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Abstract

Nucleases are a diverse group of enzymes cleaving phosphodiester bonds of deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) with vary-
ing specificity. Depending on the context, nucleases can be considered as unwanted contaminants, molecular biology tools, drug targets, or
diagnostic markers. Current methods for nuclease activity monitoring are mainly based on fluorescence detection, by using either labeled sub-
strates or oligonucleotide-binding dyes. These methods are often limited to single- and double-stranded DNA or RNA or the determination of
either endo- or exonuclease activity. Universal, simple, and sensitive nucleotide sequence and modification-independent methods, enabling
endo- and exonuclease activity monitoring, are not currently available. To address this, we have developed the NucleoProbe technique, as a
label-free and substrate-independent option for high-sensitivity endo- or exonuclease activity monitoring. External peptide-probe-based detec-
tion utilizing time-resolved luminescence readout enables low nanomolar sensitivity for DNA and RNA oligonucleotides down to 9 nt in length.
We also demonstrate the universality by monitoring both endo- and exonuclease activity, with over five-fold improved sensitivity in comparison
to our commercial standard assay. Additionally, we show the further potential of the method by specifically detecting S. aureus via its specific
micrococcal nuclease activity and, finally, by monitoring nuclease activity from spiked urine.
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Introduction

Oligonucleotides are 10-50 nt single- or double-stranded ri-
bonucleic acid (RNA) or deoxyribonucleic acid (DNA) se-
quences, which are widely used in molecular biology and diag-
nostics. As an example, techniques such as polymerase chain
reaction (PCR), hybridization assays, and microarray tech-
niques utilize either long or short RNA/DNA sequences [1,
2]. Lately, oligonucleotide therapeutics, including small inter-
fering RNA, antisense RNA, microRNA, aptamers, and es-
pecially antivirals and vaccine constituent oligonucleotides,
have drawn attention [3, 4]. Usually, these oligonucleotide
therapeutics contain modified sequences with unnatural nu-
cleotides, to mobilize the oligonucleotide for a specific task,
such as selective target recognition, or to increase their sta-
bility. In addition, deeper analysis of human diseases on the
molecular level during recent decades has led to an increased
interest in the quality and quantity of nucleic acids [5]. The im-
portant role of oligonucleotides in drug discovery and therapy
is the result of almost half a century of developing methods to
investigate oligonucleotides [2, 6].

Nucleases are enzymes that cleave phosphodiester bonds of
DNA and/or RNA [7, 8]. They are divided into two main cate-
gories based on their activity placements. Exonucleases cleave
the oligonucleotide from one end to the other end, while en-
donucleases are restricted to cutting within the polynucleotide
sequence. In cells, nucleases play an important role, e.g. in
DNA replication, recombination, and RNA interference [9].
Understanding and detecting nuclease activity is the key to
uncovering more complex biological mechanisms and diseases
such as cancer [10] and autoimmune diseases [11-13]. Even
though the gold standard PCR-based methods are the main
techniques to be used for the detection of specific nucleic acid
sequences through microorganism- or disease-specific nucleic
acid amplification process, nuclease activity can be utilized or
combined with these methods as an additional biomarker [7,
12, 14-17).

One of the most popular methods to quantify the total nu-
cleic acid concentration is UV absorbance at 260 nm [18, 19].
UV absorbance is a simple and rapid method for quantifi-
cation, but it lacks sensitivity and cannot provide any other
information about the nucleic acid sample, except the con-
centration. A major drawback is the absorbance overlap be-
tween nucleic acids and common contaminants such as pro-
teins [20, 21]. In addition to UV absorbance, fluorescence as-
says, especially by utilizing oligonucleotide binding and inter-
calating dyes, are often used especially for longer sequences.
These methods are not all well suited for measuring oligonu-
cleotides, but there are many commercially available methods
also for short oligonucleotides [22, 23]. For example, Qubit™
offers various commercially available kits for quantification of
DNA, RNA, and free nucleotides, based on the use of differ-
ent fluorescent dyes [24-26]. These methods are compared in
a more detailed fashion in Supplementary Table S1.

There are several methods for detecting nuclease activity
based on fluorometric, electrochemical, or colorimetric detec-
tion (Supplementary Table S2). In general, fluorescent-based
methods offer a relatively high sensitivity and user-friendly
protocols for activity measurements [7, 27]. Fluorescence res-
onance energy transfer (FRET)-based probes are one of the
most commonly used tools for detecting nuclease activity [12,
28]. One of the main limitations of these methods is, how-
ever, the use of two usually covalently attached dyes, donor

and acceptor, to the substrate oligonucleotide [29]. This com-
plicates the change of the substrate sequence and also lim-
its its use only for endonucleases. Some of the commercially
available kits are based on a single oligonucleotide-conjugated
environment-sensitive fluorophore, such as fluorescein (FAM).
These assays rely on the changes in FAM environment upon
oligonucleotide degradation by the nuclease, detected as a
change in fluorescence signal [30]. Also, this type of method
has limited usability, often enabling detection only for en-
donuclease activity. Currently, there are limited options for
the detection of nuclease activity without a specific substrate
oligonucleotide using external dyes. These assays typically rely
on nucleic acid-binding dyes, but their sensitivity often de-
pends on the length of the target sequence, compromising the
usability of short oligonucleotides [31, 32].

