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Abstract

Short DNA catenanes [circular double-stranded DNA (dsDNA)] have attracted considerable interest for constructing nanostructures and nanoma-
chines, as well as understanding DNA topology. The study of topoisomers of a circular dsDNA with a definite linking number (Lk) is essential
but very difficult for simplifying the complex problems about DNA topology. The topoisomers are difficult to prepare, especially in the case that
two strands are completely complementary. In this study, using a model system, we prepared all eight topoisomers (LkO-Lk7) of a 79-bp-long
circular dsDNA (8-14 nm in size) by utilizing aid-DNA to prevent undesired hybridization. By rapid ligation before strand displacement, high se-
lectivity (>75%) for most topoisomers (31% for Lk1) was achieved under the strict topological control. All eight topoisomers with high purity
were obtained after purification. Using a gel shift assay with Z-DNA-specific binding proteins, as well as by circular dichroism chromatography
and enzymatic digestion, it was found that Z-DNA forms for topoisomers LkO-Lk6, and LkO-Lk5 can be converted to Lk6 by topoisomerase |.
The approach developed in this study can significantly contribute to DNA or RNA topology, particularly the effect of topological constraints on

DNA structures and functions.

Graphical abstract

Introduction

DNA topology is of great significance to biology, but the
corresponding mechanisms are still unclear. It is well known
that the circular double-stranded DNA (dsDNA) genome of
a plasmid or bacterium is a catenane of two complementary
single-stranded DNAs (ssDNA), wherein these two strands
wind (or intertwine around each other) for many turns (~10.4
bp/turn). Notably, a segment (ranging from hundreds to thou-
sands of base pairs) of the linear genome in eukaryotic cells
exhibits a similar topology to that of circular dsDNAs, given
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the immense size of chromosomes (usually longer than 107 bp)
(Supplementary Fig. S1). The regulation of this DNA topology
is of great significance for biological systems. In Escherichia
coli, for example, the topoisomerases can modulate supercoil-
ing to an optimal density (approximately —10% to —5%).
The superhelical density (o), also referred to as “specific link-
ing difference,” equals (Lk — Lkg)/Lko, where Lk is the ac-
tual linking number of a circular dsDNA and Lk is the num-
ber of turns in the relaxed DNA. Negatively supercoiled DNA
has relatively high free energy and tends to unwind the DNA
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double helix, which facilitates replication and transcription
[1-3]. Due to this torsional stress for unwinding (or unwind-
ing stress), other DNA secondary structures prefer to form,
such as Z-DNA [4-6], cruciform DNA structures [3, 7], and
triple helix (H-DNA) [8, 9], which can play roles in gene
regulation. Obviously, the dsDNA circles with the same se-
quence but varying linking numbers (referred to as DNA
topoisomers) are essential materials for the study of DNA
topology. However, it is very difficult to precisely control the
topology of circular dsDNA to achieve a specific and de-
sired state, especially when two ssDNA strands are completely
complementary.

It has been reported that the formation of Z-DNA can play
arole in gene regulation associated with cancer cell metastasis,
oxidative tissue damage, necroptosis, and inflammation [10-
14]. Endogenous Z-DNA binding proteins in humans, such
as ZBP1 (an innate immune sensor) and ADAR1 (double-
stranded RNA-specific adenosine deaminase), have significant
functions in these processes [12, 13]. Nevertheless, we are still
far from understanding Z-DNA and these proteins. It has been
found that Z-DNA can form almost for any sequence [not
limited to alternating purine—pyrimidine (APP) sequences like
(dCdG), ] under the topological constraint of negative super-
coils [15], suggesting that Z-DNA (as well as Z-RNA) is much
easier to form than we thought. The left-handed structure may
play a persistent role in normal cells. Therefore, there is an
urgent need for accessible tools and materials to study DNA
topology and Z-DNA. However, traditional models that gen-
erate topological stress and induce DNA unwinding, such as
plasmids and nucleosomes, face challenges in precisely con-
trolling a short Z-DNA (~12 bp) or a transcription bubble
(~17 bp). In contrast to long dsSDNA molecules, the short cir-
cular dsDNAs (30—150 bp), which cannot form negative su-
percoils due to the rigidity of dsDNA, have the potential to
simulate the unwinding of DNA duplexes.

