral behaviors of Cz with quadruplexes and
nucleases could be used to construct logic devices to detect
nuclease activity (Figure 4A). The h-TELO G-quadruplex and
nucleases (nuclease S1 and DNase I) were used as inputs and
the fluorescence intensity of the system at 530 nm was taken as
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output. For output, >8 fold and <4 fold increase in fluorescence
intensity of the system were defined as “1” and “0”, respectively.
In the absence of any input (0,0), Cz showed a weak peak at
530 nm (output = 0) (Figure 4B). When h-TELO (K*) was
used as the input (1,0), the fluorescence intensity at $30 nm
increased sharply (output = 1). The input nuclease S1 (0,1)
showed a negligible effect on the fluorescence of Cz at 530 nm,
giving an output signal of “0”. In the presence of both the
inputs (1,1), a strong signal at 530 nm (output = 1) was
observed indicating that Cz binds to h-TELO (K*) with high
affinity and inhibits nuclease S1 activity. The fluorescence
responses of Cz in the presence and absence of inputs h-TELO
(K*) and nuclease S1 were used to construct a Boolean logic
gate, which is in accordance with a YES logic system.

On the contrary, when DNase I was used as one of the
inputs, the fluorescence response of Cz in the presence of h-
TELO was different (Figure 4C). By using h-TELO (K*) and
DNase I as inputs (1,1), only a weak signal of Cz was observed
at 530 nm (output = 0), due to the enzymatic degradation of h-
TELO even in the presence of Cz. The truth table, using h-
TELO (K*) and DNase I as the inputs, matches that for the
INHIBIT logic system, where the gate (output) was activated
only in the presence of h-TELO. It is important to note that
similar logic gates could be constructed by using the free h-
TELO as one of the inputs due to the ability of Cz to induce
the formation of h-TELO G-quadruplex in the absence K' ions
(Figure S19, S20, Table S4, SS, S6 and S7, SI).

Reusable Logic Devices with Multireset Function. The
degradation of Cz-stabilized h-TELO by DNase I enabled the
construction of multireset reusable logic systems by using heat
deactivation (HD) of DNase I after each cycle (Figure S and 6).
The fluorescence signatures of Cz at 530 and 373 nm upon
interaction with h-TELO and DNase I, respectively, were used
as outputs.

In the presence of DNase I and h-TELO as the inputs (1,1), a
weak signal at 530 nm (outputss, = 0) and an intense signal at
373 nm (outputy,; = 1) were observed. By heating the mixture,
the activity of DNase I was inhibited and the fluorescence
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Figure S. Reversible changes in (A) fluorescence spectra of Cz (1 uM)
(B) fluorescence intensity of Cz (1 yM) at 530 and 373 nm in 10 mM
Tris-HCl (pH 7.4), 100 mM KCl, 2.5 mM MgCl,, 0.1 mM CaCl,
buffer upon sequential addition of 1 yM of h-TELO (K*) and DNase [,
followed by heat deactivation (HD) of DNase I; (C) Logic
representation and (D) truth table for the system using h-TELO
(K*) and DNase I as inputs and emission of Cz at 530 and 373 nm as
outputs.
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Figure 6. Schematic representation showing the multireset function of
reusable logic device.