For vyears, our group has developed methods for
biomolecule detection, mainly based on lanthanide chelates
and time-resolved luminescence (TRL). We have previously
shown that Eu’* nanoparticles can detect oligonucleotides,
through competition between nucleic acids and protein
adsorption on labeled nanostructures [33]. We have also in-
troduced the Protein-Probe technique, for protein stability and
interaction monitoring, utilizing an external peptide probe
(Eu’* probe) [34-36]. Oligonucleotides are not detected
with the Protein-Probe, but these two works served as an
inspiration for a novel technique called the NucleoProbe,
reported here. This three-component method is based on the
use of a protein-derived positive modulator, which produces
a measurable TRL-signal with the Eu-probe in the modulator
solution, in the absence of oligonucleotide (Fig. 1) [36]. Upon
addition of the target oligonucleotide, a low TRL-signal is
observed due to competition between the nucleic acids and
the protein for binding to the Eu-probe. We show that the
NucleoProbe can detect 9-60 nt single-stranded (ss) and
double-stranded (ds) DNA and RNA with the same low
nanomolar sensitivity, and in an oligonucleotide-sequence-
independent manner. We also demonstrate the detection of
micrococcal nuclease (MNase) and ribonuclease A and I
(RNase A and I) activity in endo- and exonuclease format.
Finally, we demonstrate the broader applicability of the
NucleoProbe by detecting Staphylococcus aureus via its
specific MNase activity [37] in bacteria growth media and
urine.

Materials and methods

Materials and instrumentation

The nine-dentate  Eu®*-chelate,  {2,2/,2”,2"-{[4'-(4"-
isothiocyanatophenyl)-2,2’,6’,2"-terpyridine-6,6"-
diyl]bis(methylene-nitrilo)}tetrakis(acetate)}europium(III),
and the negative modulator, MT6, were purchased from
QRET Technologies (Turku, Finland). The chelate con-
jugation and the purification of the Eu-probe peptide,
HoN-EYEEEEEVEEEVEEE from Pepmic Co., Ltd (Suzhou,
China) were performed as described before [36]. MNase,
deoxyribonuclease I (DNase I), S1 nuclease (S1), exonuclease
I (Exo III), exonuclease I (Exo 1), haemophilus influenzae Rd
(HindIII), ribonuclease I (RNase I), ribonuclease A (RNase
A), tryptone soy agar with 5% defibrinated sheep blood,
and Tryptone Soy Broth (TSB) were purchased from Thermo
Fisher (Waltham, MA). Staphylococcus aureus, Staphylococ-
cus epidermidis, and Escherichia coli were obtained from
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Figure 1. Oligonucleotide concentration and nuclease activity monitoring using the NucleoProbe technique. At low oligonucleotide concentration, the
positive modulator interacts with the Eu-probe resulting in high TRLsignal. Increasing concentration of oligonucleotide prevents this interaction, and the
negative modulator decreases the Eu-probe signal. Degradation of oligonucleotide by nuclease improves the accessibility of the positive modulator to

the Eu-probe, thus increasing the TRL=signal.

Linkoping University (Linkoping, Sweden). The urine samples
were collected from four healthy and volunteer individuals,
with written informed consent from each participant. The
study setting was consulted by the local Turku Clinical Re-
search Centre, which did not require official ethical approval.
All assays were performed on white, nonbinding, low-volume
384-well assay plates (Corning Inc., Kennebunk, ME). All
used oligonucleotides were purchased from biomers.net (Ulm,
Germany) (Table 1). DNase I Detection Kit (DD Kit) (Cat.
No. PP-410S) was purchased from Jena Bioscience (Jena,
Germany). All other reagents, including basic buffer reagents,
solvents, 1,1’,3,3,3’,3’-hexamethylindodicarbocyanine iodide
(HIDC), carbonic anhydrase from bovine erythrocytes (PM1),
bovine serum albumin (PM2), and RNase-free water, were
purchased from Sigma-Aldrich (Darmstadt, Germany or St.
Louis, MO).

The NucleoProbe detection solution (DS) consists of 4.1
mM citric acid, 7.9 mM of disodium hydrogen phosphate
(pH4),0.01% Triton X-100 with signaling components, MT6
(5-12 uM), and Eu-probe (0.5 or 1 nM). Tris+/+, used for
oligonucleotide and nuclease activity detection, contains 10
mM Tris-HCI (pH 7), 1 mM MgCl,, and 1 mM CaCl,. The
reaction buffers for nuclease are (i) 10 mM Tris—=HCI (pH 8.5),
10 mM NaCl, and 1 mM MgCl, (DNase I); (ii) 4.1 mM cit-
ric acid, 7.9 mM disodium hydrogen phosphate (pH 4),2 mM
ZnCl, and 50 mM NaCl (S1); (iii) 10 mM Tris—HCl (pH 7.5),
10 mM MgCl,, and 1 mM dithiothreitol (DTT) (pH 7) (Ex-
olll); (iv) 10 mM Tris—-HCI (pH 7.5), 5§ mM MgCl,, and 5 mM
NaCl (HindIII); and (v) 67 mM glycine-KOH (pH 9.5), 5 mM
MgCly, and 1 mM TT (Exol).

Nuclease reaction incubations were performed using PTC-
100 Programmable Thermal Controller (M] Research, Inc.,
Watertown, MA), with the exception of those at room tem-
perature (RT). TRL and fluorescence measurements were

performed using Spark 20M from Tecan Life Sciences
(Méannedorf, Switzerland). TRL-signals were monitored using
excitation at 340 and emission at 620 nm wavelengths and
800 and 400 us delay and decay times, respectively.

NucleoProbe technique development for
oligonucleotide detection

All assays were performed in biological triplicate using 5
ul sample and 15 pl DS volumes. All individual experiments
were repeated at least three times, unless otherwise indi-
cated. Concentrations are reported in relation to the sample
or DS volumes. PM1 and PM2 were prepared at 100 uM con-
centration in milli-Q water and PM1 was further activated at
10 uM concentration by incubating at 75°C for 5 min. PM1
preactivation was studied, and PM1 and PM2 concentrations
(0.12-2000 nM) were optimized using DS (7.5 uM MT6 and
0.5 nM Eu probe) in 20 ul volume. In all cases, TRL-signals
were measured at several points during 60-min incubation af-
ter DS addition. Using the selected concentrations for PM1
(5 nM) and PM2 (20 nM), oligonucleotide titration using Sc1
(1-1000 nM) and DS (7.5 uM MT6 and 0.5 nM Eu probe)
was performed. The signal stability of PM 1 after preactivation
was studied using 20 nM PM1 and 300 nM Sc1 from Day 0
(preactivation day) to Day 6. The preactivation cycles were
performed at 24 h, 48 h, or 6-day intervals. The TRL-signals
used in the figures were monitored after 5 min of incubation
after DS addition.

