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Abstract

We present a new class of DNA-based nanoswitches that, upon enzymatic repair, could undergo
a conformational change mechanism leading to a change in fluorescent signal. Such folding-
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upon-repair DNA nanoswitches are synthetic DNA sequences containing O8-methyl-guanine (O°-
MeG) nucleobases and labelled with a fluorophore/quencher optical pair. The nanoswitches are
rationally designed so that only upon enzymatic demethylation of the O6-MeG nucleobases they
can form stable intramolecular Hoogsteen interactions and fold into an optically active triplex
DNA structure. We have first characterized the folding mechanism induced by the enzymatic
repair activity through fluorescent experiments and Molecular Dynamics simulations. We then
demonstrated that the folding-upon-repair DNA nanoswitches are suitable and specific substrates
for different methyltransferase enzymes including the human homologue (hnMGMT) and they
allow the screening of novel potential methyltransferase inhibitors.

Keywords

conformational change mechanism; DNA nanoswitches; DNA nanotechnology; DNA repair
enzymes; triplex DNA

Introduction

The genetic information inside cells is protected against DNA damage by multi-enzymatic
DNA repair mechanisms, such as base excision, nucleotide excision repair,[1 or a direct
damage reversal by Of-methylguanine-DNA-methyltransferases (abbreviated here as AGTS).
[2-4] The latter is a class of evolutionarily conserved biocatalysts, able to directly and
irreversibly remove alkyl groups at the O%-position of guanines on DNA in a single Sy2-like
reaction mechanism. These enzymes, indeed, represent the major factor in contrasting

the effects of alkylating agents that form such adducts.[2] On the other hand, human
methyltransferase (hnMGMT) activity impacts the alkylating agent-based chemotherapy

in cancer cells.[23] For this reason, different AMGMT inactivators/inhibitors are usually
employed in combination with this kind of chemotherapy.[2:6]

Because of the clinical relevance of AGTSs, assays able to measure their activity in a

reliable and rapid way are needed.[”] Most of the assays developed so far are based

on the use of oligonucleotides carrying radioactive O%-methylguanine (O%-MeG) groups

and chromatographic separations.[8-111 These are, however, time-consuming, tedious, and
unsafe. Alternative fluorescence-based assays that allow simple and fast detection of
hMGMT activity have been recently developed. For example, Kool and co-workers designed
a chemosensor that couples fluorescence change to the bond-breaking step occurring

during repair activity.[12.13] Other approaches employing optically-labelled DNA aptamers,
[11] DNA-based electrochemical sensorsl:4 or ©%-MeG-containing double strands DNA
(dsDNA) oligonucleotides in competition with fluorescent substrates415-18] were also
proposed. While these latter systems provide several advantages including ease of use and
high sensitivity, there is still an urgent need for finding new strategies to achieve efficient
activity-based monitoring of DNA repair enzymes that can be versatile enough to be suitable
for a wide range of repair activities.

Recently, DNA nanoswitches have emerged as a new class of programmable probes that
allow the sensitive and rapid detection of a wide range of molecular targets.[1%] DNA
nanoswitches usually undergo a binding-induced conformational change that can provide a
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measurable output in the presence of a specific input. A number of strategies employing
DNA nanoswitches have been developed for the detection of different targets including
pH,[20.21] metal ions,[22] small molecules,[23:24] proteins,[2526] or specific antibodies.[27:28]
Critically, because their signaling is linked to a change in the physics of the DNA probe
induced by the recognition with a target, such conformational switching sensors are
generally highly specific and selective.[2°]

Motivated by the above considerations, we demonstrate here the rational design of a

new class of DNA nanoswitches, here named folding-upon-repair DNA nanoswitches,

that can be conveniently applied for monitoring DNA repair activity. As an applicative
example, we initially focused on methyltransferase enzymes and designed a fluorescent-
labelled DNA nanoswitch containing O°-MeG that, upon enzymatic repair, could undergo

a conformational change associated with a change in the output signal. This approach
allows the direct measurement of the activity of, in principle, any methyltransferase enzyme
thus opening the possibility to develop an easy methodology for the high-throughput
determination of methyltransferase enzyme inhibitors.

