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Abstraction

In this article, we have designed a sensitive and recycled DNB (DNA nanoball)
nanoarrays sequencing complex structures based on BGISEQ-500RS sequencer for
the monitoring performance of Exo III activity. In the shortage of Exo III, the
effective number ratio of DNB would be captured by an optical system due to one
fluorescent. In contrast, in the presence of Exo III, some DNB would disappear or
discard from the fields of the optical system by fluorescence extinction and
uncleaned fluorescent, respectively. As a result, the effective number of DNB of this
strategy was relative to the concentration of Exo III. For Exo III, our strategy showed
a highly sensitive linear response in the low detection range of 0.01 U/mL to 0.5
U/mL, with detection limits below 0.01 U/mL. With the comparison between DNB
nanoarrays and other fluorescent sensors, this study possessed superior sensitivity,

selectivity, and reusability, accompanying with the low cost and simple setup.
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1. Introduction

Exonucleases are DNA enzymes that participate in a hydrolyzing reaction which
break phosphodiester bonds at the end of a polynucleotide chain, and cleave one
nucleotide at a time. The exonuclease family is concerned with the sustenance of
cellular metabolism and physiological processes, such as aiding DNA proofreading
and sustaining the stability of the genome [1]. Exonuclease III (Exo III) belongs to
the exonuclease family with 3’-termini to 5’ -termini exonuclease activities, that
works by stepwise removal of mononucleotide from the 3’-OH termini of double-
stranded DNA when the substrates are recessed or blunt, and the 3’-terminus does not
require any specific recognition site and presents lower activities on single-stranded
DNA or duplex DNAs with a protruding 3’-terminus, acts an indispensable role in
some cellular and physiological processes, and is also imperative to preserving the
stability of the genome[2]. In the process of DNA replication, Exo III owns the
requisite capacities in DNA proofreading, stimulating gene recombination reactions,
and repairing DNA double-strand breaks [3, 4], undertaking the precision of the DNA
replication process and preserving the mutation rates in a cell [5, 6]. Studies [7] have
described that the deficiencies in both over and low expression of 3’ to 5’ end
exonucleases can begin cells to deliver inaccurate transcription and misleading
translation, which subsequently increases the risk to cancerization, especially under
prolonged stress. Therefore, investigations for the detection of Exo III are significant
because they can be used as a detector for diseases. Unquestionably, it is completely
urgent to develop well-performed analytical methods that can produce a rapid and
precise measurement of the activity of 3'—5'exonucleases in a complex biological

milieu [8].

Ordinarily, conventional approaches for 3’ end to 5’ end exonuclease activity
detection are based on gel electrophoresis and radioactively labeled DNA probes [9].
But, these traditional methods are characterized by time-consuming, tedious steps,
inherent security concerns, and more higher costs [10, 11]. To overcome the

restrictions mentioned above, scholars have attempted numerous studies on
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biosensing systems for 3’—5’exonuclease activity. For instance, a label-free detection
method based on K*-induced G-quadruplex and ThT dye for Exo III by using a DNA
hairpin probe has advantages as simple and low cost [12]. The device of graphene
oxide-based fluorescence assay promotes the detection sensitivity of Exo III from
0.01U to 0.05U [13]. The Tb 3+-induced G-quadruplex conjugates form a rapid and
label-free fluorescent “turn-on” assay for Exo III detection [14]. The interaction
between SYBR Green I and double-strand DNA has stimulated a novel assay for real-
time monitoring of the 3’—5’exonucleases [15]. In Jiang’ group, they used the
principle of long-range resonance energy transfer between graphene oxide and
ethidium bromide, developed a simple label-free fluorometric scheme for DNA
exonuclease activity [16]. The multiple exonuclease detection method is created by a
triple color fluorescent probe which can serve as a lab-on-a-DNA-molecule for
multiple exonucleases or restriction endonucleases detection synchronous [17].
Nevertheless, the above-mentioned techniques displayed one or more disadvantages,

such as insensitive, time-consuming or uneconomical.