All oligonucleotides were dissolved in milli-Q water (500
uM), and dsDNA hybridization (100 uM) was performed in
50 mM Tris (pH 7.5), and 50 mM NaCl by incubating at 85°C
for 3 min followed by slow cooling. Oligonucleotide detection
was performed by adding the tested oligonucleotide (0.02—
4800 nM, Table 1) in Tris+/+ (3 ul), followed by 5 nM PM1

GZ0z lequieldag g| uo Jasn ejeelies uaulbiniy-SYAL Ag /199628/1064eX6// | /£G/a101e/deu/uod dnoolwapede//:sdily wouy papeojumoq



4 Gooran et al.

Table 1. Oligonucleotides used in this work

Name Length (nt)  Sequence

Té 6 §'-tet tee-3

T7 7 5ttt tee -3

T8 8 §'-tee et te-37

T9 9 §'-ttt tee tee-37

T12 12 §/-ttt et tee tee-37

T1S 15 §/-ttt et tee tee tee-3”

Sc20 20 §’-cac tac taa gct tta get ac-3’

Sc40 40 §’-cac tac taa get tta gt acc act act aag ctt
tag cta c-3/

Sc60 60 §’-cac tac taa gct tta get acc act act aag ctt
tag cta cca cta cta agc ttt agc tac-3’

Sc8 8 §'-cac tac ta-3/

Sc8ds? 8 §'-cac tac ta-3’ and 5'-tag tag tg-3’

Sc9 9 §'-cta agc ttt-3'

Sc9ds? 9 §'-cta agc ttt -3’ and §’-aaa get tag-3’

Sc9Cds? 9 §'-gat tcg aaa-3’ and §’-aaa get tag-3’

Sc12 12 §’-cta agc ttt age-3'

Sc12ds? 12 §’-cta agc ttt age -3' and 5’-gct aaa get
tag-3’

Sc12Cds? 12 §'-gat tcg aaa teg-3’ and §'-get aaa get
tag-3’

Scl 12 §’-atg tcg cac atg-3’

Sclds? 12 §'-atg tcg cac atg -3’ and 5'-cat gtg cga
cat-3’

Sc2 15 §’-atg tcg cac atg tcg-3’

Sc2ds? 15 §’-atg tcg cac atg tcg-3' and 5'-cga cat gtg
cga cat-3'

A1S 15 §’-aaa aaa aaa aaa aaa-3’

Sc2c 15 §’-cga cat gtg cga cat-3’

ATT1S5 15 §'-att att att att att -3’

GCC1S$ 15 §’-gec gee gee gee gee-3'

Sc1$ 15 §'-ggt tgg tgt ggt tgg-3'

Sc15Bio 15 S'-ggt tgg tgt ggt tgg -biotin®

RNA12 12 §’-cgc uac aau cge-3/

TTFx 11 §’-mUmUmU mUtt FxmUmU mUmU-3'¢

FxTT 11 §’-mUmUmU mUFxt tmUmU mUmU-3’

Fx Control 9 §’-mUmUmU mUFxmU mUmUmU-3’

2double-stranded DNA
b3’ terminus: Biotin-TEG
¢mU: 2’-O-methyl uridine, T: DNA thymidine, Fx: floxuridine [37]

(2 wl). After a quick shake, 15 ul optimized DS was added,
and TRL-signals were monitored after 5 min of incubation.

Nuclease activity monitoring with nucleoprobe

The nuclease assays were performed by using 10 nM sub-
strate oligonucleotide (1 ul). MNase, DNase I, and S1 nucle-
ase reactions were performed with Sc1, Exo III and Exo I re-
actions with Sc8, Sc8ds, Sc12, and Sc12ds, HindIII reactions
were performed using Sc9ds, Sc9Cds, Sc12ds, and Sc12Cds,
and RNase I and RNase A reactions were performed using
Sc1 and RNA12 (Table 1). In each case, nuclease (6-25 000
pU) was added in 3 pl using nuclease-specific reaction buffer.
Reactions were incubated for 30 min at 37°C, prior to PM1
(5 nM) addition (1 ul). Thereafter, 15 ul of DS was added, and
TRL signals were monitored as previously.

The NucleoProbe parameters were optimized for the 1:400
diluted TSB by testing varying concentrations of MT6 (5-7.5
uM), Eu probe (0.5 or 1 nM), PM1 (10-30 nM), and Sc12 (5-
100 nM). The spiked TSB samples were tested by incubating
(30 min at 37°C) 10 nM of Sc12 or 5 nM of TTFx (1 pl),
with 3 ul of the diluted MNase (1.5-6250 pU) in diluted TSB.
PM1 (5 nM) was added in 1 pl, followed by DS (5 uM of

MT6 and 0.5 nM of Eu probe) addition in 15 pl, and TRL-
signal measurement as previously.

The NucleoProbe parameters were optimized for studying
1:100 diluted urine samples in 1 mM CaCl,-supplemented
water, using varying concentrations of MT6 (5-12 uM), Eu-
probe (0.5 or 1 nM), and PM1 (5-50 nM). Assay parame-
ters of 12 uM MT6, 1 nM Eu probe, 20 nM PM1, and 20
nM Sc12 were chosen for studying urine samples, measured
at several time points 5-90 min. Nuclease assays in urine were
performed by spiking the urine with MNase (0.06—4000 pU).
Sc12 and TTFx (20 nM) were added in 1 pul and mixed with
1:100 diluted spiked urine (3 pl, 1 mM CaCl,). Reactions were
incubated for 30 min at 37°C, followed by the addition of 20
nM PM1 (1 ul), 15 ul of DS (12 uM of MT6 and 1 nM of Eu-
probe), and TRL-signal monitoring after 5 min of incubation.