emission of Cz was restored with >80% efficiency. In the
second cycle, when h-TELO (1,0) was added to the system, a
significant increase in fluorescence intensity of Cz at 530 nm
was observed (outputsy, = 1). As expected, a strong emission at
373 nm (outputy,;; = 1) and a weak emission at 530 nm
(outputsyy = 0) were observed upon addition of DNase 1 (1,0).
Therefore, an INHIBIT logic gate at outputss, and a YES logic
gate at outputy,; were constructed (Figure SC and SD) and
these gates could be reusable by modulating the activity of
DNase L. Three consecutive cycles using h-TELO (K*)/DNase
I/heat deactivation led only to a ~ 33% decrease in efficiency of
the logic system. Therefore, the generated side products
(digested h-TELO fragments and deactivated DNase I), showed
limited effect on the logic system enabling efficient recycling.
Enzyme Regulated Combinatorial Logic Gates. In-
spired by these observations, we have used the present system
to construct combinatorial logic gates. First, the inputs used in
“INHIBIT” logic gate presented in Figure 4C, h-TELO (K")
and DNase I, were integrated into another “INHIBIT” logic
gate by adding a third input T7 Endonuclease I (T7 Endo I).
The fluorescence response at 530 nm has been used as output.
Since 4 equiv T7 Endo I can digest the Cz-stabilized h-TELO, it
can modulate the logic function. The operational details of the
logic system is shown in the Figure 7A—D and Figure S21 in
the Supporting Information. The logic gate had an output of
“1” (fluorescence turn-on), when the input was (1,0,0) (Figure
S21, SI). However, the presence of other inputs demonstrated
an output of “0” (fluorescence turn-off). This combination of
logic gates could be realized as a process that the output of one
INHIBIT logic gate was used as input of another INHIBIT
logic gate. The successful implementation of this three-input
INHIBIT—INHIBIT combinatorial gate may open up new
avenues for other complex higher-order integrated circuits.
Next, a two-input two-output logic gate has also been
constructed based on the Cz-stabilized h-TELO platform in the
presence of DNase I and T7 Endo I as two inputs. The
fluorescence responses at 530 and 373 nm have been used as
two outputs. As shown in Figure 7E—H, the true output of “1”
(fluorescence turn-on) at outputgy, (530 nm) was observed
only when the input was (0,0), while the other input states
[(1,0), (0,1) and (1,1)] displayed a false output “0”
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Figure 7. Combinatorial logic gates: (A) Schematic representation of
the operation of INHIBIT-INHIBIT logic system; (B) Logic
representation; (C) Normalized fluorescence response corresponding
to each input; (D) The truth table of INHIBIT—INHIBIT logic
system; (E) Schematic representation of the operation of NOR—OR
logic system; (F) Logic representation; (G) Normalized fluorescence
response corresponding to each input; (H) The truth table of NOR—
OR logic system. For logic operation 1 yuM of Cz, h-TELO (K*),
DNase I and 4 yM of T7 Endo I were used. The details have been
described in the Supporting Information.

(fluorescence turn-off) (Figure S22, SI). In contrast, the inputs
of (1,0), (0,1) and (1,1) yields a true output “1” and displayed a
false output “0” with input (0,0) at outputy,; (373 nm). The
truth table for this system is consistent with NOR gate at
outputssy and OR gate at outputs,;. This dual output NOR—
OR system can be used in the development of demultiplexers.*®

Logic System for the Identification of Nonzero Square
Numbers. The Cz-stabilized h-TELO platform can be coupled
with numerous nuclease enzymes to execute programmed
function. Herein we demonstrate a proof of principle by
identification of nonzero square numbers up to 16. We
converted every whole number (up to 16) into a four-bit binary
number by different combination of the inputs (nuclease S1,
Exo I, T7 Endo I and DNase I) (Figure S23, SI). The
fluorescence response at 530 nm has been used as output. The
detailed description and results of the four-input binary logic
operation are shown in Figures $23—S25 in the Supporting
Information. The square numbers (1, 4, 9, 16) demonstrated an
output of “1” (fluorescence turn-on), whereas an output of “0”
was observed for the rest of the numbers. Therefore, it could be
assumed that this system can be modulated to carry out
complex calculations by varying inputs.

Bl CONCLUSION

In conclusion, we have used a microenvironment sensitive
probe Cz that simultaneously detects h-TELO and nucleases
with distinct fluorescence turn-on responses. The probe Cz
selectively binds and stabilizes h-TELO G-quadruplex over
other quadruplexes and duplex DNA. The differential
fluorescence behavior of Cz-stabilized h-TELO in the presence
of nucleases has been used to develop a sensor device to detect
the activity of DNase L. The enzymatic activity of nuclease S1 or
DNase I on Cz-stabilized h-TELO structure has been used to
construct YES and INHIBIT logic systems. By using DNase I
and h-TELO as inputs, a logic system with multireset function is
established that can be recycled for three cycles. In addition,
combinatorial INHIBIT—INHIBIT and NOR-OR logic
systems have been demonstrated. Furthermore, a complex
logic system has been constructed for the identification of
nonzero square numbers up to 16. Taken together, the
development of DNA based logic device modulated by small
molecules and enzymes may be useful for designing intelligent
biomolecular machines.