DNB (DNA nanoball) nanoarrays provides the array of fluorescent signals in
DNB sequencing technology, which can be captured by a sequencer optical system.
Besides, through the effective number ratio of DNB analysis, uncleaned fluorescent
DNB will be discarded at last. This study intends to develop a new economy and rapid
Exo III detection method through DNB sequencing technology. In this work, the DNB
sequencing complex (DSC), as the substrate of Exo III, is the 3'-recessed end double-
strand DNA structure that can polymerize the blocked-fluorescently-labeled dNTPs
and exhibit signals. This strategy can detect Exo III activity with detection limits
below 0.01 U/mL. With the comparison between DNB nanoarrays and other
fluorescent sensors, this assay occupies superior sensitivity, selectivity, and

reusability, accompanying with the low cost and simple setup.

2. Materials and Preparations

2.1 Materials
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In this part, we introduce materials or reagents used in this project. MGIEasy PCR-
Free DNA Library Prep Set (Cat. No. 1000013452) for ssDNA (circle DNA) library
construction. BGISEQ-500RS Make & Load Reagent 4rxn kits (Cat.No.1 000008235)
are to prepare DNB nanoarrays. BGISEQ-500RS PE100 Sequencing Reagent kit
which consists of wash buffer, reaction buffer and dye marked dNTPs
(Cat.no.1000008229) can provide fluorescent signals for detection. All of the above-
mentioned kits are purchased from MGI (BGI, China). Exo III with a specific activity
of 100 U/ml, Exonuclease I (10 U/ml), T4 PNK (10 U/ml) and 10 x reaction buffer
we used in this research are obtained from MGI (BGI, China) too. 0.5M EDTA
(pHS8.0) buy from Sigma. TE buffer is from Invitrogen (pH8.0, 10mM tris, and ImM
EDTA). Deoxynucleotide Solution (dATP, dCTP, dGTP, dTTP) and Lambda Exo buy

from NEB. Ultrapure water (18.2MQcm ™) is utilized during all the experiments.

2.2 Oligonucleotides

The Ecoli genomics (Bacterial species: ATCC-8739) obtained from the microbiology
lab of the China national gene bank (CNGB). Oligonucleotides we used in the
experiments are showed in Table 1, which are synthesized by Beijing Liuhe (BGI

Techsolutions), and dissolved in TE buffer and stored at —20 °C for further use.

Table 1 Oligonucleotides information

Oligo Sequences 5°- 3’
Marker-Primer cy5-GAACGACATGGCTACGATCCGACTT
T-Primer GAACGACATGGCTACGATCCGACTT

2.3 Preparations
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We follow the instructions of MGIEasy PCR-Free DNA Library kit mentioned above,
which are for ssDNA construction, and get 2.15ng/ulL ssDNA with the main size on
320nt. The concentration of 20min rolling circle amplification (RCA) products is
8ng/ul when ssDNA inputs are 40fmol. The DNB is loaded on a nanoarray flow cell
by following instructions of BGISEQ-500RS Make & Load kit.

3. Results and discussion

In this section, we have described the experimental procedures and results. A
schematic illustration of the main experimental process of Exo III activity detection is
shown in Figure 1, which is executed on BGISEQ-500RS sequencer with BGI-cPAS
sequencing technology. In single-terminal sequencing of BGI-cPAS sequencing
technology, the sequencing primers or reads sequences combined on the DNB
template that could form a 3’-blunt end or 3'-recessed end of dsDNA and produce
signals when the blocked and fluorescently-labeled dNTPs were polymerized. This
DNB sequencing complex (DSC) are the substrate of Exo III, which only catalyze the
stepwise removal of mononucleotides from 3'-termini of dsDNA. While the presence
of Exo III, DSC structure can be digested and released free DNB, that cannot be
detected by the sequencer optics system. When the DNB template rehybridize
primers, each DNB would be read again through the specific fluorescence signal.
Additionally, Exo III activity probably be judged from signal to effective number
ratio of DNB (ESR) too. Therefore, this propositional design allows the sensitivity to

the Exo III activity.