Nuclease activity monitoring using DNase
Detection Kit

DD Kit was used according to the manufacturer’s instructions.
Briefly, MNase (0.25-40 000 nU/well) or DNase I (6100 000
pwU/well) was mixed with an equal volume (10 pl) of DNase
Detection Master. Reactions were incubated for 30 min at
37°C, prior to fluorescence measurement at RT. The fluores-
cence signal was measured with 485 nm excitation and 530
nm emission wavelengths.

Identification of S. aureus based on its nuclease
activity using the nucleoprobe

Bacterial cultures were performed as previously described
[37]. Briefly, bacteria were inoculated onto tryptone soy agar
with 5% defibrinated sheep blood, and incubated for 24 h
at 37°C. A single colony was transferred to 25 ml TSB (50
ml autoclaved glass Erlenmeyer) and incubated for 24 h at
37°C with shaking at 120 rpm. Fifty microliters of the liquid
cultures were diluted in 25 ml fresh TSB (50 ml autoclaved
glass Erlenmeyer) and incubated under the same conditions
for 12 h. Supernatants for nuclease activity assays were col-
lected and centrifuged at 4500 x g for 30 min. Supernatants
were diluted in Tris+/+ buffer to 1:400, 1:800, 1:1600, and
1:3200. The NucleoProbe assay was performed as previously
by incubating 10 nM of Sc12 or 5§ nM of TTFx, FxTT, or Fx
Control (1 wul), with 3 ul of the diluted supernatant for 30 min
at 37°C. PM1 (5§ nM) was added in 1 ul, followed by DS (5
uM of MT6 and 0.5 nM of Eu probe) addition in 15 ul, and
TRL-signal measurement after 5 min of incubation.

Data analysis

Mmax/Mmin represents the signal-to-background ratio (S/B).
Coefficient of variation (CV %) was calculated as (o /p) x 100,
where u is the mean value and o is the standard devia-
tion (SD). The effective concentration (ECog or ECqg) and
half-maximal effectivity concentration (ECso) were calculated
from standard sigmoidal fitting functions (Logistic) using Ori-
gin 2016 (OriginLab, Northampton, MA) software.

Results

The NucleoProbe technique is based on the Eu-probe,
Eu’* chelate conjugated negatively charged peptide, and its
TRL-signal modulation in the presence or absence of oligonu-
cleotides (Fig. 1). In the absence of oligonucleotide, the Eu-
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probe interacts with the PM, protecting the Eu*-chelate from
quenching by the negative modulator, and produces a high
TRL signal [36]. In the presence of oligonucleotide, interac-
tion between PM and the Eu-probe is blocked due to the com-
petitive binding with the oligonucleotide, allowing the nega-
tive modulator to quench the TRL-signal. Nuclease activity
restores the PM interaction with the Eu-probe by cleaving
the oligonucleotide and reducing its affinity, thus restoring the
high TRL-signal monitored (Fig. 1).

NucleoProbe detects oligonucleotides in a
length-dependent manner, independent of their
sequence and single- or double-stranded nature

The NucleoProbe was developed by first introducing the PM
and thereafter by optimization of the used negative modu-
lator. This was based on the Protein-Probe protein thermal-
stability assay as our starting point [34, 36]. In the original
Protein-Probe assay, HIDC (negative modulator) and the Eu-
probe were the key components for detection at pH 4, but
this setting is unsuitable for oligonucleotide detection. Thus,
we started by introducing an additional component, a posi-
tive modulator, and screened a preselected set of both posi-
tive and negative modulators in varying combinations with
the Eu-probe (0.25-2 nM). Based on these screenings, we se-
lected MT6 (7.5 uM) as our negative modulator to use with
the 0.5 nM Eu-probe, to further evaluate two positive modu-
lators (PM1 and PM2) (Supplementary Fig. S1). As we found
that the PM1 benefits from heat activation (5 min at 75°C),
this step was performed prior to its use, while PM2 was used
without the preactivation step. Under these conditions, ECsg
values of 20 + 1.3 and 426 + 39 nM were detected for PM1
and PM2, respectively. The maximal TRL-signals for PM1
and PM2 were saturated approximately at the same order of
magnitude of TRL-signal, but PM1 was detectable at lower
concentration compared to PM2 (Supplementary Fig. S1). We
expected the PM concentration to directly correlate with the
oligonucleotide detection sensitivity, and tested this hypothe-
sis by using varying concentrations of PM1 and PM2 in Sc1
titration. By setting S/B 5 as our cutoff, we observed that ~2-
fold higher DNA concentration is needed in comparison to
the used PM concentration in both cases. With the minimum
PM1 (5 nM) and PM2 (20 nM) concentrations, the cutoff was
reached with ~10 and 50 nM DNA, respectively (results not
shown). Based on this, PM1 (5 nM) was selected to be used,
and thus, we further studied its preactivation. Our results in-
dicate that once PM1 is activated, it produces a sufficiently
stable TRL-signal for 96 h (Supplementary Fig. S2). There-
after, a dramatic TRL-signal decrease is observed, but it can be
prevented by repeating the activation steps, which can be per-
formed for a maximum of 10 times for the same PM1 batch
(Supplementary Fig. S3). Multiple reactivation cycles reduce
the TRL-signal produced by PM1, but it maintains assay func-
tionality despite a reduced S/B ratio. This means that the life-
time of one PM1 batch can be increased by at least a month, if
needed, after the first activation, by using a 6-day reactivation
cycle (Supplementary Fig. S4).

