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ABSTRACT: CRISPR-based molecular diagnostics have revolutionized DNArepair CRISPR
. A . ) . L. activity activity
nucleic acid detection, yet the integration of upstream enzyme activity into pro- —
grammable CRISPR output remains largely unexplored. Here, we present a
synthetic transduction platform that directly couples endogenous DNA repair
activity with CRISPR-Casl2a activation. By linking base excision repair
(BER) events to the structural switching of a programmable DNA transducer, Damaged Repaired
we convert the activity of DNA glycosylases, such as uracil DNA glycosylase DNA DNA
(UDG) and human 8-oxoguanine glycosylase (hOGG1), into a robust fluores-
cence signal via Cas12a-mediated collateral (trans-) cleavage. This one-step assay allows rapid and sensitive lysate-based detection of
repair activity with high specificity. In addition, it can also be easily adapted to achieve rapid throughput screening of small molecule
inhibitors. The rational modular design supports the adaptation to various glycosylase activities, establishing a general framework for
transducing DNA repair activity into programmable CRISPR output. Beyond bioanalytical applications, this approach paves the way
for the development of synthetic gene circuits that respond to DNA repair activity and CRISPR-based drug screening platforms.
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P recise spatiotemporal control of biomolecule interactions at
the nanoscale is necessary to advance artificial technologies
such as life-like materials,"* artificial cells,”* biosensing,”® and
molecular computing.”® Among the molecular frameworks
available, DNA nanotechnology offers unparalleled programma-
bility, enabling both static nanoscale scaffolds for the spatial
organization of biomolecules”™'! and dynamic reaction net-
works capable of input-responsive tasks.'*~'® These systems
provide precise temporal control'® and programmable regula-
tion of downstream biological processes.””*' However, despite
their versatility, most DNA-based systems remain largely con-
fined to nucleic acid inputs and outputs, facing notable chal-
lenges in interfacing with non-nucleic acid molecules and in
building efficient ligand-to-oligonucleotide signal transduction
networks.”>** Additionally, their integration with downstream
amplification modules remains challenging, often requiring
complex molecular design and suffering from unintended signal
leakage.”*

Advances in synthetic and molecular biology have spawned
new tools, such as transcriptional’’*® and CRISPR**™> sen-
sors, that integrate input-responsive DNA systems with down-
stream enzymatic amplification, allowing the transduction of
biological inputs into amplified output. In particular, CRISPR-
based platforms harness the collateral (trans-) cleavage activity
of type V and VI CRISPR effector proteins (e.g. Casl2 and
Casl3 enzymes) to achieve high sensitivity through signal
amplification.”** Among these, the Cas12a system is activated
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by recognizing double and single-stranded DNA targets com-
plementary to its CRISPR RNA (crRNA) guide, resulting in a
fluorescence output via the non-specific trans-cleavage activity
of FRET-based DNA reporters.”*** Despite the versatility,
these systems are limited by the strict requirement of sequence
complementarity with the crRNA, which poses challenges for
detecting non-nucleic acid talrgets.36 To address this limitation,
conditional CRISPR-Cas systems regulated by external molecu-
lar inputs have been developed, offering promising strategies to
partially overcome this limitation.”’~** Among potential
enzyme regulators, the DNA repair machinery, which restores
chemically altered DNA (i.e,, “DNA damage”), represents a par-
ticularly promising system for triggering CRISPR-based
responses. DNA repair enzymes act on DNA substrates, which
can be rationally designed to become functional CRISPR tar-
gets only after enzymatic repair. This strategy offers a novel
route to couple DNA repair activity with downstream
CRISPR activation, enabling activity-dependent monitoring of
DNA repair enzymes. To date, current methods for assessing
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repair capacity rely largely on indirect approaches, such as mea-
suring gene or protein expression levels or screening for single
nucleotide polymorphism (SNP). However, these do not
always correlate with actual enzymatic activity, and SNPs can
be uninformative when genes are not expressed.**** Cell-
based assays like the Comet assay™ or host cell reactivation*
(HCR) can assess repair capacity, but often require complex
experimental setups to isolate specific repair pathways in cells
and tissues. Although DNA repair activity strongly influences
the response to DNA-damaging chemotherapeutics,’ and
repair inhibitors have been explored to boost drug efficacy,*
real-time, direct monitoring tools for specific repair enzymes
are still lacking. Chemically modified nucleic acid probes for
DNA repair provide a promising alternative,*’ allowing direct
visualization of repair in cells’”' and compatibility with high-
throughput screening of drugs in biological media. However,
its clinical utility remains limited by challenges in probe design,
synthesis, and relatively high detection thresholds due to the
absence of signal amplification.’” Recently, a few studies have
demonstrated direct integration of CRISPR activity with
upstream enzymatic activity, including strategies based on enzy-
matic removal of overhangs (flaps) in split activator
designs,”>° as well as anti-CRISPR protein-based regulation
of Casl2a activity.>®

Motivated by the above arguments, we report here on a strat-
egy to couple the activity of DNA repair enzymes—typically lim-
ited to correcting damaged bases—into a functional trigger for
Casl2a-powered signal transduction through a synthetic
DNA-based molecular device (hereafter referred to as DNA
Transducer, Figure 1). Our approach exploits the high specific-
ity of DNA glycosylases (i.e,, UDG and hOGG1), which recog-
nize and excise rationally introduced lesions within the DNA
transducer. Repair activity induces a molecular reconfiguration
of the DNA transducer that, in turn, activates Casl2a collateral
cleavage only after successful repair. By transducing DNA repair
into a CRISPR-powered signal output in a one-step assay, we
establish a single-step, rapid detection platform capable of
real-time monitoring of base excision repair activity directly in
cell lysates. Furthermore, we demonstrate that our assay can
be readily adapted for the throughput screening of DNA repair
enzyme inhibitors.