Results and Discussion

Our strategy to design programmable nucleic acid nanoswitches for the detection of
methyltransferase activity is based on the use of a single-stranded DNA capable of forming
an intramolecular triplex structure through hydrogen bonds (Hoogsteen interactions)
between a hairpin duplex domain and a single-strand triplex-forming portion.[3% More
specifically, we have designed three nanoswitches displaying the same triplex-forming
domains (i.e., 4 cytosines + 6 thymines) but differing in the content of O%-MeGs in the
hairpin duplex domain (0, 1, and 2). The idea underlying the molecular design of the
triplex nanoswitches is that the methyl group at the guanine O position should affect the
formation of the Hoogsteen hydrogen bond with the cytosine on the single-strand DNA
(Figure 1a), thus influencing the pH-dependent triplex folding/unfolding behaviour of the
nanoswitch. The nanoswitches are also labelled with a pH-insensitive FRET pair to follow
pH-dependent folding/unfolding (Figure 1b). To demonstrate the effect of O°-MeG on

the triplex formation, we have first tested the pH-dependent folding/unfolding behaviour
of our three nanoswitches by measuring the fluorescence signal of our FRET pair at a
fixed concentration of the nanoswitch and different pH values. As expected, our control
triplex nanoswitch (Triplex switch, Figure 1b, top) that lacks any O%-MeG in its sequence,
shows signals that are consistent with the formation of a folded triplex at acidic pH (pH
5.0) and suggest the unfolding of the triplex structure at basic pH values (pH 8.5). The

pH of semi-protonation (here defined as pKj, the average pKj; due to several interacting
protonation sites) for this triplex nanoswitch is 7.5 (Figure 1c,d top, and S1). The presence
of one O%-MeG (1-Me Triplex switch, Figure 1b, center) in the hairpin duplex (at position
7) strongly destabilizes triplex formation; as a result, we observe at pH 5.0 a FRET signal
that is consistent with a partially unfolded triplex structure and we obtain a pK; of 7.0
(Figures 1c,d center, and S1). Finally, the nanoswitch containing two O%-MeG (2-Me Triplex
switch, at position 4 and 7, Figure 1b, bottom) is even more destabilized and the pH titration
curve with this switch does not reach a plateau at lower pH values suggesting a pKj lower
than 6.0 (Figures 1c,d bottom, and S1). The formation of a folded triplex structure of the
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Triplex switch was confirmed by melting and urea denaturation experiments performed at
different pHs (Figures S2, S3). Also, CD spectra of the three nanoswitches further support
the formation of pH-dependent Hoogsteen interactions (Figure S4).

To better understand the effect that guanine methylation has on the stability of our

triplex nanoswitches we performed overall molecular dynamics (MD) simulations. We first
considered the non-methylated nanoswitch (Triplex switch) where all cytosines involved in
Hoogsteen base pairing are protonated (Figure 2a). Then, we introduced the O5-MeG at
position 7 (creating the 1-Me Triplex switch), and at both positions 4 and 7 (2-Me Triplex
switch). The obtained trajectories encompassed >4.5 ps of sampling, including multiple
replicas and providing solid statistics for the analysis of the DNA triplex structural changes.
We focused on the C17-G7:C*35 triplet, as this triplet share the methylated guanine in both
the 1-Me and 2-Me Triplex switches. Our analysis took into consideration two parameters:
1) the base-pair opening angle, which describes the in-plane opening between G7:C*35
paired Hoogsteen-forming bases, as defined by Lu and Olson[3! (Figure 2b; see Tables
S1-S4 for all DNA base-pair parameters); 2) the distance between the centers of mass of the
atoms of the G.C" 35 Hoogsteen-forming bases at the interface with each other (Figure 2c).

