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Abstract: We demonstrate here the use of DNA repair enzymes to
control the assembly of DNA-based structures. To do so, we
employed Uracil-DNA Glycosylase (UDG) and Formamidopyrimidine
DNA Glycosylase (Fpg), two enzymes involved in the base excision
repair pathway. We designed two responsive nucleic acid modules
containing mutated bases (deoxyuridine or 8-oxo-7,8-dihydroguanine
recognized by UDG and Fpg, respectively) that, upon the enzyme
repair activity, release a nucleic acid strand that induces the self-
assembly of DNA tiles into tubular structures. The approach is
programmable, specific and orthogonal and the two responsive
modules can be used in the same solution without crosstalk. This
allows to assemble structures formed by two different tiles in which
tiles distribution can be accurately predicted as a function of the
relative activity of each enzyme. Finally, we show that BER-enzymes
inhibitors can also be used to control DNA-tile assembly in a specific
and concentration-dependent manner.

Introduction

DNA damage caused by various endogenous and
exogenous agents may induce mutations leading to genomic
instability and carcinogenesis.*2 DNA repair enzymes represent
an important class of enzymes that are deputed to maintain
genomic integrity by recognizing and correcting these DNA
anomalies through different mechanisms.?4 One of the most
important repair mechanisms is the base excision repair (BER)
pathway which involves more than 30 enzymes that through
concerted action can recognize and preserve the integrity of
DNA.[561 BER pathway proceeds through the recognition and then
removal of the damaged bases by damage-specific DNA
glycosylases such as Uracil DNA Glycosylase and Oxoguanine
Glycosylase enzymes.'-®) These enzymes have thus gained
growing importance as biomarkers and potential therapeutic
targets in many diseases.'>*! Developing new biotechnology
systems that are controlled by these enzymes could lead to new
tools with possible sensing and drug-delivery applications.[?-14

In the last two decades, DNA nanotechnology has emerged
as a promising approach to create biomolecular devices made of

synthetic nucleic acids that can find applications in both sensing
and drug delivery.[*>-7 Synthetic nucleic acids can be for example
used as building block materials to assemble programmable
DNA-based structures!’8-2% that can be decorated with Angstrom-
like precision with a variety of different chemical and biological
species. These structures can be programmed to respond to
different inputs leading to their assembly/disassembly or spatial
reconfiguration that can be ultimately associated with the
emission of a measurable signal or the release of therapeutic
cargo.?-?51 DNA-structures responsive to a variety of chemical
and environmental cues including DNA sequences,?%271 small
molecules,”®#!  antibodies,??3% pHBEL32  temperature,®! and
light®*-3¢] have been described to date. However, the use of DNA
repair enzymes as molecular cues to control the assembly of
similar DNA-based structures have not yet been demonstrated, a
gap that appears surprising if one considers the relevance and
diversity of these enzymes.

Motivated by the above considerations, here we propose to
control the self-assembly process of DNA-based structures in a
predictable and orthogonal way using BER enzymes. To
demonstrate this, we employed double-crossover DNA tiles
(DAE-E) formed through the hybridization of five different
synthetic DNA strands and displaying four 5-nt sticky ends (red
portions, Figure 1a) that allow their spontaneous self-assembly
into micron-scale hollow tubular polymeric structures.?7-39
Previous reports have shown that the ability of these tiles to self-
assemble can be reversibly inhibited by a DNA strand (invader or
inhibitor) that blocks one of the four sticky ends and can
subsequently be activated by another DNA strand (anti-invader or
activator) that displaces the inhibitor from the tile with a strand
displacement reaction®®° (Figure 1a). To control DNA-tile
assembly with BER enzymes, we have rationally designed ds-
DNA responsive modules containing different DNA mutated
bases targeting different BER enzymes (Figure 1b). The activity
of a specific BER enzyme on the mutated bases of the responsive
module creates abasic sites (or nick) that destabilize the duplex
inducing the consequent release of a DNA activator strand. This
can in turn activate the DNA tiles and initiate the spontaneous
self-assembly of tubular structures (Figure 1b).
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Figure 1. Self-assembly of DNA tiles guided by base excision repair (BER) enzymes. a) Scheme of tile activation. An inactive DNA tile in which one of the four
sticky ends (red) is blocked by an inhibitor strand (grey) can be activated by an activator strand (green) that displaces, through a toehold mediated strand
displacement reaction, the inhibitor. b) Scheme of tile self-assembly guided by a BER enzyme. Repair enzyme-responsive duplex module formed by the activator
strand and a complementary strand containing mutated bases. A site-specific BER enzyme specifically targets the mutated base leading to the formation of abasic
sites (or nick, not shown) that, by destabilizing the duplex, leads to the release of the activator strand. Once released, the activator strand induces the activation of
the DNA tiles that self-assemble into tubular polymeric structures. DNA tiles are depicted here as LEGO-like brick models where knobs and holes represent the four