Once the assay conditions were selected, NucleoProbe
was used to investigate DNA oligonucleotides with different
lengths (6-60 nt), single- or double-stranded nature, and vary-
ing sequence (Table 1). Under the selected assay conditions,
nanomolar detection of DNA was achieved with DNA se-
quences over 8 nt (Fig. 2A). The 8 nt long sequence was al-
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ready clearly less detectable than longer DNA, which gives
us an indication of the demands related to nuclease sub-
strate selection. When 9-15 nt DNA sequences were used,
nearly equal ECs¢ values (1.0-2.5 nM) were detected, as the
longer sequences (20-60 nt) provided slightly lower ECs val-
ues (0.6-1.3 nM), respectively (Fig. 2B). Next, we studied ss-
and dsDNA, and found that dsDNA has slightly improved
detectability independently of its sequence length (9-15 nt)
(Fig. 2C). Finally, we found no sequence dependence by us-
ing six different sequences (15 nt) with the NucleoProbe, all
detectable at low nanomolar concentration (Fig. 2D). In addi-
tion, the potential effect of secondary structure, specifically
G-quadruplex formation, was tested using a thrombin ap-
tamer, but no changes in detectability were observed [38, 39]
(Supplementary Fig. S5).

NucleoProbe enables universal nuclease activity
monitoring of endo- and exonucleases

Nucleases are a highly varying set of enzymes having differ-
ent demands for their buffer and oligonucleotide substrate se-
quences. Screening system possessing the capability to address
the following features would be highly desirable: (i) endonu-
clease activity protection at both ends; (ii) exonuclease activity
detection using non-capped DNA or RNA; (iii) 5’-exonuclease
activity protection at the 3’-end; and (iv) 3’-exonuclease ac-
tivity protection at the 5’-end. To demonstrate the univer-
sal nature of the NucleoProbe platform, MNase, DNase I,
S1, HindIII, Exo I, and Exo III with ss- and/or dsDNA were
studied.

MNase, DNase I, Exo III, and S1 were first titrated, by us-
ing Scl in an ss form or in the case of Exo III in a dsDNA
form. MNase, DNase I, and S1 are all endonucleases, and with
the used DNA sequence, all performed quite equally show-
ing pU level detectability (Fig. 3A). Exo III is an exonucle-
ase, and in the assay, it produced an improved S/B ratio but
slightly lower sensitivity in comparison to MNase and DNase
I. The ECs values for MNase, DNase I, S1, and Exo III are
0.2 + 0.1, 1.2 £ 0.4, 0.5 &+ 0.1, and 2.3 &+ 0.7 mU/well,
respectively (Fig. 3A). The difference in nuclease functional-
ity was expected; thus, the same sequence was used for both
endo- and exo-functional enzymes and without a thorough
optimization of the reaction conditions. HindIII restriction
enzyme was tested with four different substrates, containing
(Sc9ds and Sc12ds) or lacking (Sc9Cds and Sc12Cds) a spe-
cific cleaving site (Fig. 3B). NucleoProbe detected the activ-
ity of HindIIl with Sc9ds with the ECsy value of 1.8 £+ 0.1
mU/well. Although Sc12ds has the same cleaving site, activ-
ity of HindIIl was not detected as the product formed from
the Sc12ds cleavage was 9 nt and still as detectable at low
nanomolar concentrations as the original Sc12ds substrate
(Supplementary Fig. S6).

To further confirm the correct functionality of the Nucle-
oProbe nuclease detection, we tested MNase for its depen-
dency on the presence of Ca?*, as its activity is known to
be significantly dropped in ion-deficient conditions [40]. We
also used EDTA-supplemented Tris buffer, and MNase activity
was clearly observed to be drastically reduced in the absence
of Ca?* (Supplementary Fig. S7). As a second control exper-
iment, we demonstrate that Exo I (ssDNA-specific exonucle-
ase) and Exo III (dsDNA-specific exonuclease) can efficiently
cleave only the used ssDNA or dsDNA specific to their activity
(Fig. 3C). The results showed that the ECsg values calculated
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Figure 2. NucleoProbe distinguishes ss- and dsDNA oligonucleotides by length, independent of sequence. DNA titrations (0.02-4800 nM) were
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(9-15 nt), dsDNAs displayed lower detection limits (C), but no clear ssDNA sequence dependence was detected (D). All data are presented as

mean =+ SD.

for both nucleases increase with the length of the substrate.
The ECsg values of Exo I with Sc8 and Sc12 are 305 + 14
and 1250 & 187 uU/well, respectively, and the ECsg values of
Exo III with Sc8ds and Sc12ds are 226 4+ 16 and 2040 + 261
pnU/well, respectively. As expected, Exo I showed no activ-
ity with double-stranded substrates and Exo III with single-
stranded substrates. Exo I was tested further with Sc15 and
Sc15Bio, with 3’-end biotinylation to block exonuclease activ-
ity (Supplementary Fig. S8). As expected, Exo I cleaved Sc135,
while no activity with Sc15Bio was observed. MNase, used as
a control endonuclease, exhibited capping-independent activ-
ity with ECso values of 1.1 £ 0.4 and 1.2 &+ 0.2 mU/well for
Sc15 and Sc15Bio, respectively.