£ 9
DNA repair CRISPR
enzynqe n 'n enzyme
@ 0 0
DNA Transducer

@0 o @)

Figure 1. Coupling DNA repair and CRISPR-Cas12a activity using a
rationally designed DNA-based molecular transducer. In its native hair-
pin state, the DNA transducer is the substrate of a DNA repair enzyme,
as it contains one or more damaged nucleotides. Although it also pre-
sents a CRISPR-targeting sequence in the stem region, it is designed so
that CRISPR-Cas12a activity cannot be activated. Once a site-specific
BER enzyme exerts its activity on the mutated base(s) of the DNA
transducer, the destabilization of the hairpin structure enables the bind-
ing of the Casl2a/crRNA (RNP) complex and subsequent Casl2a
activation, leading to the generation of a measurable signal.

B RESULTS AND DISCUSSION

Synthetic DNA Transducers Enabling DNA Repair-
Activated CRISPR Signal Transduction

We have rationally designed a set of synthetic DNA-based
molecular transducers (DNA Transducer) that can be pro-
grammed to activate the CRISPR-Casl2a system only upon
specific repair activity (Figure 1). Our DNA Transducer pre-
sents three specific characteristics: (i) it is a synthetic DNA hair-
pin designed to contain one or more damaged nucleotides in its
sequence (indicated by green symbols in Figure 1); (i) it is rec-
ognized as a natural enzymatic substrate of the specific DNA
repair enzyme; (jii) it is rationally designed to populate two dis-
tinct conformational states, as it adopts a Casl2a-inactive hair-
pin structure that switches into an Casl2a-active conformation
only upon repair activity. Specifically, our design takes advan-
tage of the structural destabilization of the hairpin upon repair
activity to effectively regulate the binding and activity of
Casl2a ribonucleoprotein (RNP). Previous studies from our
group and others have demonstrated that DNA hairpins con-
taining Casl2a target sequences can be rationally engineered
to resist Casl2a recognition and cleavage under native condi-
tions.*”37%% In particular, we established that Casl2a activity
can be regulated by controlling protospacer adjacent motif
(PAM) accessibility through structural constraints, where
hairpin-to-duplex reconfiguration via target-induced strand dis-
placement effectively enables PAM complementation and
Casl2a activation.””

In this work, we designed a set of DNA transducers contain-
ing base lesions in the nontarget strand (NTS) embedded
within the hairpin stem (dark blue sequence in Figure 1).
These lesions are specifically targeted by the specific base exci-
sion repair (BER) enzyme. Specifically, our system enables the
detection of both mono- and bifunctional glycosylases like
UDG and hOGG], respectively. UDG excises uracil to generate
abasic (AP) sites, whereas hOGGIl not only excise 8-
oxoguanine (Goxo) but also directly introduce nicks. In both
cases, the enzymatic processing of the damaged base destabi-
lizes the hairpin structure, enabling Cas12a binding and activa-
tion of the trans-cleavage activity which results in amplified
signal transduction through the digestion of FRET-labelled
DNA reporters.

Design of UDG-Responsive DNA Transducers Downstream
Controlling Cas12a-Based Activity

As our test bed, we designed the DNA transducer sensitive to
uracil DNA glycosylase (UDG) (UDG Transducers, Figure 2)
downstream controlling CRISPR-Cas12a system. Uracil (U) is
a common DNA damage introduced by dUMP misincorpora-
tion or cytosine deamination, resulting in U:A and U:G mis-
pairs, respectively, which can compromise genomic stability,”
impacting human health.°>®" The UDG enzyme exhibits spe-
cific recognition and excision of uracil bases within DNA by
hydrolyzing the N-glycosidic bond (Figure 2A, right panel),
generating abasic sites that subsequently initiate the BER path-
way. To detect UDG activity, we designed a set of UDG trans-
ducers presenting a 20 nt long crRNA targeting portion (blue
region, Figure 2B) with different numbers of uracil lesions
(green symbols, from 0 to 4 U) in the non-target strand
(NTS), embedded within the hairpin stem (dark blue motifs,
Figure 2B).
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Figure 2. Design and optimization of the UDG transducer triggering Casl2a trans-cleavage activity upon hairpin reconfiguration induced by UDG
activity. (A) Schematic illustration of our sensing strategy for monitoring UDG activity. The mechanism of excision of the uracil by UDG is indicated
on the right side. (B) Fluorescence kinetic analysis over time showing different profiles of collateral cleavage activity of LbCas12a triggered by dif-
ferent DNA transducers (from #0U to #4U) preincubated with UDG (1 U/mL). Kinetic profiles indicate that LbCas12a activation depends on
the number of uracil bases within the DNA transducer (1 nM). (C) Gain of the fluorescence signal generated by adding UDG (1 U/mL) in a solution
containing the DNA transducer #4U (1 nM) using different reaction mixes of Cas12a orthologs. (D) Denaturing PAGE analysis reporting the cis-
cleavage activity of LbCas12a in UDG transducers in the absence and presence of UDG (1 U/mL). (E) Gain in fluorescence signal obtained by add-
ing 0.5 U/mL UDG (t = 15 min) using UDG transducers with varying lengths of the crRNA targeting region (from 14 to 20 nt). (F) Dose-response
curves of the LbCas12a-based UDG activity assay (green curve) compared to a direct fluorescent assay (gray curve) using a FRET-labeled UDG
transducer (500 nM). (G) Specificity test of the detection platform obtained using saturated concentrations of UDG (0.5 U/mL) and nonspecific
enzymes (500 nM MUTY, 10 U/mL for other enzymes). Signal gain (%) was calculated after 15 min of cleavage reaction, representing the relative
change in fluorescence signal associated with Cas12a trans-cleavage activity upon UDG addition and relative to the background fluorescence obtained
in the absence of UDG. The error bars represent the standard deviation from three independent experiments (where they are not visible, they are
smaller than the data points).

