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Bacterial topoisomerase | is a potential target during the course of antibacterial drug therapy. In our studies,
specifically designed small DNA circles with high bending stress were synthesized. It is demonstrated that
small DNA circles showed high inhibitory effect on the activity of bacterial topoisomerase | and the single-
stranded regions associated with bending deformation in DNA circles are believed to be the crucial factor
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solution. In addition, the DNA circles showed high thermal stability and excellent nuclease resistance. In
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Introduction

Topoisomerases are essential enzymes which have the special
ability to change the topological structures of DNA by cleaving
the DNA backbone and then rejoining it in the cells.” Those
ubiquitous proteins are reported to be involved in many cellular
processes such as replication, transcription and recombination
and critical for cell growth and proliferation.** For the impor-
tance of their cellular role, some topoisomerases are reported to
be selected as the targets of anti-cancer drugs and antibiotics.”
Bacterial type IIA topoisomerases, topoisomerase IV and DNA
gyrase for example, are well utilized clinical targets for anti-
bacterial chemotherapy.'®"* However, resistance of bacterial
pathogens to current antibiotics has grown to be an urgent
crisis. Compounds that can inhibit the activities of bacterial
type IA topoisomerases have been extensively studied in recent
years.>*

Bacterial topoisomerase I belongs to type IA topoisomerase,
which can cause single-stranded break on substrate DNA and
then re-seal it.">'® During the course of its action, topoisomer-
ase I can covalently attach to the 5 end of the broken DNA
strand. It has been confirmed that single-stranded regions in its
substrate DNA are the crucial binding locations for the activity
of bacterial topoisomerases 1."”*® Yang and co-workers reported
that short linear duplex oligonucleotides containing single-

“College of Biology and the Environment, Nanjing Forestry University, 159 Longpan
Road, Nanjing, 210037, China. E-mail: dwli@njfu.edu.cn

bJiangsu Key Laboratory for Biofunctional Molecules, College of Life Science and
Chemistry, Jiangsu Second Normal University, Nanjing, 210013, China. E-mail:
Wwbei@jssnu.edu.cn

‘The Southern Modern Forestry Collaborative Innovation Center, Nanjing Forestry
University, 159 Longpan Road, Nanjing, 210037, China

t Electronic supplementary information (ESI) available: Material and methods,
sequences of oligonucleotides and ICs, calculation. See DOI: 10.1039/c9ra02398d

This journal is © The Royal Society of Chemistry 2019

idea for the future design and optimization of DNA-based therapeutic agents for antibacterial therapy.

stranded segments can serve as the inhibitory agent for bacte-
rial topoisomerases 1.'*° However, those linear oligonucleo-
tides exhibited low thermal stability and poor nuclease
resistance. In addition, the helical structure of linear duplex
oligonucleotides is different from the negatively supercoiled
circular DNA (as the innate substrate of bacterial top-
oisomerases I), which may decrease the affinity between the
inhibitor and enzyme. On the other hand, small DNA circles
occur in nature, for example as protein-constrained loops, and
can be synthesized by a number of methods.”*** It has been
reported that forcible curvature in small circular DNA can be
recognized by DNA topoisomerase I** More importantly,
torsional stress can cause local unwinding of the double helix in
DNA mini-circles,**?® which is the indispensable binding loca-
tion for the activity of type IA topoisomerases. Inspired by those
previous discoveries, we therefore speculated that the disrup-
tions of the regular helical structure caused by DNA bending in
small circular DNA could be targeted by bacterial topoisomerase
I, which may decrease the effective concentration of the topo-
isomerase in the reaction solution. In this work, the possibility
of using small DNA circles as the irreversible inhibitors of
bacterial topoisomerase I was investigated. A series of covalently
closed mini-DNA circles with different size were designed and
synthesized. Our results show that all the duplex circular
oligonucleotides exhibited inhibitory effect on the activity of
bacterial topoisomerase I and the most efficient one displayed
an ICs, value of 10 nM. All the circular DNA in our studies
display excellent thermal stability and nuclease resistance.