sticky ends.
Results and Discussion

As the first test-bed for our strategy, we employed Uracil-
DNA Glycosylase (UDG), a base-excision repair enzyme that
hydrolyzes deoxyuridine mutations from ssDNA or dsDNA
strands leading to the formation of abasic sites.>*! We designed
a UDG-responsive module formed by a tile-activator strand
(green) and a complementary strand (black) containing 4
deoxyuridine lesions. The presence of UDG induces the formation
of abasic sites at the deoxyuridine sites destabilizing the
responsive duplex and leading to the release of the activator
strand (Figure 2a) and downstream activation of the DNA tiles.

We first demonstrated successful UDG-induced activator
release with a fluorescent-labeled UDG-responsive module using
fluorescence time-course experiments (Figure 2a-b) and native-

behavior in a UDG concentration range between 0.1 and 20 U/ml
(Figure 2b, S1). We then demonstrated that the released activator
can efficiently activate DNA tiles. To do this without the
complications of the self-assembly process, we initially employed
control tiles lacking the sticky ends thus unable to self-assemble
into tubular structures (Figure 2c¢). The inactive tiles were labeled
with a fluorescence optical pair (Cy5/Cy3) that is separated by the
interaction with the activator strand so an increase in fluorescence
signal indicates tiles activation (Figure S2). Also, in this case, the
kinetic of this process follows a UDG concentration-dependent
behavior (Figure S3). More specifically, the half-life of the tile
activation process (ty, act, time at which 50% of the DNA tiles are
activated) decreases from 230 + 5 min to 1.9 + 0.2 min) by
increasing the UDG concentration from 0.1 to 20 U/ml,
respectively (Figure 2d).

PAGE electrophoresis (Figure S1). As expected, the rate of
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Figure 2. DNA tile self-assembly guided by Uracil DNA Glycosylase (UDG). a) Scheme of UDG-responsive module labeled with a Cy5/BHQ2 pair. Activator
release is followed by a signal increase after UDG addition. b) Time-course fluorescent experiments showing activator release (as %) at different UDG
concentrations. ¢) Scheme of UDG-guided tile activation using tiles lacking sticky ends. d) Half-time of tile activation vs. UDG concentrations. e) Scheme of UDG-
guided DNA tile self-assembly. f) DNA structures assembly kinetics (average length, <L>, vs time at different UDG concentrations. g) Fluorescence microscope
images of DNA structures at different UDG enzyme concentrations. The bar plots below each image represent the average length (<L>, um) and count (<C>,
number of structures/mm?) of the formed DNA structures. All experiments were performed at 30 °C in 20 mM Tris-HCI, 10 mM MgClz, 1 mM EDTA, 0.1 mg/ml BSA,
pH 8.0 buffer solution containing the UDG-responsive module (0.7 uM), inactive tiles (with and without sticky ends) (0.35 uM) and the indicated UDG concentration.
Panel g shows the structures after 24 hours of reaction. The error bars reflect the standard deviations of three separate measurements. Images scale bar: 2.5um.
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To demonstrate that UDG can be used to control the
assembly of DNA-based structures, we have then tested the
above described UDG-responsive module with inactive tiles
containing sticky-ends (Figure 2e). To follow structures assembly
through fluorescence microscopy, the tiles were internally labeled
with a fluorescent dye (Q670). While in the absence of UDG, no
structures were observed even after 48 h of incubation (Figure
2f), UDG concentration-dependent assembly kinetic was
observed by increasing the UDG concentration from 0.01 to 20
U/ml (Figures 2f-g, S4). The average length (<L>, um) of the DNA
nanostructures after 24 hours of enzymatic reaction increased
from 0.6 + 0.1 uym to 2.1 £ 0.2 um by increasing UDG
concentrations from 0.01 U/ml to 20 U/ml respectively. A similar
trend was also observed for the total number of structures
observed (<C>, number of structures/mm?) (Figures 2g, S5).