To investigate Cas12a signal transduction activated by UDG transducers. To demonstrate the generalizability of our
activity, we performed collateral cleavage fluorescence assays by approach, we also tested different Cas12a orthologs of the bac-
pre-incubation of UDG enzyme (1 U/mL) with different UDG terium Lachnospiraceae (LbCas12a), Francisella novicida
transducers (1 nM) and subsequent addition of a Cas12a reac- (FnCasl12a) and Acidaminococcus sp. (AsCasla). All three
tion mix containing a FRET-based DNA reporter (500 nM) orthologs show a fluorescence signal gain that increases in
and the Casl2a / crRNA complex (20 nM). As shown in response to UDG activity and depends on the number of U
Figure 2B, UDG transducers bearing uracil lesions act as regu- within the hairpin stem (Figure 2C). Next, we also studied
latory switches for Cas12a, producing a time-dependent fluores- site-specific (cis-)®* cleavage activity of Cas12a in UDG trans-
cence increase over time upon UDG addition (1 U/mL). In ducers using denaturing PAGE (Figure 2D). Our results show
contrast, the uracil-free control (UDG Transducer #0U) cis-cleavage activity in DNA Transducers containing uracil resi-
showed no detectable fluorescence change. These results indi- dues (from UDG Tranducer #1U to #4U) only in the presence
cate that UDG-mediated uracil excision destabilize the hairpin of UDG (lanes 7-10, Figure 2D), but not in its absence (lanes
structure, promoting partial or complete unfolding and thereby 2-5). UDG Transducer #0U remained undigested regardless of
enabling Cas12a binding and activation. Increasing the number UDG treatment (lanes 1 and 6), confirming that repair-induced
of uracil within the hairpin from one to four markedly acceler- reconfiguration is required to activate Cas12a.
ated Casl2a signal transduction, with initial reaction rates To further validate the proposed mechanism, we first per-
(V,) increasing from 5.6 to 132.7, 489.2, and 1294.5 a.u./min, formed an activity-based fluorescence assay using the same
as determined by linear regression of the initial fluorescence DNA Transducer containing four uracil lesions and terminally
kinetics (Figure 2B). This trend is consistent with increased labeled with FAM and BHQI (UDG Transducer #4U-FQ,
hairpin destabilization upon generation of multiple abasic sites, 500 nM), enabling direct fluorescence signal transduction. As
which facilitates Cas12a RNP binding and activation. Of note, expected, addition of UDG (10 U/mL) induced a time-
background fluorescence arising from trans-cleavage of unre- dependent fluorescence increase, consistent with uracil excision
paired transducers was independent of wuracil content and consequent hairpin destabilization. In contrast, the corre-
(Figure S1), whereas the signal gain strictly correlated with sponding transducer containing four preformed abasic sites
the number of the uracil lesions, indicating that A-U base pair- (UDG Transducer #4AP-FQ) showed no detectable signal
ing does not substantially affect the intrinsic stability of the change upon UDG treatment (Figure S2), confirming that
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UDG activity is required to trigger structural rearrangement.
Thermal denaturation assays further supported this mechanism,
revealing a pronounced UDG-dependent destabilization of the
hairpin structure, with the melting temperature decreasing from
~85 °C in the absence of UDG to 59.6 °C following enzymatic
processing (Figure S3).