Since the enzymatic reactions described here are very
sensitive, the application of the enzyme regulated logic systems
in diverse operating conditions such as temperature, pH, time
etc. is a challenging task. A number of external effectors may
influence the outcome of logic systems. As a result, practical
applications of enzyme regulated logic systems are challenging.
The present study reports a promising strategy to construct
DNA based nanodevices that may open up new avenues for the
development of complex logic systems by utilizing a range of
DNA interacting small molecules, nucleases and their specific
interactions with different nucleic acid structures.

B MATERIALS AND METHODS

General Materials. The general chemicals and labeled
DNA sequences required for biophysical analysis were
purchased from Sigma-Aldrich. The DNA sequences of highest
purity were purchased for best results. The nuclease S1 from
Aspergillus oryzae was purchased from Sigma-Aldrich. The
DNase I from Bovine pancreas was purchased from Sigma-
Aldrich. Exonuclease I and III were purchased from Thermo
Fisher Scientific. T7 Endonuclease I was purchased from NEB,
England.

Fluorescence Binding Titration with DNA Targets. The
fluorescence experiments were carried out using a Horiba Jobin
Yvon Fluorolog-3 instrument at 25 °C in a thermostated cell
holder using quartz cuvette of 1 mm path-length. For
fluorescence titration of Cz with G-quadruplexes, 200 yM c-
MYC, ¢-KIT1, ¢-KIT2 and a self-complementary hairpin ds
DNA were preannealed in filtered and degassed 10 mM Tris-
HCl, 100 mM KCI buffer (pH 7.4) by heating at 95 °C and
subsequent cooling to room temperature. Similarly, the 24-mer
polymorphic h-TELO sequence was annealed in 10 mM Tris-
HCI, 100 mM KCI buffer (pH 7.4) to adopt a mixed hybrid
conformation, ie, h-TELO (K"). The h-TELO sequence was
annealed in 10 mM Tris-HCl, 100 mM NaCl buffer (pH 7.4) to
form antiparallel G-quadruplex structure, --TELO (Na*). The
h-TELO sequence was also annealed in Milli-Q (MQ) water
(pH 7.4) in the absence of salt, ie, h-TELO (free).

To a solution of Cz (1 uM), the preannealed DNA
quadruplexes were added in a stepwise manner (0—4 equiv)
and subsequently the fluorescence emission was recorded after
a 2 min equilibration period. Cz was excited at 320 nm and the
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fluorescence emission spectra were recorded from 335 to 560
nm using 4 nm bandpass filters. The spectral data represents
the mean of three scans and the final analysis of the data was
carried out using OriginPro 8.0.

Sequences used in this study were as follows:

h-TELO: 5'-d(T,G;T,AG;T,AG;T,AG;A)-3'.

-MYC: §'-d(TGAG;TG;TAG;TG;TA,)-3'.

¢KIT1: §'-d(G;AG;CGCTG;AG;AG;)-3'.

¢KIT2: §'-d(G;CG;CGCGAG;AG,)-3'.

ds DNA: 5'-d(TATAGCTATA HEG TATAGCTAT A)-3'.

HEG = Hexaethylene glycol.

The recorded spectral data was used to determine the
dissociation constant of the ligands for quadruplexes using the
Hill-1 eq 1:

(Enax — F))[DNA]
K, + [DNA] (1)

F=F+

F is the fluorescence intensity, F,. is the maximum
fluorescence intensity, F, is the fluorescence intensity in the
absence of DNA and K} is the dissociation constant.