The narrow distributions of both the opening and distance parameters for the C17-G7:C*35
triplet in the Triplex switch (with an average value of 73° and 0.45 nm, respectively)
correspond to a well-defined triplex structure (Figure 2d,e, left and Table S1). Conversely,
in the case of the 1-Me and 2-Me Triplex switches, distributions of both parameters

are broader and have multiple maxima, showing that the same triplet adopts multiple
conformational states (Figure 2d,e, center, right). Remarkably, in case of 1-Me and 2-Me
Triplex switches the distance distribution shifts towards higher values. This clearly shows
that the O%-methylation of guanine hampers the efficient interaction with the Hoogsteen
pairing cytosine, leading to a local unwinding of the triplex (see representative structures,
Figure 2d, and highlights on Figure 2e, center, right and Figures S5-8). Similar shifts

and broadening of opening and distance distributions were also observed in the case of
Cy0-G4:C*3, triplet in 2Me-Triplex switch, whereas in the case of 1Me-Triplex switch, these
distributions were virtually the same as in case of hon-methylated Triplex switch (Figures
S9-11). Although at a lower extent, we also observed the broadening of the opening and
distance distributions for the C17-G7:C*35 triplet during additional ~1.5 ps long simulations
of the Triplex switch in the deprotonated form (Figure S12), further supporting the notion
that methylation strongly destabilizes the formation of the triplet. Finally, to achieve more
meaningful structural information on the triplex destabilization induced by the methylation,
we obtained free energy profiles that can be associated with the increase of the distance
between the two fluorophores on each switch. As expected, under protonated conditions
the control Triplex is the most stable, followed by the 1-Me Triplex and then by the

2-Me Triplex (Figure S13). These results provide an atomic-level understanding of the
triplex stability, indicating that the efficient Hoogsteen base pairing is critical for the triplex
formation and both cytosine deprotonation at high pH and guanine methylation should
reduce the propensity of DNA hairpin to adopt triplex conformation.

Because the methyl group at the guanine O position prevents the efficient formation of
Hoogsteen interactions with the respective cytosine in the triplex-forming domain, the
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0%-MeG-containing triplex nanoswitches characterized above could be used as suitable
probes for the monitoring of methyltransferase activity. The enzymatic removal of the
methyl group of O%-MeG in the nanoswitches would restore the optimal conditions for
Hoogsteen interactions and triplex formation by the nanoswitch. To achieve this goal, we
initially performed an indirect assay using a fluorescein derivative of O%-benzyl-guanine
(0%-BG)[41532.33] (Figure 3a) to demonstrate that O°-MeG-containing triplex nanoswitches
are suitable substrates for methyltransferase enzymes (Figure 3b). We first demonstrated
that no interaction occurs between the nanoswitch and the fluorescent-labelled substrate

in the absence of the protein. As expected, visible separated bands for both the O%-BG
fluorescent derivative and the three DNA nanoswitches tested can be observed (Figure S14).
It is worth noting that the nanoswitch containing two O%-MeGs (2-Me Triplex) shows a
slightly, but significant, higher mobility (marked by an asterisk in Figure 3c) compared

to the single-methylated triplex (1-Me Triplex) and the non-methylated triplex (Triplex)
(Figure S14). Although speculative, a possible explanation of the different migration of

the 2-Me Triplex could be that this oligonucleotide adopts a partial folding in denaturing
conditions. We have pre-incubated the methyltransferase enzymes with our nanoswitches
and then added an equimolar amount of the O%-BG fluorescent derivative that interacts
with the free enzymes in the solution (Figure 3b). In the case of hMGMT, a fluorescent
protein band was observed in the presence of the non-methylated Triplex, suggesting

that no repair reaction on this DNA occurred (Figure 3c). On the contrary, 1-Me Triplex
nanoswitch and 2-Me Triplex nanoswitch, showed a complete absence of the fluorescent
band (Figure 3c). This is likely due to the suicidal nature of methyltransferase enzymes,[3]
as the methyl group is irreversibly transferred to the enzyme, which is no longer available
for the OP-BG fluorescent derivative, thus demonstrating that methylated nanoswitches

are effective substrates for A(MGMT. The same results were further confirmed using the
thermostable Saccharolobus solfataricus homologue (SSOGT), an enzyme responsible for
the direct repair of O-alkylguanine in double-stranded DNA at high temperatures(4:16:32.33]
and the Escherichia colihomologue (Ada-C), which is reported to be insensitive to 05-BG
derivatives.[17:18] |n the latter case, the absence of the enzyme fluorescent bands despite
being correctly loaded as confirmed by the Coomassie staining analysis (Figure 3c, £.