Primer ¥ oxs T, BxoTn
@ pNApolymerase ¥ ¥ M M Fluorescent Labeled INTP
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Figure 1. Schematic illustration of the reusable and sensitively Exo III detection with based on

cPAS sequencing technology and BGISEQ-500RS sequencer system.
3.1 Feasibility of Exo III detection

To verify the feasibility of the current strategy, a simple scheme is performed. The 3'-
recessed end of dsDNA we obtain from the hybridization of Cy5 labeled primer and
DNB complex. For the better hydrolyzation to this substrate of Exo III, we incubate it
on a heater 30min with 37 degrees. We take photos on BGISEQ-500RS sequencer
before and after Exo III treatment. Results, as shown in Figure 2, are visible that the
3'-recessed end of dsDNA could be identified by Exo III, while DNB is not
recognized. The Exo III hydrolyzes dye Cy5 labeled primers from DNB, which make
it impossible to see any DNB in the field. The new CyS5 labeled primers lead DNB

exposed to the optics detection system.

Figure 2. The DNB imaging results from BGISEQ-500RS sequencer. A) The DNB formed a 3'-
recessed end structure with Cy5 dye labeled primer (Marker-Primer), made DNB visible through
the BGISEQ-500RS sequencer; B) The DNB image results after EXO 111 treatment, fluorescence

signals lost due to the 3'-recessed end structure in A were identified by Exo I1I; C) DNB image
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reproduce again through rehybridization of Marker-Primers and DNB; D) DNB image results of

Channel A when T-Primer and fluorescently-labeled ANTPs were used
3.2 Specificity investigation

Many DNA enzymes have some effects in common with Exo III and play essential
roles in multiple biological processes. For some examples, the Exo I is the enzyme to
cut down single-strand DNA from 3’ end to 5’ end [18]. Lambda Exo removes
mononucleotides of 5 end from a duplex DNA[19]. T4 PNK is hunting for 5’ end
phosphorylation of DNA/RNA for subsequent ligation[20, 21].To validate the
specificity of methods for Exo III detection, we measure fluorescence signal of the
nanoarray DNBs by the sequencer towards those DNA enzymes which treated at 37
degrees 10 min with a concentration of 2U/mL . As shown in Figure.3, except for Exo
II1, no other DNA enzymes we used in this research could generate significant
changes in fluorescence intensity and DNB number-efficiency ratio, which is an

indication of excellent specificity for Exo III detection by using this technique.
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Figure 3. Specificity for Exo III detection. Fluorescence intensity of four INTPs and DNB

number efficiency ratio in different DNA enzyme.

3.3 Sensibility for Exo I1I
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To survey the sensitivity of our proposal method towards Exo I1I, we methodically
evaluate the relationships between ESR values and Exo III performance by varying
concentrations of Exo III from 0 to 2 unit/mL (0, 0.01, 0.05, 0.1, 0.25, 0.5, 1, 1.5, 2
U/mL) for 37 degrees, following by incubation with 10min. We extract the
fluorescence signal of four kinds of dNTPs from photos acquired by the BGISEQ-
500RS sequencer optical system, then calculate the ESR in that detection area. The
corresponding ESR values change with the Exo III concentration presented in Figure
4. Apparently, it increases gradually as the concentration of Exo III increase, with a
highly sensitive linear response at the range from 0.01 U/mL to 0.5 U/mL (details
were in the inset of Figure 4). The calibration curve of ESR at the linear range
concentration shows the regression equation of Y=0.0091X+0.9579 with a correlation
coefficient of 0.9612. Y axis is the ESR ratio values, and X axis presents the
concentration of Exo III. Note, while the Exo III concentration is too high, the ESR
ratio may decrease due to enzyme residues. Buffer washing also perhaps cause a
slight dropping of the ESR ratio, which probably led by the quenching of our

fluorescent dyes.
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Figure 4. DNB number efficiency values of different concentration of Exo III. The inset showed a

linear relationship between the DNB number efficiency values versus Exo III concentrations.