To directly assess Casl2a/crRNA binding, we also per-
formed a gel-shift assay using terminally labeled UDG
Transducers (#4U-FQ and #4AP-FQ) across a range of
Casl2a/crRNA  concentrations (0.5-50 nM). The UDG
Transducer #4U-FQ_ remained largely intact, whereas the
repaired probe (#4AP-FQ) was efficiently cleaved as Casl2a/
crRNA concentration increased, demonstrating that the native
hairpin structure restricts Cas12a access and becomes accessible
only upon repair (Figure S4). Given that Casl2a collateral
activity depends on the length of the double-stranded DNA tar-
geting region, we next evaluated a set of UDG transducers bear-
ing crRNA targeting domains ranging from 14 to 20
nucleotides, each containing a single uracil lesion (Figure 2E).
The UDG-induced signal gain (1 U/mL) increased with target-
ing length, in agreement with previous reports identifying 20-bp
duplex regions as optimal for Cas12a activation.** Having iden-
tified the UDG Transducer #4U as the optimal probe for rapid
and sensitive Cas12a signal transduction, we further optimized
its concentration to improve the signal-to-noise ratio, as its con-
centration may affect the background signal, which in turn
determines the overall signal change (1 nM, Figure SS).
Under optimized experimental conditions, Cas12a-based UDG
activity assays achieved a limit of detection (LOD) of 0.0009
U/mL, (RSD 3.4%), with a calibration curve described by the
linear equation F = 250,049 [UDG] + 8338 (Figure 2F) at a
low concentration range. Comparison with a direct activity-
based FRET assay employing the same terminally labelled
transducer (DNA Transducer #4U-FQ, 500 nM) highlight a
49.8-fold increase in sensitivity for the Casl2a-based platform
(LOD,,yzq = 002 U/mL, F = 5031 [UDG] + 3236).
Although several CRISPR-Casl2-based strategies for UDG
activity detection report even lower detection limits,">~ they
generally rely on multiple auxiliary enzymes (e.g, DNA ligase,
nicking enzyme, Endonuclease IV, polymerase, AP-lyase), com-
plex probe designs and multistep reactions workflows (e.g,

ligation, polymerization), which can compromise scalability,
throughput, and a simple mix-and-read format (Table 1). In con-
trast, our platform achieves a balance between high sensitivity
and simplicity, offering a straightforward, single-step approach
suitable for rapid and scalable UDG detection. The platform
exhibits also high specificity, as no significant signal variation is
observed in the presence of nonspecific enzymes (Figure 2G).
Finally, applicability to human single-strand selective monofunc-
tional uracil DNA glycosylase (hNSMUG1) further demonstrates
the robustness and versatility of the platform (Figure S6).

Cas12a-Based Real-Time Monitoring of UDG Activity in
Human Cell Lysate

Motivated by the above results, we tested our Casl2a-based
UDG activity assay on wild-type HEK293T cell lysate
(Figure 3A) by adding UDG. Our assay can detect UDG activ-
ity in HEK293T cell lysate in the dynamic range of 0.0085 to
0.65 U/mL (K, , = 0.07 + 0.01 U/mL, Figure 3B) with a linear
response described by F = 366,872 [UDG] + 7522 and a LOD
of 0.0009 U/mL calculated after 15 min of reaction (Figure S7).
To evaluate the accuracy of the Casl12a-based method, we per-
formed recovery tests by spiking UDG at four different concen-
trations into HEK293T cell lysate, confirming that our
approach can be used to detect its activity in complex biological
samples (Figure 3C). Control experiments in wild-type
HEK293T lysate were also performed in the presence and
absence of UNG inhibitor (UGI), highlighting that endogenous
UDG activity cannot be detected by our Casl2a-based system
(Figure S8). Additionally, we assessed the stability over time
of the UDG transducer #4U in HEK293T lysate through
PAGE analysis which showed no detectable degradation com-
pared with buffer conditions (Figure S9). Then, to demonstrate
real-time monitoring of UDG activity, we used HEK293T lysate
with overexpressed uracil-N-glycosylase (UNG) activity. UNG
is a Family I member of the UDG superfamily, which is com-
posed of six distinct subfamilies of uracil-excising enzymes.”!
To do so, a subsequent dilution of HEK293T lysate was tested
by simply adding the Cas12a reaction mix with the UDG trans-
ducer #4U, which confirmed highly sensitive detection
(Figure 3D). To further confirm that the Casl2a reaction net-
work is triggered exclusively by UNG activity in cell lysate, we

Table 1. An Overview of Recently Reported CRISPR Methods for the Detection of UDG and hOGG1