Results and discussion

In order to investigate the possibility of using mini-DNA circles
as the efficient inhibitors of bacterial topoisomerases I, a series
of duplex circular oligodeoxyribonucleotides (cODNs) were
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designed and synthesized. All sequences of ODNs are shown in
Table S1.f The covalently closed duplex cODNs were obtained
by annealing two single-stranded ODNs and then sealing the
breaks in DNA backbone* (see detail in Materials and
methods). The cODN-1, cODN-2 and cODN-3 possess 66, 86 and
106 base pairs (bp) in length respectively, in which high
bending stress exists in their circular backbone.** Another
circular DNA of 300 bp (DC-300) was obtained by ligase-
catalyzed ring closure of linear DNA with complementary
cohesive ends according to our previous reports.””*® It is clear
that bending and torsional stress increase with decreasing of
the ring size. It is our speculation that the disruptions and local
unwinding of double helix caused by DNA bending and
torsional deformations in the cODNs could be recognized by
bacterial topoisomerases I. As shown in Fig. 1, in the absence of
cODNs (left side), the plasmid DNA is relaxed by the topo-
isomerase. On the other hand, because of the existence of the
similar structure with single-stranded region in both substrate
plasmid and small DNA circles, bacterial topoisomerases I can
be trapped by cODNs (right side) and the plasmid relaxation
reaction is inhibited.

With the aim to verify whether the cODNs can inhibit the
relaxation activity of bacterial topoisomerases I, negatively
supercoiled plasmid pBR322 was used as the substrate of the
relaxation reaction in the presence of cODNs. The inhibitory
efficiency can be evaluated by measuring the variation in
relaxation percentage of supercoiled pBR322.** As shown in
Lane 2 in Fig. 24, all DNA products were in its relaxed confor-
mation (upper band) after the negatively supercoiled plasmid
(lower band in Lane 1 in Fig. 2) was treated with bacterial top-
oisomerases I within 30 minutes in the absence of cODNs.
However, few relaxed products can be found when a 66 bp of
cODN-1 (100 nM) was added into the relaxation reaction, which
indicates that cODN-1 suppressed the activity of bacterial top-
oisomerases I and acted as an inhibitor in the relaxation reac-
tion (Lane 3). With the purpose of investigating the correlation
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Fig. 1 Illustration of the supercoiled plasmid relaxation catalyzed by
bacterial topoisomerase | in the presence or absence of cODN.
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Fig. 2 The inhibition of pBR322 relaxation induced by ODNs. (A)
Electrophoretic analysis of relaxation products. Lane 1: pBR322 alone;
the relaxation assay performed with no ODN (Lane 2), 66 bp of cODN-
1 (Lane 3); 86 bp of cODN-2 (Lane 4), 106 bp of cODN-3 (Lane 5); 300
bp of DC-300 (Lane 6) and 66 bp of ODN-1-L (Lane 7). ODNs was kept
constant at 100 nM in all of the assay mixtures if added. (B) EMSA
analysis of bacterial topoisomerases | and 66 bp of cODN-1 interac-
tion. Lane 1: cODN-1 alone; Lane 2: cODN-1 and 3 U bacterial top-
oisomerases | are incubated at room temperature for 15 min. Lane 3:
the mixture obtained in Lane 2 was digested by proteinase K. The gel
electrophoresis was run at 4 °C, 100 V.

between inhibitory efficiency and degree of DNA bending,
another three small circular DNA (86 bp, 106 bp and 300 bp)
were used as the inhibitors in the relaxation assay.

As shown in Lane 4 to 6, the inhibitory efficiency decreased
with the increasing of the size of DNA circles, which is consis-
tent with the suggestion that the deformation of DNA double
helix associated with DNA bending is the crucial factor for the
inhibitory action on the activity of bacterial topoisomerases I. In
order to further confirm the inhibition caused by the local
unwinding of the double helix associated with the bending
stress in cODN-1, a 66 bp linear duplex DNA was prepared and
used as the inhibitor with the same concentration of cODN-1 in
the relaxation assay. The linear duplex DNA has the same
nucleotide sequence with cODN-1 but no forcible torsional
stress accumulates in its backbone. As shown in Lane 7 in
Fig. 2A, most of plasmids were relaxed and no apparent inhib-
itory effects can be found. It has been reported that single
stranded regions existed in small DNA circles with highly
bending stress but not in its linear counterpart that was proved
by single-strand specific endonucleases assays.** The observa-
tions in our studies indicate that the inhibition effect was
indeed caused by the bending and torsional deformation of
local double helix in highly bending cODNs.