FRET Melting Analysis. Stock solution of Cz (200 uM)
was prepared in MQ water (pH 7.4). Dual labeled parallel-type
oncogenic promoter G-quadruplex forming sequences (c-MYC,
¢-KIT1 and ¢-KIT2) and a self-complementary hairpin duplex
(ds) DNA sequence were diluted in SO mM potassium
cacodylate buffer (pH 7.4) and annealed at a concentration
of 200 nM by heating at 95 °C for 5 min followed by cooling to
room temperature. The dual labeled h-TELO sequence was
similarly diluted and annealed in 50 mM sodium cacodylate
buffer (pH 7.4), SO mM potassium cacodylate buffer (pH 7.4)
and MQ water (pH 7.4) to give antiparallel quadruplex, mixed
hybrid-type quadruplex and free h-TELO (in the absence of
salt), respectively. The 96-well plates were prepared by
aliquoting 50 uL of the annealed DNA into each well, followed
by 50 uL of Cz at different concentrations (0.0S, 0.1, 0.2, 0.5,
1.0 4M). Measurements were made in triplicate with an
excitation wavelength of 483 nm and a detection wavelength of
533 nm using a LightCycler 480-II System RT-PCR machine
(Roche). Final analysis of the data was carried out using
OriginPro 8.0 data analysis.

Sequences used in this study were as follows:

h-TELO: S5'-FAM-d(T,G;T,AG;T,AG;T,AG;A)-TAMRA-

3.
¢-MYC: 5'-FAM-d(TGAG;TG;TAG,TG,TA,)-TAMRA-3'.
¢KITI: 5'-FAM-d(G;AG;CGCTG;AG,AG,)-TAMRA-3'.

-KIT2: §'-FAM-d(G;CG;CGCGAG;AG,)-TAMRA-3'.

ds DNA: §'-FAM-d(TATAGCTATA HEG TATAGCTA-
TA)-TAMRA-3'.

CD Spectroscopy. CD spectra were recorded on a JASCO
J-815 spectrophotometer by using a 1 mm path length quartz
cuvette. Aliquots of Cz were added stepwise to 5 uM
preannealed h-TELO quadruplex sequence (5'-d-
(T,G3TLAG;TLAG;T,AG;A)-3') in degassed MQ water (pH
7.4), 10 mM Tris-HCl, 100 mM NaCl buffer (pH 7.4) and 10
mM Tris-HCl, 100 mM KCI buffer (pH 7.4), respectively. The
CD spectra were recorded upon incremental addition of Cz to
the h-TELO between 200 to 500 nm. For nucleases, CD spectra
were recorded upon incremental addition of Cz (0—4 equiv) to
the 10 uM of nuclease S1 and DNase I. The CD spectra
represent an average of three scans and were smoothed and
zero corrected. Final analysis of the data was carried out by
using OriginPro 8.0.

Fluorescence Binding Titration with Nucleases. For
fluorescence titration of Cz with nuclease S1 and DNase I,
nucleases (10 mg) were dissolved in the respective buffers to
make stock solutions of 294 yM nuclease S1 (50% glycerol, 20
mM Tris-HCI (pH 7.4), 30 mM KCl, 0.5 mM EDTA, 1 mM
DTT buffer) and 322 M DNase I (10 mM Tris-HCI (pH 7.4),
2.5 mM MgCl,, 0.1 mM CaCl,). Fluorescence spectra were
recorded upon stepwise addition of nucleases (0—2 uM) to Cz
(1 uM) using a Horiba Jobin Yvon Fluorolog-3 instrument at
25 °C in a thermostated cell holder using quartz cuvette of 1
mm path-length. Cz was excited at 320 nm and the
fluorescence emission spectra were monitored from 335 to
560 nm using 4 nm bandpass filters. Binding dissociation
constant (K;) was calculated using the Hill-1 eq 1. The spectral
data represents the mean of three scans and the final analysis of
the data was carried out using OriginPro 8.0.

A reverse titration of the nucleases (nuclease S1 and DNase
I) with Cz was carried out. Fluorescence spectra were recorded
upon incremental addition of Cz (0—4 uM) to nuclease S1 (2
uM) and DNase I (2 uM) in respective buffers. The nucleases
were excited at 280 nm and the fluorescence emission spectra
were monitored from 300 to 500 nm using 4 nm bandpass
filters using a Horiba JobinYvon Fluorolog 3 instrument at 25
°C in a thermostated cell holder using quartz cuvette of 1 mm
path-length.