linear/dynamic analysis single
LOD (U/mL) range (U/mL) time auxiliary enzymes step amplification ref
0.00061 (UDG)  0.0012—0.019 (UDG) and >1h no 66
and 0.09 (hOGG1)  0.1-1 (hOGG1)
0.0018 0-0.125 50 min no 67
0.00081 (UDG)  0.0078—0.125 (UDG) and >S50 min  Exo I & III no 68
and 26.66 1252000 (hOGG1)
(hOGGL1)
0.005 0.005-5 >1h no 54
0.0001-0.0125 ~2h Endo IV, Bst. DNA polymerase, no  isothermal exponential 69
Nt.BstNBI nickase amplification reaction (EXPAR)
25x107° ~100 min Endo IV no 65
31x10° 50 X 10°=0.1 35h Endo IV, Klenow fragment DNA  no  enhanced strand displacement 63
polymerase, Nt.BbvCI nickase amplification (ESDA)
5% 107 2X10°-2x 107 >3h Endo IV, terminal transferase no  terminal deoxynucleotidyl transferase 64
(TdT) (TdT)-catalyzed substrate extension
37x107* 0.0001-0.25 >4 h T4 DNA ligase, proteinase K no 70
0.0009 (UDG) and 0.009—0.7 (UDG) and hOGG1 <40 min yes this
14.8 ng/mL 41.2—3339 ng/mL (hOGG1) work
(hOGGL1)
1637 https://doi.org/10.1021/acssensors.5c04118
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Figure 3. Casl2-based UDG/UNG activity assay in human HEK293T
lysate. (A) Schematic illustration of the Cas12a-based reaction network
for monitoring UNG activity in human HEK293T cells. (B) Calibration
curve of the dose-response of UDG activity in human HEK293T cells
obtained using the optimized Cas12a-based reaction mix (DNA trans-
ducer #4U 1 nM, Casl12a-ctRNA 20 nM, and DNA reporter based on
FRET 500 nM). (C) Recovery test in HEK293T cell lysate achieved
by spiking with various concentrations of UDG. (D) Fluorescence
kinetic traces of collateral activity of Casl2a in human HEK293T cell
lysate overexpressing UNG. (E) UNG activity inhibition plot using
HEK293T cell lysates overexpressing UNG and the Casl2a reaction
mix (DNA transducer #4U 1 nM, Casl2a-crRNA 20 nM, and FRET-
based DNA reporter S00 nM) in the presence of varying concentrations
of the UGI inhibitor. Recovery and inhibition tests were conducted
according to the experimental procedures reported in the Supporting
Information. Error bars represent the standard deviation from three
independent experiments (where they are not visible, they are smaller
than the data points).

conducted a control experiment in the presence of the uracil-
DNA glycosylase inhibitor (UGI). UGI specifically inhibits
UNG by forming a stable, irreversible UNG: UGI protein com-
plex in a 1:1 stoichiometry, thus preventing UNG from excising
uracil from DNA.”" As expected, by increasing UGI concentra-
tions in cell lysate (10 pg/mL), a dose-dependent reduction in
fluorescence intensity is observed (Figure 3E). These results
indicate the capacity of the assay to enable real-time monitoring
of glycosylase activity and also screening of inhibitors directly in
cell lysate.

Synthetic DNA Transducers Rewire hOGG1 Activity into
Cas12a Signal Amplification

Our strategy is highly versatile, as it enables monitoring of var-
ious classes of glycosylases by simply changing the specific DNA

1638

damage within the DNA transducer. As a proof-of-concept
demonstration, we tested human 8-oxoguanine DNA glycosy-
lase 1 (hOGG1), which is a bifunctional glycosylase that not
only excises damaged bases but also successively cleaves phos-
phodiester bonds at the generated abasic sites.”” hOGGL is a
key enzyme involved in repairing oxidative DNA damage that
specifically detects 8-oxoguanine (8-0x0G), an oxidative DNA
lesion that can cause transversion mutations if unrepaired.”>”*
Given the central role of oxidative DNA damage in the develop-
ment of cancer,75’76 neurodegenerative diseases,”” and aging,78
monitoring OGGL activity could provide valuable information
about these conditions and their progression. Here, we
designed an hOGG1-responsive DNA transducer that preserves
the same Casl2a targeting region used for UDG monitoring,
while incorporating a single 8-0xoG lesion in the middle of
the crRNA targeting sequence (red symbol, Figure 4A). This
design allows the same Cas12a reaction mix to be used for both
UDG and hOGGI1 sensing, directly demonstrating the general-
izability of the platform. Upon hOGG1-mediated excision of 8-
0xoG from the molecular transducer, the enzyme’s associated
lyase activity induces strand nicking, leading to the release of
a short DNA fragment (9 nt) from the hairpin stem. This event
destabilizes the hairpin architecture, exposing unpaired nucleo-
tides within the target strand and thereby enabling Casl2a
RNP binding, activation, and subsequent trans-cleavage of the
fluorescent reporter (Figure 4A). Our assay was initially vali-
dated using E. coli formamidopyrimidine-DNA glycosylase
(Fpg), a bacterial analogue of hOGGL.” Although both
enzymes initiate DNA cleavage through p-elimination to
remove the 3-oxygen from the phosphate of the AP site, Fpg
uniquely performs an additional &-elimination step, also remov-
ing the S-oxygen.®> Melting temperature analysis of the
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Figure 4. Casl2a-powered activity assay for monitoring hOGGI activ-
ity. (A) Scheme of our detection strategy based on an 8 oxoG-
containing DNA transducer (hOGGI transducer) that triggers Cas12a-
based signal transduction during repair activity. (B) Calibration curve
obtained using the hOGGI transducer (1 nM) by adding increasing con-
centrations of hOGGI and the Cas12 reaction mix. (C) Specificity test in
the presence of nonspecific enzymes (MUTY 500 nM, other enzymes
10 U/mL). (D) Fluorescence kinetic traces of Casl2a activation in
HEK293T cell lysate supplemented with increasing concentrations (3,
10, 30, 50, 100, 150, 300, and 500 ng/mL) of hOGGI. (E) Recovery test
in HEK293T cell lysate spiked with different concentrations of hOGGI.
Recovery tests were conducted according to the experimental procedures
reported in the Supporting Information. Error bars represent the standard
deviation from three independent experiments (where they are not visi-
ble, they are smaller than the data points).
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hOGG1 transducer revealed a substantial decrease from
~82.4 °C prior to enzymatic treatment to ~40.6 °C following
Fpg activity (Figure S10), quantitatively confirming that nicking
induces significant hairpin destabilization. Denaturing PAGE
further demonstrated that the cis-cleavage activity of Casl2a
occurs exclusively for the DNA transducer containing the 8-
0x0G lesion after Fpg-mediated repair (lane 4, Figure S11). In
contrast, the DNA Transducer lacking the 8-0xoG lesion (i.e.,
hOGGI1 Transducer without Goxo) remains undigested even
in the presence of Fpg (Lanes 5-8). Our Casl2a-based Fpg
activity assay exhibits high sensitivity with a limit of detection
(LOD) of 0.001 U/mL for Fpg, outperforming direct activity-
based assays (LOD = 0.3 U/mL) under the same conditions
(Figure S12). We then applied our CRISPR platform to
hOGGI1 detection, achieving sensitive detection with a LOD
of 142 ng/mL and a linear calibration curve described by F =
34.95 [hOGG1] + 5520, Figure 4B), together with high speci-
ficity against nonspecific enzymes (Figure 4C). Our CRISPR-
based platform was further assessed in human HEK293T cell
lysates by spike and recovery assays by adding known concen-
trations of hOGG1 (Figure 4D), following the dose-response
fluorescence kinetics over time. Statistical analysis revealed a
linear detection range of 3 to 300 ng/mL (F = 103.9
[hOGG1] + 11,497), with an R value of 0.995 (Figure S13).
Furthermore, we assessed the recovery percentages of spiked
hOGGI1 at four different concentrations, achieving recovery
rates ranging from 101% to 115% (Figure 4E), confirming the
accuracy of our single-step detection method. Additional tests
in HEK293T lysate with and without an hOGG1 inhibitor
showed no measurable contribution from endogenous
hOGG], indicating that background fluorescence arises from
the transducer itself rather than endogenous enzyme activity
(Figure S14).