In order to study the affinity between 66 bp of cODN-1 and
bacterial topoisomerases I, electrophoretic mobility shift assay
(EMSA) was used to study the binding of the proteins on the
small DNA circles. It is clear that DNA-protein complex often
shows slower mobility shift than the unbound DNA in native
PAGE.* As shown in Fig. 2B, comparing with free cODN-1 (Lane
1), a much more slower moving band (Lane 2) can be observed
when the DNA circles were treated with bacterial top-
oisomerases I. However, the free DNA band was recovered after
the mixture in Lane 2 was digested by proteinase K (Lane 3),
which verified that the slower band in Lane 2 is caused by the
formation of DNA-protein complex. It has been reported that
the bacterial topoisomerase I weakly binds a relaxed DNA mini-
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circle of 235 bp and exhibits a stronger binding on its negatively
supercoiled topoisomers.** In the current studies, the strong
binding affinity between the cODN-1 of 66 bp and bacterial
topoisomerase I was observed. Although the cODN-1 was ob-
tained by circularization of linear oligonucleotides, high
bending and torsional stress accumulates along the backbone
of cODN-1, which can cause the deformation and kinks of
double helix in the very small DNA circles.> The local disrup-
tion of DNA duplex in cODN-1 may be recognized by bacterial
topoisomerase I. In addition, it has been studied that the
multiple bend locations in the DNA mini-circles with high
torsional stress can be determined by the sequence,** which
may provide a new method to optimize the sequence of the
small DNA circle and increase the affinity between the mini-
DNA circles and topoisomerase.

With the purpose to investigate the possibility to increase the
inhibitory efficiency of small DNA circles by creating more
single-stranded segments, a series of cODNs with different
length of mismatched base pairs were designed and synthe-
sized. Originally, the mismatched segments were designed in 66
bp of cODN-1. Unfortunately, we failed to produce those DNA
mini-circles, possibly due to the obstruction of ligation caused
by highly DNA bending.* However, several new cODNs were
obtained by making some mismatched regions in 86 bp of
cODN-2. The cODN-2-M1, cODN-2-M3, cODN-2-M5, cODN-2-M7
contain 1, 3, 5 or 7 mismatched base pairs and were used as the
inhibitors in the relaxation reaction catalyzed by bacterial top-
oisomerases I (see Table S1} for detail sequence information).
The assay results were observed in the presence of 50 nM
cODNs. As shown in Fig. 3, all the newly synthesized mismatch-
containing cODNs exhibited high inhibitory effect on the
activity of bacterial topoisomerases 1. More importantly, the
attenuation magnitudes of bacterial topoisomerases I activities
are gradually suppressed when the length of single-stranded
regions are increased from cODN-2-M1 to cODN-2-M7 by add-
ing the amount of mismatch. The observation is consistent with
the suggestion that the inhibition efficiency could be improved
with increasing the single-stranded regions created by
mismatch in cODNs.

ICs, is a quantitative measure of the potency of a substance
in inhibiting a specific reaction and it indicates how much of
a particular inhibitor is needed to inhibit a given biological
process by half.>* In order to evaluate the inhibitory effect of the

pBR322 + + + o+ + + +
bacterial topoI - + + o+ + + +
cODNs (nM) 0 0 50 50 50 50 50
Lane 1 2 3 4 [}
mismatch segment (bp) 0 1 3 5 7