Several studies have attempted to unravel the mysteries of
DNA topology [15-33]. For example, mixtures of multiple
topoisomers with negative supercoils (lol < 17%) of circu-
lar plasmid dsDNA (>2000 bp) were prepared using ethid-
ium bromide (EB) as the intercalator: a relaxed plasmid with
a nick was first mixed with EB, followed by ligation with T4
DNA ligase [16-19]. Similarly, DNA minicircles ranging from
454 to 235 bp with higher superhelical density (lol < 27%)
were successfully generated [20-26]. However, precise control
over the linking number remains challenging, and most topoi-
somers exist as mixtures [20, 27-29]. Furthermore, studying
the topological effects is complicated due to the dynamic equi-
librium between a supercoil state and the partially unwound
state (Supplementary Fig. S1A) for a long circular dsDNA
(>300 bp) [30, 31]. Bates and Hobson et al. reported that
DNA minicircles (116 bp) exhibited a superhelical density
close to —20% after treatment with DNA gyrase [27, 32],
but obtaining other isomers proved difficult. It is well estab-
lished that DNA minicircles shorter than 150 bp struggle to
form supercoils due to the rigidity of dsDNA. We showed
that a short (70-111 bp) circular dsDNA (Lk = 0) forms the
Z-B chimera (consisting of a Z-DNA segment and a B-form
segment) without forming supercoils [15, 33]. In a nucleo-
some, 146-bp dsDNA wraps around the histone complex in
1.65 turns (88.5 bp/turn, 0 = —11.8%) to form the nega-
tive supercoil of toroid style, i.e. one-start left-handed helix,
which is different from the plectoneme style (two-start right-
handed helix with terminal loops). If the histones dissociate,
a loop structure of ~200 bp is formed with topological stress

(0 = —8.6%). Accordingly, constructing topoisomers of ds-
DNA minicircles (<100 bp) may provide deeper insights into
DNA topology and its biological significance.

Several groups have attempted to prepare topoisomers of
small ssDNA catenanes. Li et al. reported that two topological
isomers (Lk1 and Lk2) shorter than 100 nt could be obtained
for a catenane formed from two ssDNAs that are partially
complementary to each other [34]. It is noteworthy that, in
this study, Lk# (n = 0—7) denotes the topoisomer with a link-
ing number of 7 (e.g. LkS indicates the topoisomer with a link-
ing number of 5). They employed scaffold DNAs to prevent
undesired hybridization, especially for preparing the catenane
of Lk1 (the topoisomer with a linking number of 1). However,
these topoisomers are less biologically significant because they
contain dozens of mismatches (with high flexibility), making
it difficult to induce topological constraint. Thomas et al. pre-
pared a mixture of topoisomers of Lk7 and Lk8 for a 95-bp
circular dsDNA (ALk = —2 and —1, corresponding to super-
helical densities of —11% and —22%, respectively) using EB
[35]. Du et al. obtained the specific topoisomers of 84-bp (ALk
= —1,0 = —12.5%) and 63-bp catenane (ALk = —1, 0 =
—16.7%) by controlling the ligation temperature [36]. How-
ever, these methods are unable to produce pure topoisomers
with other linking numbers for further study.

Materials and methods

Materials

All oligonucleotides used in this study (see sequences in
Supplementary Table S1) were purchased from Sangon
Biotech (Shanghai, China). T4 polynucleotide kinase, T4
DNA ligase, exonuclease I, exonuclease III, ATP, UTP, GTP,
CTP, RNase inhibitor, and DNA ladders were obtained from
Thermo Scientific (Pittsburgh, PA, USA). Topoisomerase I
(Topo-I), T7 RNA polymerase, Hinfl, BtsCI, EcoRI, BAL
31, and S1 nuclease were from New England Biolabs Inc.
(Ipswich, MA, USA). BAL31 nuclease was from Takara Bio
Inc. (Beijing, China). Z-DNA-specific antibody (Z22) was
from Absolute Antibody Ltd (Oxford, UK). The fluorescent
dye EvaGreen was from Biotium (Fremont, CA, USA), and Ul-
tra GelRed (a dye that stains both dsDNA and ssDNA) was
from Vazyme (Nanjing, China). All other chemicals were from
Sigma—Aldrich (St. Louis, MO, USA).