We then compared the NucleoProbe to the DD Kit man-
ufactured by Jena Bioscience (DD Kit) in parallel by us-
ing MNase and DNase 1 (Fig. 3D). The ECyy values for
DNase I using the DD Kit were 13 £+ 1.9 pU/ul (250 + 38
pnU/well), which are in agreement with the values given by
the manufacturer and confirm its correct functionality. When
the results from the two assays are compared, ECsy values
for MNase and DNase I using the DD Kit were 1.5 £ 0.9

and 6.8 £+ 2.7 mU/well, while for the NucleoProbe they
were 0.18 £ 0.01 and 1.9 &+ 0.1 mU/well, respectively (Fig.
3D). Finally, we tested the activity of RNase I and RNase
A with RNA12 and Scl as substrates to demonstrate the
ability of NucleoProbe to detect RNA and RNase activ-
ity (Supplementary Figs S9 and S10). NucleoProbe showed
the same level of sensitivity for RNA as DNA detection
(Supplementary Fig. S9). The results indicated that RNase I
and RNase A only degraded RNA12, with ECsy values of
732 £+ 42 and 318 £ 31 pU/well, respectively. MNase, used
as the control nuclease, degraded both RNA12 and Sc1 with
the ECso of 153 & 24 and 123 + 37 uU/well, respectively.

The presence of S. aureus can be detected based on
its MNase activity using the NucleoProbe technique

Previously, a modified oligonucleotide, containing -TT- as
MNase-specific substrate, has been introduced for S. aureus
identification, based on the MNase secreted by the bacteria
[37]. We decided to use this oligonucleotide substrate (TTFx)
for our next assays to evaluate the performance of Nucleo-
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Figure 3. NucleoProbe enables universal detection of both endo- and exonucleases. (A) Titration (6-25 000 pU) of different endonucleases (solid line)
and exonucleases (dashed line) with 10 nM DNA substrate (Sc1) using the NucleoProbe. (B) Titration of the Hindlll (6-6250 pU) with 9 nt and 12 nt
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and dsDNAs (short dashed line). (D) Titration (2.6-100 000 pU) of MNase and DNase | using the NucleoProbe (solid line) with Sc1 (10 nM) substrate, and
the commercial DD Kit (dashed line). All data are presented as mean + SD.

Probe in more complex matrixes, to further highlight its suit-
ability for nuclease activity monitoring.

As we moved from the pure buffer conditions to a more
complex environment, MT6 and Eu-probe concentration and
the dilution used for the NucleoProbe were first evaluated.
Bacterial culture media (TSB) was shown to have a quench-
ing effect on the Eu-probe TRL-signal, but the assay func-
tionality was restored by using increased PM1 (10 nM)
and decreased MT6 concentration (5 uM) in comparison to
buffer conditions (Fig. 4A). In these conditions, S/B ratio
over 5 (the set cutoff) was detected with a 1:400 or higher
TSB dilution. To enable specific S. aureus detection, we first
tested the detectability of the modified oligonucleotides se-
lected for MNase activity assay, using the NucleoProbe assay
(Supplementary Fig. S11). All the modified sequences (TTFx,
FxTT, and Fx control) had slightly improved detectability (av-
erage ECsg of 1.1 & 0.2 nM) over the non-modified DNA sub-
strate with similar length (Fig. 2A and Supplementary Fig. S5),
which allowed the use of 5 nM substrate also in 1:400 diluted
TSB. This, however, had no significant impact on MNase ac-
tivity monitoring, as Sc12 (10 nM) and TTFx (5 nM) were

nearly equally detected, showing ECsg values of 164 + 37 and
178 £+ 18 pU/well, respectively (Fig. 4B).

We next continued to prove the specificity of the TTFx
cleavage using the NucleoProbe, by using supernatants from
the S. aureus (positive control), S. epidermidis (negative con-
trol 1), and E. coli (negative control 2) cultures. All three su-
pernatants were tested in four dilutions (1:400-1:3200) and
with the TTFx, which was specifically cleaved only in the pres-
ence of S. aureus MNase (Fig. 4C). As expected, dilution of the
supernatants decreased the visibility of the substrate due to
the decrease in matrix complexity, and by using dilution over
1:1600, MNase activity is not anymore detectable expectedly
due to its low concentration. In any of the given conditions,
E. coli and S. epidermidis showed no detectable signal change,
proving the specificity of the assay and the used TTFx sub-
strate (Fig. 4C). All supernatants were also tested using three
dilutions (1:400, 1:800, and 1:1600) and Sc12 as a nonspecific
nuclease substrate (Supplementary Fig. S12). The results con-
firmed the presence of the nucleases in all supernatants, and as
seen also from Fig. 4C, the visibility of the supernatants’ activ-
ity decreases with higher dilutions. As an exception, S. aureus
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total nuclease activity remained high even with a 1:1600 dilu-
tion (Supplementary Fig. S12).

Diluted bacterial supernatants (1:400) were further studied
with four different substrates, Sc12 (10 nM) or TTFx, FxTT,
and Fx Control (5 nM) (Fig. 4D). Sc12 served as a positive
control, which is expected to be cleaved by nearly any nu-
clease present (Supplementary Fig. $12), while Fx Control is a
negative control, expected not to be cleavable by any nuclease.
TTFx and FxTT are both MNase specific [37], thus expected
to be cleaved only by S. aureus. As expected, Sc12 was cleaved
by all three bacterial supernatants at the same rate, as Fx Con-
trol showed no clear cleavage, and a low TRL-signal was de-
tected in all cases (Fig. 4D). On the other hand, TTFx and
FxTT were found equally desirable substrates for S. aureus
MNase, not cleaved by any other nuclease present in either E.
coli or S. epidermidis supernatants (Fig. 4D). The result was
further confirmed by monitoring S. aureus MNase activity in
Ca?*-free conditions, in which no TTFx cleavage was mon-
itored (Supplementary Fig. S13). As the control DNA (Sc12)
was only slightly affected under these conditions, results prove
the assay specificity (Fig. 3B and Supplementary Fig. S13) [41].