Fig. 3 The inhibition of pBR322 relaxation induced by mismatch-
containing cODNs. The relaxation assay performed in the presence of
cODN-2 (Lane 3), cODN-2-M1 (Lane 4); cODN-2-M3 (Lane 5), cODN-
2-M5 (Lane 6); cODN-2-M7 (Lane 7). The cODNs was kept constant at
50 nM in all of the assay mixtures if added.
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small DNA circles, the IC5, values of each cODNs were quanti-
fied. As shown in Fig. S1,f the relaxation percentages of
supercoiled plasmid pBR322 were monitored by agarose gel in
different concentration of cODNSs. It is shown that relaxation
efficiency decreased with the increase in concentration of each
cODN. Inhibition percentages are plotted against the loga-
rithms of cODNs concentration and are fitted to the sigmoid.
ICs, is quantified as the concentration of cODNs at which 50%
of enzyme activities are inhibited. As shown in Table 1, among
cODNs without particular designed mismatch regions, the most
efficient inhibitor is 66 bp of cODN-1 and the IC;, value is
36.4 nM which is about 10 folds lower than that of its linear
counterpart (ODN-1-L, 396.2 nM). In addition, the ICs, values of
cODNs increase with the increasing of ring size. The observa-
tion suggested that the smaller DNA circle with highly bending
stress can act as better inhibitor in relaxation reaction. On the
other hand, the most efficient inhibition is achieved by cODN-2-
M7 and the ICs, value is 10 nM which is 8 folds lower than that
of cODN-2. The ring size of cODN-2 and cODN-2-M7 is same and
the only difference between the two DNA circle is that 7 mis-
matched base pairs exist in cODN-2-M7. The result indicated
that mismatched regions in cODNs can facilitate the increasing
of inhibition efficiency. The data shown in Table 1 are consis-
tent with the results in Fig. 2 and 3. In addition, the single-
stranded circular (scODN-1) and linear (ODN-1-f) oligonucleo-
tides were used as the inhibitors of bacterial topoisomerase I
and ICs, values were also measured (Table 1 and Fig. S27). The
results show that the single-stranded oligonucleotides exhibited
high inhibitory effect on the activity of bacterial topoisomerases
I no matter which conformation they take. Although single-
stranded oligonucleotides showed excellent inhibition effi-
ciency in our in vitro relaxation reaction assays, they may be
easily degraded by nucleases or trapped by single-stranded
specific binding proteins in vivo.

Yang and co-workers reported that linear oligonucleotides
containing mismatch or bulge can act as the irreversible
inhibitors of bacterial topoisomerase 1,'*° but no direct
evidence such as the formation of covalent complex between
DNA and proteins was provided in their studies. In order to
investigate whether cODNs can cause the irreversible damages
to bacterial topoisomerase I, the complex formed between

Table1 1Csoof ODNs on the inhibition of Btopo | are quantified by the
relaxation assay (Fig. S1 and 2 for detailed to calculate the ICsq in ESI)

Oligonucleotide IC5 (nM)
cODN-1 (66 bp, circular) 36.4
cODN-2 (86 bp, circular) 85.7
cODN-3 (106 bp, circular) 144.2
DC-300 (300 bp, circular) 281.1
ODN-1-L (66 bp, linear) 396.2
cODN-2-M1 (circular) 60.2
cODN-2-M3 (circular) 33.1
cODN-2-MS5 (circular) 19.2
cODN-2-M7 (circular) 10.0
SCODN-1 (66 nt, single-stranded circular) 9.3
ODN-1-f (66 nt, single-stranded linear) 8.8

RSC Adv., 2019, 9, 18415-18419 | 18417
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cODN-1 and bacterial topoisomerase I was examined by the
denatured PAGE. As shown in Lane 2 in Fig. 4A, the DNA-
protein complex was observed. Since the non-covalent interac-
tions between biomolecules can be disrupted in the gel running
condition, the result suggests that the complex was formed
through covalent interactions between DNA and protein.
However, the band of cODN-1 was recovered after proteinase K
digestion, which implies that the phosphate backbone of cODN-
1 kept integrity during the course of DNA-protein complex
formation. With the aim to study whether cODNs can inhibit
the activity of bacterial topoisomerases I in a long time period,
time-dependent assay of relaxation of pBR322 is performed in
the presence of cODN-1. On one hand, in the absence of cODN-
1, almost all pBR322 plasmids were relaxed after the reaction
time reach 3.5 h. Then an extra 100 ng pBR322 was added and
the reaction mixture was further incubated for another 0.5 h. It
is shown in Lane 7 in Fig. 4B that the newly added pBR322 was
relaxed, which indicated the activity of enzyme still remains in
the reaction solution even it was incubated at 37 °C for 3.5 h. On
the other hand, as shown in Lane 3-6, no apparent increase of
relaxed products can be found when the reaction mixture was
incubated up to 3.5 hours. The result suggests that the inter-
action between cODN-1 and bacterial topoisomerases I is rela-
tively stable and inhibition effect of cODN-1 remains although
the prolonged time is set in the reaction. In addition, the
control experiment was performed to rule out the possibility
that inhibition assays were affected by the bovine serum
albumin in reaction buffer. As shown in Fig. S3,t no apparent
difference was observed when the plasmid relaxation inhibition
assays were performed in the reaction buffer with or without
bovine serum albumin.