Cas12a-Based Throughput Screening of hOGG1 Inhibitors

Recent studies indicated that inhibition of hOGGI is a promis-
ing strategy for developing treatments for cancer and inflamma-
tion.*>®! Taking advantage of the high sensitivity and rapid
response of our single-step CRISPR-based hOGGI activity
assay, we readapted our system for the throughput screening
of small molecule inhibitors (Figure SA). To this end, we tested
several well-characterized small-molecule inhibitors targeting
hOGGI1 and Fpg. Specifically, we evaluated two inhibitors of
hOGGI1 that operate through different mechanisms. Indeed,
08 (Inh #1) prevents the catalytic AP lyase activity of
hOGG! without affecting protein-substrate binding,** while
SU0268 (Inh #2) inhibits both DNA binding and base excision
activity of the enzyme.** Furthermore, we examined three deriv-
atives of 2-thioxanthine (2TX) (Inh #3, #4, and #5), known
addition, PAGE analysis of the hOto irreversibly inhibit zinc fin-
ger (ZnF)-containing Fpg/Nei DNA glycosylases.**® We
tested a range of inhibitor concentrations (0.1 pM to
350 pM) to assess the inhibition of hOGGl and Fpg.
Consistent with previous studies,*”*> hOGG]1 inhibition
exhibits a selective dependence on Inh #1 (O8) and Inh #2
(SU0268), producing ICS0 values of 2.5 + 0.5 pM and 28.6
+ 7.3 pM, respectively (Figure SB). On the contrary, Inh #3
and Inh #S selectively inhibit Fpg (Figure S15). On the other
hand, Inh #4 shows dual inhibition, affecting both hOGG1
(ICS0 = 11.9 + 0.4 puM) and Fpg (ICS0 = 70.3 + 0.7 pM)
(Figure SB and Figure S9). The heatmap reported in
Figure SC offers a concise overview of the inhibition effects at
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Figure 5. Casl2a-based throughput screening of hOGG1 inhibitors.
(A) Schematic description of the test. (B) Plot of inhibition of
hOGGI1 (%) activity at various concentrations of different inhibitors.
(C) Heatmap showing % inhibition observed with different inhibitors
(200 pM) on hOGG]I, Fpg, and Casl2a/crRNA complex (20 nM),
as a control experiment. In (B) and (C), Inh #1—#S represent O8,
SU0268, 2-thioxanthine, mercapto-6,8-purinediol, and 8-mercaptoade-
nine, respectively. Experiments were carried out at 37 °C by adding the
Casl2a reaction mix (500 nM of FRET-based DNA reporter and
20 nM of the Casl2a/crRNA complex) to a 25 pL buffer solution
(10 mM Tris-HCl, S0 mM NaCl, 10 mM MgCl,, and 0.1 mg/mL of
BSA, at pH 7.9) containing the hOGGI transducer (1 nM), hOGG1
(700 ng/mL), and varying concentrations of inhibitors. Inhibition
(%) for each inhibitor was calculated after a 15-min cleavage reaction,
as described in the Experimental Section (Data Analysis). Error bars
represent the standard deviation from three independent experiments
(where they are not visible, they are smaller than the data points).