Nuclease activity can be detected in urine using the
NucleoProbe technique

As NucleoProbe was successfully applied to bacterial cultures,
we next studied its functionality using MNase-spiked urine.
Again, we started by testing the matrix effect using four dif-
ferent urine samples from four different healthy individuals
(Fig. 5A). Based on this initial testing, we saw variance in
functionality of the NucleoProbe when different 1:100 di-
luted urine samples were tested. However, all samples were
found functional in a condition with 1 nM Eu probe, 25 nM
PM1, 12 uM MT6, and 50 nM Sc12. As different urine sam-
ples caused different variations in signal, due to their different
protein and oligonucleotide concentrations, we selected mod-
erately functional Urine 3, for further NucleoProbe testing.
Under the adjusted NucleoProbe conditions (20 nM DNA,
20 nM PM1, 12 uM MTé6, and 1 nM Eu-probe) for Urine
3, we observed that ECsq values for Sc12 and TTFx with
spiked MNase were 1.4 + 0.4 and 2.2 + 0.8 mU/well, re-
spectively (Fig. 5B). No nuclease activity was detected with-
out the MNase spiking, with any of the 1:100 diluted urine
samples.
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Discussion

Traditional nuclease activity assays are often designed for a
specific set of nucleases, lacking universality and free selection
of the used substrate nucleic acid. Recent advancements in the
field have led to fast and low-cost methods with increased sen-
sitivity (Supplementary Table S2), but there are still some dis-
advantages in these assays, such as substrate labeling require-
ments [22, 42]. Label-free methods often rely on nanoparti-
cles that offer easy-to-use and inexpensive assays, but might
limit their usage in a wide range of applications [43-45]. Es-
pecially in the case of commercial kits, the assay substrate is
often unknown, and thus its usability to a certain need might
be difficult to estimate beforehand. The lack of free selection
of nuclease, conditions, and substrate limits the flexibility and
universality, which in most cases would be desirable parame-
ters (Supplementary Tables S1 and S2) [12].

The Protein-Probe technique, previously developed by us,
has demonstrated broad applicability for a wide range of
protein targets. Here, we demonstrate that by selecting a
new negative (MT6) and adding a positive (PM1) modula-
tor (Supplementary Figs S1-S4), a similar strategy can be ap-
plied to nucleic acids (Fig. 1) [34-36]. The NucleoProbe intro-
duced here can be used for universal, label-free, and substrate
sequence-independent detection of oligonucleotides and nu-
clease activity.

To demonstrate the capabilities of the NucleoProbe, we first
showed that oligonucleotides with lengths from 9 to 60 nt
can be nearly equally detected at low nanomolar concentra-
tion (Fig. 2A and B). Based on these results, 10 nM oligonu-
cleotide concentration was selected for nearly all future as-
says mainly performed with 12 nt DNA. Based on the results,
NucleoProbe functionality is universal, as both ss- and ds-
DNA are equally detected in a sequence-independent manner
(Fig. 2C and D). Additionally, DNA and RNA of the same
length (12 nt) and tested modified oligonucleotides are as de-
tectable as DNA (Supplementary Figs S9 and S11). We fur-
ther used HindIIl as our model restriction enzyme, to con-
firm the minimum oligonucleotide length demanded by the

NucleoProbe. Result matches the titration of oligonucleotides
(Figs 2A and 3B, and Supplementary Fig. S6). Our results
show that the activity of HindIIl with 9 nt substrate is de-
tectable, as the lengths of the formed residues are 6 and 7 nt,
which are not detected at low nanomolar concentrations (Fig.
2A and Supplementary S6). On the other hand, HindIII activ-
ity with 12 nt substrate was undetectable, as the lengths of the
two formed residues are 7 and 9 nt, from which the 9 nt frag-
ment is still equally detectable as the original 12 nt substrate
(Fig. 2A and Supplementary Fig. S6).

We further proved the concept functionality with several
DNA nucleases. Assays with three endonucleases (MNase,
DNase I, and S1) and one exonuclease (Exo III), confirmed
that the activity of different types of nucleases can be detected
in a universal and nuclease buffer-independent manner (Fig.
3A). In addition to DNA, NucleoProbe supports the use of
RNA substrates and monitoring their cleavage, as shown with
RNase I and RNase A (Supplementary Figs S9 and S10). Nu-
cleoProbe was shown to tolerate at least 3 mM ZnCl,, 5 mM
MgCl,, 5 mM CaCl,, 50 mM KCl, and 100 mM NaCl without
compromising functionality, covering and exceeding the typi-
cally used range of ions to enable nuclease activity. In all as-
says, substrate oligonucleotide was incubated with the nucle-
ase in a buffer condition mandatory for the nuclease activity,
and prior to the addition of detection components that were
always added in a nuclease reaction-independent fashion. We
used no additional nuclease reaction termination step, but due
to the low pH in the DS buffer, nuclease activity was expected
to be significantly reduced, except for S1, preferring low pH.
However, the termination step can be added to the protocol
simply by introducing the stop reagent together with the PM1
addition.

It was also shown that by using nonoptimal reaction com-
ponents, e.g. Ca>*-ion chelation with EDTA for MNase, ds-
DNA substrate for Exo I, or ssDNA substrate for Exo III,
the reaction rate was significantly reduced (Fig. 3C and
Supplementary Fig. S7). MNase Ca** dependency was clearly
visible in the NucleoProbe assay, as the high MNase activity
was detected only in the presence of 1 mM Ca?*, similar to
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previous reports (Supplementary Fig. S7) [40, 46, 47]. Simi-
larly, Exo I showed activity only with ssDNA and Exo III with
dsDNA, as both selectively cleave only single-stranded and
double-stranded oligonucleotides, by removing nucleotides in
the 3’ to 5’ direction (Fig. 3C). The ECsq value of Exo I and
Exo III shifted in relation to the length of the substrate. As
the substrate with a single cleavage site was not used, a higher
number of individual cleavage events is needed to “hide” the
shortened substrate product from the NucleoProbe detection.
This is especially important in the case of Exo IIl, as the sub-
strate length must be shortened from 12 nt to at most 8 nt to
be detected by the assay (Fig. 2A). Based on our observations
related to nucleotide length, the highest exonuclease sensitiv-
ity would be reached by using 8 or 9 nt substrate, potentially
enabling the detection of a single cleavage event (Fig. 2A). We
also showed that the activity of Exo I is inhibited by capping
the 3’ termini (Supplementary Fig. S8). MNase degrades the
DNA with and without capping at the same rate, while Exo
I cannot degrade the 3'-biotin-capped DNA, but degrades the
DNA with a free 3’ terminal OH group.