To further demonstrate the versatility of our approach, we
then moved to Formamidopyrimidine DNA Glycosylase (Fpg), a
bifunctional enzyme that detects and releases 8-oxo-7,8-
dihydroguanine (G°*°) generating a 1-nucleotide DNA gap in the
DNA strand.**42 We have rationally designed an Fpg-responsive
duplex module in which one of the two strands contains an
internal G°*° base that separates an 11-nt random sequence

(black domain, Figure 3a) from the activator sequence (red
domain, Figure 3a). Upon addition of Fpg, the G°*° mutated base
is removed leading to the destabilization of the responsive module
and subsequent release of the activator (Figure 3a). We first
demonstrated Fpg-dependent activator release using native-
PAGE electrophoresis (Figure 3b). We also followed DNA tiles
activation after the Fpg-induced activator release using control
tiles lacking the sticky ends and observed an Fpg concentration-
dependent behavior (Figures 3c-d, S6). The half-life of tile
activation (ty ac;) decreases from 40.0 + 0.8 h to 1.0 + 0.2 h by
increasing Fpg concentration from 1 to 100 U/ml (Figure S7). To
investigate Fpg-induced assembly of DNA-based structures
through fluorescence microscopy, we have tested the Fpg-
responsive module with inactive tiles containing sticky-ends and
labeled with a fluorophore (Q570) (Figure 3e). In the absence of
Fpg, no structures were observed even after 48 h of incubation
(Figure 3f). Fpg concentration-dependent assembly kinetic was
observed at varying Fpg concentrations (Figures 3f, g, S8). The
average length (<L>, um) of the DNA structures after 24 hours of
enzymatic reaction increased from 1.3 £ 0.2 pm to 3.6 £ 0.3 um
by increasing Fpg concentrations from 5 U/ml to 100 U/ml
respectively. A similar trend was also observed for the total
number of structures observed (<C>, number of structures/mm?).
(Figures 3g, S9).
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Figure 3. DNA tile self-assembly guided by Formamidopyrimidine DNA Glycosylase (Fpg). a) Fpg-guided activator release studied using tiles lacking sticky
ends. b) Native-PAGE of Fpg-guided activator release at varying Fpg concentrations. c¢) Kinetic traces of DNA tile activation (%) at different Fpg concentrations. d)
Active DNA tiles (%) (end-point from panel ¢) vs. Fpg concentrations. e€) Fpg-guided DNA structure self-assembly. f) DNA structures assembly kinetics at different
Fpg concentrations. g) Fluorescence microscope images obtained at different Fpg enzyme concentrations. The bar plots below each image represent the average
length (<L>, um) and count (<C>, number of structures/mm2) of the formed DNA structures. All experiments were performed at 30 °C in 20 mM Tris-HCI, 10 mM
MgCI2, 1 mM EDTA, 0.1 mg/ml BSA, pH 8.0 buffer solution containing the Fpg-responsive module (0.7 uM), inactive tiles (with and without sticky ends) (0.35 uM)
and the indicated Fpg concentrations. For the native-PAGE experiment, the enzymatic reaction time was 2 h. Panel g shows the structures after 24 hours of reaction.
The error bars reflect the standard deviations of three separate measurements. Images scale bar: 2.5um.

The responsive modules we describe here are orthogonal
and can work in the same solution without cross-talk. To
demonstrate this, we employed in the same solution the two
responsive modules described above and coupled them with two
different DNA tiles that share the same sticky ends and can thus
co-assemble in a single polymer structure containing both tiles
(DNA co-polymer). Each tile is activated by a specific activator
strand released by a specific repair enzyme (Figure 4a). The two
tiles are also labeled with two different fluorophores (Q670 and
Q570) so they can be easily distinguished by fluorescence