coli Ada-c), and the similar migration of all the triplexes, confirm that the DNA-repair
occurred. The methylated DNA triplex nanoswitches are also highly specific as they showed
no enzymatic activity when incubated with a mutant of SSOGT (SsOGT-H®) that was
previously reported to be catalytically active on (P-BG derivatives, but unable to bind and
react with ds-DNA. [4:32-35]

Prompted by the results described above, we tested whether the methyltransferase repair
activity on our nanoswitches could result in a conformational switch, and a consequent
measurable FRET signal change, providing a means of direct detection of enzymatic activity
(Figure 4a,b). Initially, we focused on the detection of the activity of hMGMT; as expected,
no significant difference in the FRET signal of the control nanoswitch (non-methylated
Triplex) before (1.920.1) and after (2.1£0.1) AMGMT incubation can be observed (Figure
4c, left). Under the experimental conditions used, both the fluorescence spectra suggest that
the non-methylated triplex switch is completely folded (at pH 5.0). The same experiment
carried out using the methylated triplex nanoswitches shows, instead, a strong difference
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in FRET signals before and after hMGMT incubation (Figure 4c, center, right). For both
nanoswitches, the FRET signals observed before h(MGMT incubation confirm a partially
unfolded configuration (1-Me Triplex, 0.6£0.1, 2-Me Triplex, 0.6+0.1, Figure 4d). Upon
hMGMT incubation, the enzymatic demethylation of O%-MeG in the triplex nanoswitches
restores their ability to form a triplex structure. This is particularly clear for 2-Me triplex
nanoswitch that shows a FRET signal (1.9+0.1) after hnMGMT incubation that is within

the error of the control non-methylated nanoswitch (2.1+0.1) (Figure 4d). Of note, the
folding dynamics of these switches are extremely rapid (Kfoiding and Kynfolding =10 st

and 2 571, respectively)[3¢] and thus the rate-determining step in these measurements is
given by the enzyme-catalyzed reaction. We found out that with hMGMT a saturation of
signal is observed after 15 minutes of enzymatic reaction (Figure S15). Both methylated
triplex nanoswitches show a change in the relative FRET values that are linearly dependent
on the concentration of AMGMT in the range between 0.5 and 5 uM (R%;_pme Triplex =

0.99, R2;_pe Triplex = 0.95) (Figure 4e). Similar experiments were also performed with

other methyltransferase enzymes, both methylated triplex nanoswitches upon incubation
with SSOGT and E. coli Ada-C enzymes gave FRET signal changes consistent with triplex
folding suggesting efficient enzymatic activity (Figure 4 f). The same experiment performed
with SSOGT-H® (a DNA repair defective mutant, but catalytically active) produced no effect
on the FRET signal of both nanoswitches (Figure 4 f) once again confirming the specificity
of the folding-upon-repair mechanism. To demonstrate the possibility of using this platform
in more complex media, we have also performed the measurement of the enzymatic activity
of hMGMT in 10% serum and observed FRET signal changes well distinguishable from the
control experiment in absence of enzyme (Figure S16).

To demonstrate the utility of our platform for the study and characterization of new
hMGMT inhibitors as possible drug candidates,[37] we used our nanoswitches to measure
the activity of the human enzyme in the presence of inhibitors, inactivators, or pseudo-
substrates. The addition of an hMGMT inhibitor in the reaction mixture should prevent

the enzyme from repairing the methylated DNA, and no significant change of the
nanoswitch FRET signal should be observed (Figure 5a). We initially tested O%-BG, a
widely characterized methyltransferase inactivator.[38:3%] The relative FRET signal of the
nanoswitch incubated with hMGMT and O°-BG (Figure 5b, grey line) is, at 0.8+0.1,
similar to the values observed in the absence of enzyme (Figure 5b, black line) an effect
consistent with the inactivation of h(MGMT activity by O%-BG. The measured inactivation,
as expected, follows a concentration-dependent behaviour with a measured 1Cgq = 3.5+2
UM (Figure 5¢). Moreover, our platform is able to measure the inactivation efficiency

of different molecules including 4-azido- NV-(4-(hydroxymethyl) benzyl) butanamide
(BGN3), (A-(4-(((2-amino-9 H-purin-6-yl)oxy)-methyl)benzyl)-4-azidobutanamide (BGSN),
Lomeguatrib,[4041] 0b.Benzylguanine (0f-BG),[42] demonstrating once again its versatility
(Figure 5d).