To prove the exceptional sensitivity and wider suitability
of the NucleoProbe, a comparative study with a commercial
DD Kit (Jena Bioscience) based on FAM-substrate conjugate
was performed (Fig. 3D). By using DNase I and MNase as our
model enzymes, we determined 3.6 and 8.3 times lower ECs
values for NucleoProbe than with the DD Kit, respectively.
With both methods, the activity of MNase was detectable at
a lower concentration compared to DNase I, demonstrating
consistency between methods, but also highlighting the high
sensitivity of the NucleoProbe (Fig. 3D and Supplementary
Table S2).

As assays are not always performed in pure buffer condi-
tions, the method must tolerate some matrix components. We
observed that some of these matrix effects are evaded by ad-
justing the concentrations of the NucleoProbe detection com-
ponents. This was studied first by using bacterial cultures in
TSB media, which showed a clear NucleoProbe TRL-signal
quenching. This effect could be balanced out by doubling PM1
(10 nM) and lowering MT6 (5 M) concentrations. In the case
of rich culture media like TSB, also 1:400 dilution was found
to be necessary for the efficient use of the NucleoProbe tech-
nique (Fig. 4A). The NucleoProbe specificity is still preserved,
as shown with specific detection of S. aureus secreted MNase
activity by using engineered TTFx and FxTT (11 nt) substrates
(Fig. 4) [29, 37]. These oligonucleotides were designed with
the following features: (i) increased stability against degra-
dation by most nucleases due to the chemical modification
used, 2’-O-methyl uridine, flanking the sequences; (ii) a sin-
gle deoxy-DNA cleavage site (dT-dT) recognized by MNase;
and (iii) incorporation of Fx, a nucleoside analogue used in
cancer treatment that also has antibacterial activity against S.
aureus. However, its antibacterial and therapeutic properties
are not the focus of this study [37, 48]. We selected TTFx sys-
tem together with its variants, including FxTT, in which Fx is
positioned before the TT core, and Fx Control as a TT-free
control. These substrates showed slightly higher visibility in
the NucleoProbe assay compared to unmodified DNA (Sc12),
but similar performance was observed in nuclease activity as-
says when 1:400 diluted TSB was spiked with MNase (Fig.
4B and Supplementary Fig. S11). Moreover, bacterial super-
natants of. S. epidermidis and E. coli showed no activity with
the TTFx substrate, as only the supernatant from the S. aureus
culture increased the TRL signal (Fig. 4C and D) [37]. The

presence of the nucleases in all supernatants was confirmed
by using Sc12 and titration of the supernatants, confirming
the MNase specificity (Supplementary Fig. $12). When the as-
say with three bacterial strains and four substrates was per-
formed to obtain more detailed information, the correct func-
tionality of the NucleoProbe technique became evident (Fig.
4D). In these conditions, Sc12 DNA (positive control) was ef-
ficiently cleaved by nucleases derived from all supernatants,
as Fx Control (negative control) was preserved intact in all
cases. MNase-specific TTFx and FXTT were cleaved only in S.
aureus supernatants, while TTFx and FxTT stayed intact in S.
epidermidis and E. coli supernatants (Fig. 4D). Results were
further confirmed in Ca?*-ion chelating conditions, showing
MNase Ca?* dependency, but also non-metal-catalyzed func-
tion of other nucleases present (Supplementary Fig. S13). It
is worth mentioning that while the results with the Nucleo-
Probe were highly similar compared to the previously reported
FRET-based technique used for the original selection of the
MNase-specific substrates [37], the substrate and supernatant
concentrations are nearly three orders of magnitude lower, fur-
ther highlighting the sensitivity of the NucleoProbe technique.

Finally, we briefly assessed the applicability of the Nucleo-
Probe technique in urine, keeping in mind its possible usabil-
ity for nuclease-based bacterial identification in the future. As
the NucleoProbe is inherently nonspecific, it is not designed as
a clinical method as such, but for research purposes. Expect-
edly, we saw that as the urine composition from different indi-
viduals varied, the NucleoProbe functionality was also differ-
ently affected. By adopting the DS composition and substrate
oligonucleotide concentration with the 1:100 urine dilution,
this effect could be mainly circumvented, and sufficient S/B ra-
tios were obtained (Fig. 5A). Importantly, all four samples en-
abled oligonucleotide detection, and based on further MNase
activity results performed with one spiked urine, nuclease ac-
tivity was also sensitively monitored with the same pattern
of activity for Sc12 and TTFx substrate as in the spiked TSB
(Figs 4B and 5B). However, the need for assay adjustment
for each urine sample individually makes the NucleoProbe te-
dious to use and clearly prevents its diagnostic use as such.

In conclusion, NucleoProbe provides a universal and highly
sensitive platform for both endo- and exonuclease activ-
ity monitoring across diverse complex environments. Its
substrate-independent and label-free design holds promises
for the method’s wide applicability, also beyond oligonu-
cleotide concentration and nuclease activity monitoring. For
example, NucleoProbe potentially enables the study with
other DNA/RNA processing enzymes or the stability monitor-
ing of modified oligonucleotides aimed to be used in biomedi-
cal applications. However, further studies to explore the tech-
nique in biological fluids such as blood and human serum,
are yet to be performed. However, to enable clinical use, the
method needs to be redesigned to increase the robustness in
varying biological assay matrixes.
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