a fixed concentration of 200 pM, highlighting the different activ-
ity between the bacterial and human enzymes, and confirms the
selective inhibition profiles of each inhibitor. Furthermore, it
confirms that our Casl2a-based screening can be used to distin-
guish between various inhibitors based on their target specific-
ity. As a control, we confirmed that Casl2a activity is not
affected by the presence of 10% DMSO-which is required for
inhibitor solubilization — and the Cas12a signal off is exclusively
due to glycosylase inhibition (Figures S16 and S17). In addi-
tion, PAGE analysis of the hOGG1 Transducer incubated in
10% DMSO showed no detectable difference in band integrity,
indicating that this experimental condition does not affect
nucleic acid stability (Figure S18). It is important to note that
single-step CRISPR-based screening is performed in a 96-well
plate microvolume (25 ul) and takes approximately 15 min after
RNP addition. It costs approximately less than 0.7 euros per test,
as it requires a minimal amount of DNA Transducer (1 nM) and
Casl2a reaction mix (20 nM RNP and 500 nM FRET-based
DNA reporter), due to the sensitive nature of the assay. The
assay yielded a Z ' factor of 0.82, which confirms its robustness
and compatibility with high-throughput screening applications.

In general, these findings underscore the potential of our
CRISPR/Cas12a-based throughput screening for its adaptation
in high-throughput automatic format, showcasing the potential
also for selective inhibitor identification and broader applica-
tions in DNA repair-targeted therapies.

B CONCLUSIONS

In this study, we develop synthetic DNA transducers that acti-
vate CRISPR-Cas12a after enzymatic repair, allowing for rapid
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and real-time monitoring of DNA glycosylase activity. Using the
substrate specificity of repair enzymes for damaged DNA bases,
we show that glycosylase activity can trigger Casl2a-mediated
signal transduction, effectively converting DNA damage recog-
nition into amplified fluorescence output. This one-step assay
couples lesion excision with Casl2a trans-cleavage to achieve
sensitive detection of glycosylase activity directly in complex
biological samples such as cell lysates.

Our platform addresses key limitations of conventional
activity-based assays, including reliance on chemically modified
(unnatural) DNA probes, low sensitivity, and multistep work-
flows. In contrast to previously reported CRISPR-based strate-
gies, our system operates without auxiliary enzymes, complex
probe architectures, or sequential reagent additions, as signal
amplification is achieved by simply mixing of components in
solution Table 1. The assay is based on DNA hairpins substrates
that closely mimic the natural targets for the DNA repair
enzymes, and its simple design enables straightforward adapta-
tion to different DNA lesions (e.g., uracil or 8-0x0G), supporting
broad applicability across DNA repair pathways. Beyond bioana-
Iytical applications, the platform provides a robust framework for
throughput screening of DNA repair inhibitors, as demonstrated
here using representative small molecule inhibitors of hOGG1
and Fpg. We demonstrate this by evaluating several small mole-
cule inhibitors of hOGG1 and Fpg. More broadly, this approach
facilitates mechanistic studies of DNA repair and offer opportu-
nity for integration into synthetic gene circuits responsive to cel-
lular states, as well as for real-time monitoring of DNA repair in
real time and drug screening.

B EXPERIMENTAL SECTION
Reagents and Materials

Sodium chloride (NaCl), sodium hydroxide (NaOH), magnesium
chloride (MgCl,), Trizma hydrochloride (Tris—HCI), Trizma, boric
acid, ethylenediamine tetraacetic acid (EDTA), acrylamide/bis-acryl-
amide 40% solution, ethylenediamine tetraacetic acid (EDTA),
N,N,N,N" -tetramethyl ethylenediamine (TEMED), ammonium persul-
fate (APS), DEPC-treated water, bovine serum albumin (BSA), 2-mer-
capto-6,8-purinediol,  8-mercaptoadenine,  Dimethyl  Sulfoxide
(DMSO). 2-thioxanthine and Gel Loading Buffer II were purchased
from ThrmoFisher Scientific. Invitrogen provided SYBR Gold nucleic
acid stain. OGG1 inhibitors O8 and SU0268 were purchased from
MedChemExpress. Uracil DNA glycosylase (UDG), uracil glycosylase
inhibitor (UGI), E. coli formamidopyrimidine DNA glycosylase
(Fpg), human single-strand selective monofunctional uracil-DNA gly-
cosylase 1 (hRSMUG1) and EnGen Lba Casl2a from Lachnospiraceae
bacterium ND2006 were purchased from New England Biolabs
(Beverly, MA, USA). AsCasl2a from Acidaminococcus sp. was sourced
from Integrated DNA Technologies (IDT). FnCasl2a from
Francisella novocida bacterium was generously provided by the labora-
tory of Professor Giuseppe Perugino at the University of Naples
“Federico II” which was produced as previously reported in our work.*”
Human 8-oxoguanine DNA glycosylase (OGG1), transient overexpres-
sion lysate of uracill DNA glycosylase (UNG), and HEK293T cell
lysate were purchased from Origene. The enzymes were aliquoted
and stored at —20 °C or —80 °C.

Oligonucleotides

All the oligonucleotides employed in this work were synthesized,
labeled, and HPLC-purified by Metabion International AG (Planegg,
Germany) and used without further purification. DNA and RNA oligo-
nucleotides were dissolved to 100 pM in 100 mM Tris-Hcl pH 7.5, and
DEPC-treated water, respectively. All oligonucleotides were aliquoted

and stored at —20 °C until use. The final concentration of the oligonu-
cleotides was confirmed using Thermo Scientific Multiskan SkyHigh
Microplate Spectrophotometer.