Conclusion

Here, we have designed folding-upon-repair DNA nanoswitches containing O%-MeG
nucleobases that undergo a conformational switch from a duplex to a triplex conformation
upon enzymatic demethylation. We have first demonstrated that the presence of a methyl
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group at the guanine OF position in the duplex portion of the nanoswitch strongly affects the
triplex formation. Molecular simulations were used to determine how the O%-methylation of
guanine bases prevents the efficient formation of Hoogsteen interactions with the cytosine
in the triplex-forming domain, resulting in a local unwinding of the triplex structure. Such
methylated triplex-based nanoswitches are versatile tools for the direct measurement of
methyltransferase activity as they form the natural enzymatic substrate duplex conformation
when methylated and, upon enzymatic demethylation, they can fold into a measurable
triplex structure. We showed that the methylated nanoswitches were efficiently recognized
by these enzymes leading to measurable FRET signal changes upon repair activity. Finally,
we have also measured hMGMT activity in the presence of several enzyme inactivators,
demonstrating the possibility of using in a high-throughput system our nanoswitches for the
screening of novel potential inactivators/pseudo-substrates/inhibitors of AMGMT.[37]

Our folding-upon-repair DNA nanoswitches are reagentless, highly specific, and versatile.
These features make our proposed approach convenient and easy to perform. Although

the current experimental protocol requires a change in the pH of the solution after the
enzymatic reaction making it less amenable to automatization, we believe that the principle
we have described together with the ease with which these probes are designed make the
approach suitable to develop a suite of activity-based DNA nanoswitches for other DNA
repair enzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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pKa=7.0

Folding-upon-repair DNA nanoswitches. a) DNA parallel triplets formed between two
cytosines and one guanine and involving Watson—Crick (three hydrogen bonds) and
Hoogsteen interactions (two hydrogen bonds) require the protonation of the N3 of cytosine
in the third strand (top, left) and thus are only stable at acidic pH values (average pK;
of protonated cytosines in C-G:C triplet is ~6.5). Because it affects Hoogsteen base
pairing efficiency, methylation of the guanine in the O%-position destabilizes the triplex
conformation. b) Programmable DNA-based triplex nanoswitches designed to form an
intramolecular triplex structure with 0 (Triplex), 1 (1-Me Triplex) or 2 (2-Me Triplex) O°-
MeG in the sequence. c) Fluorescence spectra were obtained for each nanoswitch at pH 5.0
and pH 8.5. d) pH-titration curves of the triplex nanoswitches. Triplex-to-duplex transition
is monitored through a pH-insensitive FRET pair at the 3’-end (Cy5) and internally located
(Cy3). The pH titration experiments were performed at 25°C, [nanoswitch]=50 nM by
measuring the fluorescence signal at different pH values in 50 mM Nay;HPO,, 150 mM NaCl
buffer. Spectra were obtained by excitation at 530(£5) nm and acquisition between 545 and
700 nm (£10) nm.
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Molecular dynamics simulations of triplex nanoswitches. a) Structure (left) and schematic
representation (right) of the Triplex switch with numeration of DNA nucleotides. Graphical
representation of b) opening angle and c) distance parameters for the G;:C*35 pair. d)
Opening angle distribution for the Triplex switch (left), 1-Me Triplex switch (center), and 2-
Me Triplex switch (right). Below each graph, side-view snapshots of the analysed base pairs
are reported. The opening distribution for 1Me- and 2Me- Triplex switches are shown in
grey. The distribution of the non-methylated Triplex switch (black) is also reported in each
graph as a comparison. e) Distance parameter for the G;:C*35 Hoogsteen interaction for the
Triplex switch, 1-Me Triplex switch, and 2-Me Triplex switch. In each graph, a top-view
snapshot of the triplet most probable configuration is shown. The distance distribution for
1Me- and 2Me- triplex switches is shown in grey. The distribution of the non-methylated