microscopy. By varying the concentrations of the two repair
enzymes we can control the distribution of the tiles in the
assembled DNA tubular co-polymer. By doing this, we can
achieve green (Figure 4b, left) or red (Figure 4b, right) homo-
polymers (thus formed by a single tile) when only one of the two
enzymes is present. Conversely, when the activity of both
enzymes becomes comparable, we achieve co-polymer
structures with a statistical distribution of green and red tiles
(Figure 4b, center and Figure S10). The distribution of the two
active tiles in the assembled DNA polymers is conveniently



measured by the mole fraction of the two active tiles (yc and ¥r)-
For example, homo green structures are formed when only green
active tiles are present in solution (i.e., ys = 1), while an equal
distribution of green and red tiles is observed when yc = yr =0.5.
The distribution of the enzyme-guided tiles assembly depends on
the rate at which the inactive green and red tiles are activated.
Thus, taking into consideration the previously observed assembly
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rate of green and red tiles controlled by UDG and Fpg (Figures 2f,
3f), we can predict by a kinetic scheme (Scheme S1-S3) the mole
fraction ys for a series of experiments with variable
concentrations of the two enzymes. It was gratifying to observe a
very good agreement between the experimental molar fraction yc
and the predicted ones (R?=0.99) (Figure 4c, S10, Tables S1-S2).
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Figure 4. Controlling tile distribution in DNA co-polymers with two base excision repair enzymes. a) Scheme of random DNA co-polymers assembly guided
by UDG and Fpg enzyme. b) Fluorescence microscope images of structures obtained at different UDG and Fpg concentrations. c) Plot of experimental vs. predicted
mole fraction of active green tiles (yc) in DNA structures. The straight line with slope 1 and intercept O would represent a perfect agreement between predicted and
experimental yc values. Scale color in the y-axis correlates with the observed color of the assembled structures (panel b). The experiments were performed at 30 °C
for 24 h in 20 mM Tris-HCI, 10 mM MgClz, 1 mM EDTA, 0.1 mg/ml BSA, pH 8.0 buffer solution containing an equimolar concentration of UDG, Fpg-responsive
modules (0.7 uM), equimolar concentration of inactive green/ red tiles (0.35 pM) and different concentrations of UDG and Fpg. Scale bar: 2.5um

We further tested the possibility to reversibly control
assembly/disassembly of DNA tiles using both enzymes in the
same solution. To do this, we employed the above-characterized
Fpg-responsive module inducing the activation of DNA tiles
(Figure 3). We also engineered and experimentally characterized
a new UDG-responsive module in which the UDG repair activity
leads to the release of an invader strand (i.e. a strand that, by
binding to one of the sticky ends, induces the disassembly of the
DNA tubular structures) 9 (Fig. 5a, S11). We mixed the two
responsive modules in the same solution together with inactive
tiles. The addition of Fpg leads, as expected, to formation of
tubular structures (Fig. 5b). The following addition of UDG leads
to the release of the invader strand and complete disassembly of
the formed structures (Fig. 5b).
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Figure 5. Reversible assembly/disassembly of DNA tiles guided by BER
enzymes. a) Scheme of DNA tiles assembly by Fpg-guided activator release
and disassembly by UDG-guided invader release. b) Fluorescence microscope
images for assembled/disassembled DNA tiles obtained after addition of Fpg
and UDG. The bar plots below each image represent the average length (<L>,
um) and count (<C>, number of structures/mm?) of the formed DNA structures.
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The experiments were performed at 30 °C in 20 mM Tris-HCI, 10 mM MgClz, 1
mM EDTA, 0.1 mg/ml BSA, pH 8.0 buffer solution containing Fpg-responsive
module (0.7 pM), invader-UDG-responsive module (0.35uM), inactive tiles
(0.35uM). Fpg (20U/ml) was added, and images taken after 24 h. UDG (10U/ml)
was then added, and new images were taken after 2 h. Scale bar: 2.5um.