Fluorescence Experiments

Fluorescence kinetic measurements were performed in a 25 pl buffer
solution containing 10 mM Tris-HCI, 50 mM NaCl, 10 mM MgCl,,
and 0.1 mg/mL BSA, at pH 7.9 unless otherwise specified. The mea-
surements were carried out using a Stratagene Mx300SP Real-Time
PCR System (Agilent Technologies, Santa Clara, CA) with 96-well
PCR plates and optically transparent caps (Thermo Scientific). The
fluorescence signals were recorded every 2 min, starting from the initial
2-min time point, at a constant temperature of 37 °C using a filter set
optimized for FAM detection. For fluorescence melting assays, a 1 mL
cuvette and a JASCO PF-8050 spectrofluorometer with excitation
wavelength set at 490 (+5) nm and acquisition at 520 (+5) nm were
used. Detailed procedures employed in the different experiments are
reported in the Supporting Information.

Fluorescence activity assays (e.g. direct assay without CRISPR
amplification) were conducted by adding varying concentrations of
UDG or Fpg to a buffer solution (10 mM Tris-HCl, SO mM NacCl,
10 mM MgCl,, 0.1 mg/mL BSA, pH 7.9) containing FRET-labeled
UDG (#4U-FQ, 500 nM) or hOGG1 DNA Transducer (#4U-FQ,
500 nM), respectively. An aliquot of 25 pl of the mixture was then
transferred to a 96-well PCR plate, and fluorescence intensity was
monitored. Data plotted represents the intensity of fluorescence at
the equilibrium.

Fluorescence Trans-Cleavage Assays for UDG and
hOGGT1 Detection

Fluorescence trans-cleavage experiments for UDG or hOGGI1 detec-
tion were conducted by adding a concentration of target enzyme to
the buffer solution (10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl,
0.1 mg/mL BSA, pH 7.9) containing 1 nM UDG DNA Transducer
or hOGG1 DNA Transducer, respectively, and 500 nM FRET-based
DNA reporter. An aliquot of 22.5 pl of this mixture was transferred
to the 96-well PCR plate, followed by the addition of 2.5 pl of the
Casl2a/crRNA (RNP) complex, which had been pre-incubated at
37 °C for 30 min with 200 nM of both Cas12a and crRNA, achieving
a final concentration of 20 nM. Fluorescence intensity was then imme-
diately monitored over time.

Data Analysis

Signal gain (%) is calculated at 15 min from the addition of the RNP
complex to the reaction mixture unless otherwise stated. It represents
the relative fluorescence signal change upon the addition of the target,
relative to the background fluorescence obtained in the presence of the
DNA Transducer. The signal gain is calculated using the following for-
mula:

F target — F 0

signal gain (%) = X100

0
where F,.. is the fluorescence signal measured upon addition of the
target enzyme and F, is the fluorescence signal generated by the
DNA Transducer in the absence of the target enzyme, respectively.
Plots of signal gain (%) vs concentration of target enzyme were fitted
with the following four parameters logistic equation:

[™

[target enzyme

signal gajn (%) = Bmin + (Bmax - Bmin) o nH
K% + [target enzyme]

Where B, and B, are the minimum and maximum signal gain
(%) values, respectively; K, /, is the concentration of the target at
a half-maximum signal gain (%), [target enzyme] is the concentra-

tion of the target enzyme, and ny is the Hill coeflicient. The limit
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of detection (LOD) was calculated based on the ratio of 3 times of
standard deviation of the blank to the slope of linear regression at a
low concentration range.*® All Statistical analyses were completed
using GraphPad Prism 8.0.

The inhibition percentage for different inhibitors was calculated as
follows:

Finh = FhoGai transd
inhibition (%) =1— in ransducer %100
FhOGGl transducer,enzyme — FhOGG1 transducer

Where F,, is the fluorescence signal of the hOGGl1 DNA
Transducer measured after the preincubation with different concen-
trations of inhibitors and hOGG1 (ng/mL) or Fpg (U/mL),
Fl,0GG1 transducerenzyme Tepresents the fluorescence signal of the hOGGI
DNA Transducer in the presence of hOGG1 (ng/mL) or Fpg (U/mL).
In contrast, FLoca1 transducer d€notes the fluorescence signal in the
absence of hOGG1 or Fpg. ICSO values were calculated using
GraphPad Prism 8.0 software with a four-parameter logistic dose-
response curve.
Z’-factor was determined as follows:

Zr —1— 3(Ginh +6Fpg)
|Finh - FFpg‘

Where F, is the fluorescence signal of the hOGG1 DNA Transducer
measured after the preincubation with Mercapto-6,8-purinediol inhibi-
tor (150 puM) and Fpg (0.7S U/mL) and F,,q represents the fluores-
cence signal of the hOGG1 DNA Transducer in the presence of Fpg
(0.75 U/mL). Row A and B of the 96-well plate were used to deter-
mine F,, and Fp,,, respectively and where 6, and oy, represent
the standard deviations of the two groups.
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