Synthesis of circular ssDNA and linear DNA from
two fragments by ligation

Prior to the ligation experiments, a phosphate group was en-
zymatically introduced to the 5’-end of each linear DNA sub-
strate (La-p1, La-p2, Ls-p1, and Ls-p2). The solution for phos-
phorylation (40 ul) contained DNA substrate (40 uM), ATP
(1.0 mM), and T4 polynucleotide kinase (0.625 U/ul) in 1x
buffer (50 mM Tris-HCI, 10 mM MgCl,, 5.0 mM DTT, and
0.10 mM spermidine) and was incubated at 37°C for 12 h. The
mixture was incubated at 75°C for 10 min. The preparation of
circular DNA (Cs and Ca) was carried out using the one-pot
ligation method from multiple fragments [37]. Single-stranded
linear DNA substrates (final concentration of 2.0 uM), splints
(final concentration of 4.0 uM), and T4 DNA ligase (final con-
centration of 0.10 U/ul) were mixed in 100 ul of 0.1x T4
DNA ligase buffer (0.05 mM ATP, 1.0 mM MgCl,, 1.0 mM
DTT, and 4.0 mM Tris-HCI, pH 7.8 at 25°C). The reaction
was incubated at 25°C for 12 h, and then terminated by incu-
bating the mixture at 65°C for 10 min. For purification of the
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Figure 1. Strategy for preparing varying topoisomers (LkO-Lk7) of a 79-bp-long dsDNA minicircle using topological control. (A) Sequences of Cs (circular
DNA of the sense strand) and La (linear DNA of the antisense strand). (B) Structural diagram of each topoisomer with a specific Lk. (C) Schematic
illustration of Strategy A (StrA). After AidC (aid-DNA complementary to the circular strand) hybridizes with Cs, La is added and immediately ligated by T4
DNA ligase. The aid-DNA prevents further hybridization between La and Cs, enabling the isolation of topoisomers (Lk4-Lk6). (D) Schematic illustration of
Strategy B (StrB). AidC and AidL (aid-DNA complementary to the linear strand) are used. AidC hybridizes first with Cs to form a structure containing a
5-nt loop, facilitating the bending of the resulting duplex. Two AidL strands hybridize with La to inhibit strand displacement prior to ligation. By adjusting
the length of AidC and AidL, varying topoisomers (Lk1-Lk4) with smaller linking numbers can be obtained. The lengths and complementary positions of
aid-DNA strands are designed to control the Lk precisely (see sequences in Supplementary Table S1).

circular DNA (Cs and Ca), unreacted or by-products of linear
DNA were removed by treatment with 1.0 U/ul exonuclease I
in its 0.5 x buffer (37.5 mM glycine-KOH, 3.35 mM MgCl,,
5.0 mM B-ME, pH 9.5 at 25°C) at 37°C for 12 h [37].

Preparation of topoisomers of short circular dsDNA
using Strategy A

The basic procedure for StrA (Fig. 1C): After mixing Cs and
AidC in a buffer, the solution was heated to 90°C and main-
tained for 3 min. The solution was gradually cooled (0.1°C/s)
from 90°C to 25°C and incubated at 25°C for 10 min. T4
DNA ligase was added first to above solution, and then La
was added and incubated at 25°C for 30 min. The reaction
was terminated by incubating at 65°C for 10 min (inactiva-
tion of T4 DNA ligase), followed by treatment with exonu-
clease I and exonuclease III at 37°C for 2 h to digest any re-
maining linear DNAs. For polyacrylamide gel electrophore-
sis (PAGE) analysis, 0.5 pmol of DNA samples were typically
loaded.

Typical conditions for ligation (20 pl total volume; see
Fig. 2 and Supplementary Table S1 for sequences): 2.4 ul of
prepared Cs (1.7 uM in 0.5x exonuclease I buffer, 0.08 x
T4 DNA ligase buffer, and 0.08x T4 polynucleotide kinase
buffer), 0.8 pl of La (5.0 uM in 1.0x T4 DNA ligase buffer),
2.0 ul of AidC (2.4 uM in H;0), 2.0 ul of T4 DNA ligase
buffer (10x), and 11.8 ul of H,O were added. Then, 1 ul of
T4 DNA ligase (1 U/ul) and 0.8 ul of La (5 uM in 1x T4
DNA ligase buffer) were added. The final concentrations of
Cs, La, AidC, and ligase were 0.2 uM, 0.2 uM, 0.24 uM, and
50 U/ml, respectively.

Typical protocol and conditions for digestion by exonucle-
ases (21.6 ul total volume): To 20 ul of the above solution, 0.8
ul of exonuclease I (10 U/ul) and 0.8 ul of exonuclease III (5.0
U/ul) were added. The final concentrations of exonuclease I
and exonuclease III were 0.37 and 0.19 U/pl, respectively.

Preparation of topoisomers of circular dsDNA
using StrB

The basic procedure for StrB (Fig. 1D): After mixing Cs and
AidC in a buffer, the solution was heated to 90°C and main-

tained for 3 min. The solution was gradually cooled (0.1°C/s)
from 90°C to 25°C, and incubated at 25°C for 10 min to
obtain Mix-A. Similarly, Mix-B containing La and AidL was
prepared according to above protocol. After T4 DNA ligase
was added to Mix-A, Mix-B was added, and then incubated
at 25°C for 30 min. The reaction was terminated and treated
with exonuclease I and exonuclease III with the similar pro-
tocol as StrA.