Fluorescence Titration of Cz in Different Solvent
Environments. Fluorescence spectra was recorded after
diluting Cz in different solvents (hexane, acetone, ethyl acetate,
DCM, ethanol, methanol, water etc.) to a final concentration of
1 uM. Cz was excited at 320 nm and the fluorescence emission
spectra were monitored from 335 to 560 nm using 4 nm
bandpass filters.

Fluorescence Binding Assay to Monitor the Activity
of Nucleases. To evaluate the activity of the nucleases, 500
UM h-TELO (K*) was prepared by heat annealing h-TELO
sequence in 10 mM Tris-HCl, 100 mM KCl buffer (pH 7.4). A
mixture of (1:1) h-TELO (K*) (1 uM) and nucleases (nuclease
S1 and DNase I) was prepared in nuclease S1 and DNase I
buffers. Cz (1 uM) was titrated with 0—1 equiv of this mixture
and the fluorescence spectra were recorded from 335 to 560
nm (A2 = 320 nm) after each addition.

To investigate the ability of Cz to protect h-TELO against
nuclease digestion, Cz (1 uM) (50% glycerol, 20 mM Tris-HCl
(pH 7.4), 30 mM KCl, 0.5 mM EDTA, 1 mM DTT buffer) was
added to preannealed free h-TELO (2 uM) or h-TELO (K*) (1
uM) and the fluorescence emission was recorded after a 2 min
equilibration period. Then nuclease S1 was added to the
mixture in a stepwise manner (0—1 equiv of DNA) and
fluorescence spectra were recorded after each addition and
subsequent incubation of the mixture in 37 °C water bath for §
min.

For DNase ], preannealed free -TELO (2 M) and 1 yM h-
TELO (K*) were added to Cz (1 yM) in 10 mM Tris-HCI (pH
7.4), 2.5 mM MgCl,, 0.1 mM CaCl, buffer. Then fluorescence
spectra were recorded after incremental addition (0—1 equiv of
DNA) of DNase I and subsequent incubation of the mixture in
water bath (37 °C) for S min. Similarly, preannealed 1 yM h-
TELO (K*) and Cz (1 uM) were mixed and fluorescence
spectra were recorded after titrating with (0—4 uM) Exo I, Exo
III and T7 endonuclease I. Final analysis of the data was carried
out using OriginPro 8.0.

The nuclease sensor calibration curve, F/F, was plotted as
sensor signal, where F; is the fluorescence intensity of the
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sensor solution in the absence of nucleases; F is the
fluorescence intensity of the sensor solution upon addition of
different concentrations of nucleases. As for the nuclease
detection assay, F/F, was plotted as sensor signal with
increasing nuclease concentration (0—2 yM). All the measure-
ments were performed three times, and the standard deviation
was plotted as the error bar.

Reusable Logic Device with Multireset Function. For
recycling experiments, Cz was taken in 10 mM Tris-HCI, 100
mM KCJ, 2.5 mM MgCl,, 0.1 mM CaCl, buffer (pH 7.4) at the
final concentration of 1 yM. First, 1 uM h-TELO (K*) was
added to Cz (1 uM) and the corresponding fluorescence
spectra were recorded from 33S to 560 nm (AZn, = 320 nm)
after 2 min equilibration. Next, the digestion of h-TELO (K*)
was carried out by adding 1 equiv of DNase I (with respect to
DNA) to the mixture and incubating the mixture in a 37 °C
water bath for 15 min. After digestion, the fluorescence
emission spectra were again recorded. The DNase I was then
deactivated by heating the mixture at 80 °C in dry bath for 15
min and then allowed to cool to room temperature. In the
second cycle, again h-TELO (K*) and DNase I were added and
after each addition, emission spectra were recorded. The third
cycle was again started with heat deactivation of the mixture as
described above. A total of three cycles was performed in
Horiba Jobin Yvon FluoroLog-3 instrument and the spectral
data was analyzed using OriginPro 8.0.
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