Prompted by the above results, we then demonstrated the
possibility to control DNA tiles activation using base excision
repair inhibitors. To do so, we followed DNA tiles assembly guided
by UDG or Fpg in the presence of specific inhibitors of these two
enzymes. Firstly, we tested Uracil Glycosylase Inhibitor (UGI), a
small protein that inhibits UDG enzymatic activity by forming a
stable UDG-UGI protein complex.34 We observe a UGI
concentration-dependent decrease in the average length (<L>,
pum) of the assembled DNA tubular structures at increasing UGI
concentrations. No visible structures were observed at UGI
concentrations above 10 U/ml (Figure 6a, S12). To inhibit the Fpg-
guided tile assembly, we used 2-thioxanthine (2TX) as an inhibitor
for Fpg enzymatic activity.[*>#¢l Also here, we observed a 2TX
concentration-dependent decrease in the average length (<L>,
pum) of the assembled DNA tubular structures at increasing 2TX
concentrations. No visible structures were observed at 2TX
concentrations above 10 mM (Figure 6b, S13). Since each
inhibitor selectively inhibits its target enzyme, we then studied the
possibility to control the activation of two different tiles in the same
solution using two different BER inhibitors. Also in this case, we
employed two tiles sharing the same sticky ends but activated by
two different strands. We can selectively control the activation of
each tile (Figure 6c). For example, in the absence of the two
inhibitors, both tiles are activated and assembled into DNA co-
polymers with a statistical distribution of both tiles (Figure 6c,
S14).



By adding only one inhibitor we can guide the formation of
green or red homo-polymers. We can also control the statistical
distribution of each tile in the assembled DNA co-polymer by
varying the concentration of each inhibitor (Figures S15, S16).
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Figure 6. Controlling DNA tile self-assembly using base excision repair
enzymes inhibitors. a) from left to right: scheme of self-assembly inhibition by
Uracil Glycosylase Inhibitor (UGI). Microscope images in the absence and
presence (10 U/ml) of UGI. Average length of assembled structures (<L>, um)
vs. UGI concentration. b) from left to right: scheme of self-assembly inhibition
by 2-Thioxanthine (2TX). Microscope images in the absence and presence (10
mM) of 2TX. Average length of assembled structures (<L>, um) vs. 2TX. c)
Scheme of DNA co-polymers assembly guided by UDG and Fpg inhibitors.
Microscope images and average length (<L>, um) of the formed DNA structures
with different combinations of the two inhibitors used. All the experiments were
performed at 30 °C for 24 h in 20 mM Tris-HCI, 10 mM MgClz, 1 mM EDTA, 0.1
mg/ml BSA, pH 8.0 buffer solution containing equimolar concentration of UDG,
Fpg-responsive modules (0.7 uM), inactive tiles (0.35 uM), UDG, Fpg (20 U/ml)
in the absence or presence of UGI and 2TX. Images scale bar: 2.5um.

Conclusion

Here we have demonstrated a strategy to control DNA tile
activation and their downstream self-assembly into tubular
structures using Base Excision Repair (BER) enzymes. To do
this, we selected two model repair enzymes (UDG and Fpg) and
rationally designed two DNA responsive modules each containing
different mutated bases recognized by a specific repair enzyme.
The activity of the repair enzyme on the responsive module
induces the release of a DNA strand that leads to DNA tiles
activation and self-assembly into tubular structures. We showed
here that by varying the concentration of the enzyme, we can
control the self-assembly kinetic process. Moreover, we
demonstrated that the two responsive modules are orthogonal
and can work in the same solution without any cross-talk. This
allows us to guide the assembly of co-polymers formed by two
different tiles with highly predictable distribution by simply
controlling the activity of each enzyme. We have also
demonstrated the reversibility of DNA tiles assembly/
disassembly guided by both enzymes simultaneously. Finally, we
showed that self-assembly can be further controlled using specific
inhibitors of the BER enzymes employed.

While many strategies have been proposed to date to
control the assembly and disassembly of DNA-based structures
with different inputs (including pH, light, molecular cues, proteins,

etc),”838 this is, to the best of our knowledge, the first
demonstration of the use of BER enzymes to do so. Because of
the versatility, specificity and clinical significance of BER enzymes
this approach might open to possible applications in the field of
sensing and drug delivery. For example, we envision that similar
assembled structures can be used for imaging purposes to inform
on the presence and activity of different repair enzymes in
cells.*7%9 DNA structures decorated with multiple functional
moieties including therapeutic agents®®51 could also be
assembled on demand in the presence of specific disease repair
enzyme biomarkers. Finally, repair enzymes could be used to
drive mechanical and structural changes in more complex DNA
structures (including origami)®253 providing new biotechnology
tools that can find diverse clinical applications.l*7:54
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