Triplex switch (black) is also shown in each graph as a comparison.
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Figure 3.
Characterization of triplex nanoswitches as suitable substrates of methyltransferase

enzymes. a) Suicide reaction of an AGT enzyme with a fluorescein derivative of O%-BG.

b) The alkyl transfer suicide reaction between the enzyme and a DNA methylated triplex
hampers the covalent bond between the enzyme and the fluorescein group. ¢) SDS-PAGE
images of reactions in which different enzymes (i.e. A(MGMT, SsOGT, E. coli Ada-C,
SSOGT-HP) after pre-incubation with the DNA nanoswitches and then reacted with the
0%-BG fluorescent derivative. The enzymes that have reacted with the fluorescein derivative
appear as green bands on the gel. The absence of any fluorescent bands indicates that

the enzyme has not reacted with the fluorescent substrate. Fluorescence-labelled triplex
nanoswitches appear as red bands. The asterisk shows the higher mobility of the 2-Me
Triplex nanoswitch compared to the other Triplex switches (see also Figure S14). The
experiments were performed by pre-incubating for 60 min the different AGT enzymes with
the relevant triplex nanoswitches and then adding the O%-BG fluorescent derivative. Samples
were then loaded on 15% acrylamide SDS-PAGE. Gels underwent Coomassie staining for
the determination and correction of the protein amount loaded.
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Figure 4.

Dgtection of methyltransferase activity with triplex nanoswitches. a) Methyltransferase
enzymatic activity on DNA methylated nanoswitches leads to folding-upon-repair of the
triplex DNA structure. b) Enzymatic activity detection can be achieved by monitoring
folding/unfolding of the Triplex nanoswitch by fluorescence FRET signaling. ¢) Spectra and
d) relative FRET signals obtained with the Triplex nanoswitches before and after incubation
with 5 uM (0.1 uguL=1) hMGMT. e) Relative FRET signals observed at different AMGMT
concentrations for 1-Me and 2-Me Triplex nanoswitches. f) Relative FRET signals with
different methyltransferase enzymes. Spectra were obtained by excitation at 530(£5) nm and
acquisition between 545 and 700 nm (£10) nm. Relative FRET signals were obtained by
first incubating the DNA nanoswitches (0.5 uM) in the absence or presence of AGTs (0.1
pguL=1) in 10 pL solution of 50 mM Nay,HPO, buffer, 150 mM NaCl, pH 7.5 at 30°C for 60
minutes. The reaction mixtures were then diluted to 100 pL using 50 mM NayHPO,4 buffer,
250 mM NaCl at pH 5.0, and heat-inactivated for 2 minutes at 70°C before performing the
fluorescence spectra at 25°C.
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Figure5.
Detection of methyltransferase inhibitors. a) Pre-incubation of the enzyme with an inhibitor

(here OP-BG) leads to irreversible inhibition of the enzyme that is thus not able to
demethylate the DNA nanoswitch. b) Spectra obtained with the 2-Me Triplex nanoswitch
in the presence of h(MGMT (5 uM) before and after incubation with the inhibitor O%-BG
(5 uM). ¢) % Inhibition plot obtained at different concentrations of O%-BG inhibitor. d) %
Inhibition obtained with the 2-Me Triplex nanoswitch with an equimolar concentration of
different enzymatic inhibitors and hMGMT (5 uM). Spectra were obtained by excitation at
530(x5) nm and acquisition between 545 and 700 nm-(x10) nm. Relative FRET signals were
obtained by enzymatic incubation of 5 pM hMGMT and inhibitor at 30°C for 60 minutes
in 10 pL solution of 50 mM NayHPO4 buffer, 150 mM NaCl at pH 7.5. 2-Me Triplex
nanoswitch (0.5 uM) was then added to the reaction mixtures and incubated for another 60
min at 30°C. The reaction mixtures were diluted to 100 pL using 50 mM Na,HPO, buffer,
250 mM NaCl at pH 5.0, and heat-inactivated for 2 minutes at 70°C before performing the
fluorescence spectra at 25°C.
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