The detection limit of our proposed research plan is estimated to be lower than
0.01 U/mL, which is comparable to or lower than most of the Exo III detection
methods reported previously (Table 2). Taken together, the results of this study
demonstrate that DNB nanoarrays based on BGISEQ-500RS sequencer system might
provide a simple approach for the accurate quantification of Exo III activity by
possessing superior sensitivity, selectivity, and reusability, accompanying with the

low cost and simple setup.

Table 2. Comparisons of the present Exo III detection method with other fluorescent methods

Detection Detection Response
Method Reference
range (U/mL) limit (U/mL) time

Graphene oxide 5-120 1 60min [16]
SYBR Green | 1-200 0.7 110min [15]
Tb3+ 5-100 0.8 45min [14]
CuNPs 0.02-10 0.02 35min [2]
ThT 0-10 0.5 30min [12]
GO/HP 0.01-0.5 0.01U 20min [13]

DNB nanoarrays 0.01-0.5 <0.01U 10min This work
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To further recognize the relationships between the excision capability of Exo 111
and the double helix length of DNA in this DNB nanoarray method, DNB double-
strand length of 30bp, 60bp, 90bp, 120bp, 150bp, 180bp, 210bp and 240bp are
generated respectively by using a single-end sequencing (SE sequencing) on cPAS
BGISEQ-500RS sequencer system. In this section, the working concentration and
temperature of Exo III are 0.5U/mL and 37degree respectively, after 10 minutes, T-
primers rehybridize on the DNB template. Then, the camera of the BGISEQ-500RS
sequencer collects fluorescence intensities from each nanoarray DNBs when cPAS
reactions are performing. As Figure 5 shows, the length range of double-helix DNA is
below 60bp, the recover fluorescence intensities variations are not significant. While
the DNA double-helix length is from 60bp to 120bp, fluorescence signals are
weakened, but not obviously. As the length range is over 120bp, we can observe the
recover signals keep decaying. These phenomena present that the double-strand
length of a DNB sequencing complex (DSC) can affect the efficiency of Exo III
which make some signals of a part of DNB copy numbers are invalid and regarded

during signal analysis by the sequencer software.
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Figure 5. The recover fluorescence intensities of four fluorescently-labeled dNTPs after Exo 111

excision reactions at the different DNB double-strand helix length.

3.4 Reusability verification
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For the repeatability of this technology for Exo III detection, we collect the
performance of ESR to experiment frequency. Our experimental process in this part is
that DNB is captured by sequencer first under fluorescently-labeled dNTPs. Then,
Exo III is used to remove fluorescently-labeled sequences from DNB. Third, new
primers and fluorescently-labeled dNTPs led DNB visible and form the new DNB
sequencing complex structures which are the substrate of Exo III. All the experiments
of this part conduct at the same optimum conditions, that is, Exo III is working 10min
at 37 degrees with a concentration of 0.5U. 1X reaction buffer is employed in control
experiments. As shown in Figure 6, the ESR values keep much stabilized even we did
five times of experiments on one DNB nanoarrays flow cell, indicating that DNB
sequencing technology with BGISEQ-500RS sequencer for Exo III detection is
characterized by recycled, sensitively and specific. Y represents the ESR ratio, and X

is the number of experiments by Exo III working.
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4. Conclusions
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In summary, a highly sensitive and reusability project for the detection of Exo III
activity has developed, which depends on the DNB sequencing technology based on
digestion from the 3'-recessed end of DNB sequencing structures by Exo III. The
method prefers good sensibility to Exo III with a detection limit of 0.01 U/mL.
Furthermore, compared with other reported studies, this strategy has traits of repeat
use, simplification experimental techniques, and none DNA design, which could be
more feasible and lower cost. Concurrently, this method exhibits high sensitivity and
selectivity for the detection of Exo III, which is anticipated to be employed for disease

diagnosis and therapy.
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