In order to evaluate the thermal stability of ODNs used in our
studies, cODN-1, scODN-1 and ODN-1-f were incubated at
different temperature in the same buffer condition. As shown in
Fig. 5A-C, the DNA circles (cODN-1 and scODN-1) kept integrity
and no decomposed product is observed. However, degradation

products were found when ODN-1-f (single-stranded
proteinase K - - + B
CODN-1 4 4+ + pBR322 (ng) 100 100 100 100 100 100 100+100
bacterial topol - + + incubation time (h) - 05 05 15 25 35 35+0.5
Lane 1 3 bacterial topo I - + + + + + +
CODN-I(nM) 0 0 8 8 8 8 0
Lane 1 2 3 4 5 6 7

Fig. 4 Analysis of the interaction between bacterial topoisomerases |
and cODN-1. (A) Denatured PAGE analysis of DNA—protein complex.
Lane 1: cODN-1; Lane 2: cODN-1 and 3 U bacterial topoisomerases |
are incubated at 37 °C in reaction buffer for 15 min. Lane 3: the mixture
obtained in Lane 2 was digested by proteinase K. (B) Time-dependent
relaxation assay in the presence of cODN-1. The reaction mixtures
were incubated at 37 °C for 0.5 h (Lane 3), 1.5 h (Lane 4), 2.5 h (Lane 5)
and 3.5 h (Lane 6) in the presence of 80 nM cODN-1. After 3.5 h
relaxation of pBR322, an additional 100 ng pBR322 was added and
further incubated for another 0.5 h (Lane 7).
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Fig. 5 Thermal stability and nuclease resistance assays of ODNs. The
cODN-1 (A), scODN-1 (B) and ODN-f-1 (C) were incubated at 25 to
90 °C for 30 min in same buffer conditions (50 mM NaCl, Tris—HCL, pH
= 7.6). The cODN-1 (D), scODN-1 (E) and ODN-f-1 (F) were digested
by exonuclease | and exonuclease Il for 30 minutes in same reaction

conditions. The cODN-1 (G), scODN-1 (H) and ODN-f-1 (I) were
digested by S1 nuclease for 15 minutes in same reaction conditions.

oligonucleotide) was heated to 90 °C for 30 minutes. The
melting of the linear duplex ODN-1-L is 71.4 °C (based on
calculation of OligoAnalyzer provided by IDT) and its duplex
structure will be denatured at 90 °C. In addition, the exonu-
clease and endonuclease sensitivity of the three DNA molecules
were also examined. As shown in Fig. 5D-F, cODN-1 and scODN-
1 remained while ODN-1-f was completely degraded when those
DNA molecules were treated with exonuclease I and exonuclease
III. S1 nuclease, a type of endonuclease, was also used to
examine the stability of the ODNs in our studies. As shown in
Fig. 5G-I, single-stranded oligonucleotides (scODN-1 and ODN-
1-f) were completely degraded by the S1 nuclease within 15
minutes. However, only a faint band was observed when cODN-
1 was treated with S1 nuclease in the same reaction condition.
This happens because the deformation of double helix exists in
the backbone of cODN-1 and it can be recognized and cleaved
by the S1 nuclease to produce the linear duplex DNA.

Conclusions

In conclusion, a series of cODNs were synthesized and used as
the inhibitors of bacterial topoisomerases I. The cODNs showed
high inhibitory efficiency and the most efficient one displayed
an ICs, value of 10 nM. It is believed that the single-stranded
region associated with bending deformation in cODNSs is the
crucial factor for the binding of bacterial topoisomerases I and
the irreversible damages to the enzyme can be generated by
forming the covalent cODN-protein complex. In addition, the
cODNs showed high thermal stability and excellent nuclease
resistance. Although DNA-based biopharmaceuticals have the
advantages of low cytotoxicity and can be prepared easily,****
the risk of host genome integration should be taken into
consideration during the further design of the new type of DNA-
based antibacterial agents. In addition, it should be pointed out
that the small DNA circles alone can hardly penetrate into
bacteria and exhibit bacteria growth inhibition effect in the
current stage. However, we believe that it is possible to facilitate
the delivery of oligonucleotides into bacteria with the

This journal is © The Royal Society of Chemistry 2019
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development of the drug-delivery carriers based on nanotech-
nology and pharmaceutics. It is our hope that the results re-
ported in the current studies could benefit our understanding
of the mechanism of type I topoisomerase catalyzed DNA
relaxation and provide a new idea for the future design and
optimization of DNA based therapeutic agents for antibacterial
therapy.
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