Typical conditions for ligation (20 pl total volume): For
Mix-A, 2.4 ul of Cs (1.7 uM in 0.5x exonuclease I buffer,
0.08x T4 DNA ligase buffer, and 0.08x T4 polynucleotide
kinase buffer), 2.0 ul of AidC (2.4 uM in H,O), 1.0 ul of T4
DNA ligase buffer (10x), and 4.6 ul of HO were mixed. For
Mix-B, 0.8 pl of La (5 uM in 1x T4 DNA ligase buffer), 2.0 ul
of AidL® (2.4 uM in H,0), 2.0 ul of AidL} (2.4 uM in H,0),
1.0 ul of T4 DNA ligase buffer (10x),and 2.2 ul of H, O were
mixed. After 2 ul of T4 DNA ligase (1.0 U/ul) was added to
Mix-A, Mix-B was added. The final concentrations of Cs, La,
AidC, AidL, and ligase were 0.2 uM, 0.2 uM, 0.24 uM, 0.24
uM, and 0.1 U/ul, respectively.

Preparation of the topoisomer Lk1 using a long
linear phosphorothioated aid-DNA (first
circularized and then linearized using |I,)

To a tube, 4.8 ul of Cs (1.7 uM), 1.6 ul of AidC104 (6 uM),
and 1.0 pl of T4 DNA ligase buffer (10x) were mixed. The
mixture was heated to 90°C and kept for 3 min, and it was
gradually cooled (0.1°C/s) to 25°C and kept for 10 min. Then,
1.0 pl of T4 DNA ligase (5.0 U/ul) and 1.6 ul of La were
added, followed by incubation at 25°C for 30 min for ligation.
To above solution (10 pl), 1.6 ul of Splint aj.py, 1.0 ul of T4
DNA ligase buffer (10x), 1.0 ul of T4 DNA ligase (5.0 U/ul),
and 6.4 pl of water were added, followed by incubation at
25°C for 30 min for ligation, subsequently increased to 65°C
for 10 min (inactivate the ligase).

To the above mixture (20 ul), 4.0 ul of I, /KI solution (30
mM I, 150 mM KI), 4 ul of Tris-HCI buffer (pH 9.0, 500
mM), and 12 ul of water were added and incubated at 25°C
for 60 min [38]. Finally, the solution was treated with 1.0 U/ul
exonuclease I and 1.0 U/ul exonuclease III with the similar
protocol as described previously.
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Figure 2. Sequence design (A, B, C) and dPAGE analysis of ligation results (D, E, F) for preparing six topoisomers. (A) For preparing Lk1 using one AidC
for protecting Cs and two aid-DNAs for La. The nomenclature: AidC64 indicates it is 64 nt long and complementary to Cs; “®*AidL? works together with
AidC64 to prepare a topoisomer. (B) For preparing Lk1, Lk2, Lk3, and Lk4 (StrB). 6*AidL2 and “®*AidL" work together with AidC64 (to prepare Lk1) or
AidC54 (to prepare Lk2), “**AidL? and ¢““*AidLP with AidC44 to prepare Lk3, and “2°AidL? and 22AidL" with AidC44 to prepare Lk4. (C) For preparing Lk5
and Lk6 (StrA). Aid-DNA for targeting La is not required. Panels (D) and (E) show 6% and 15% dPAGE results for analyzing the cases using AidC64,
AidC54, AidC44, and AidC29 (StrB), as well as AidC33 (StrA). Lane 1: Cs; lane 2: Lk7 topoisomer obtained by ligating hybrid of Cs and Ls without
protection by aid-DNAs; lanes 3-6: AidC64, AidC54, AidC44, and AidC29 (StrB); lane 7: AidC33 (StrA); lanes 8-12: digestion of products in lanes 3-7 by
exonucleases. (F) Six percent dPAGE results for analyzing the cases using AidC29 (StrB) and AidC33 (StrA). Lane 1: Cs; lane 2: La; lane 3: AidC29 (StrB);
lanes 4 and 5: AidC33 and AidC20 (StrA); lane 6: digestion of products in lane 5 by exonucleases. Cs and AidC, and La and AidL were hybridized in 1x T4
DNA ligase buffer and 10 mM MgCls,, followed by ligation by 0.40 U/l T4 DNA ligase at 25°C for 30 min. [Cs] = [La] = 0.20 puM, [AidC] = [AidL] = 0.24

uM. dPAGE gel contains 25% formamide and 7.0 M urea.

Preparation of the topoisomer Lk5 using an
aid-DNA that is circularized on Cs followed by
linearized using EcoRl

To a tube, 1.6 ul of AidC69 (a linear ssDNA, 5.0 uM), 1.6
ul of 2 AidA (partially complementary to AidC69, 6.0 uM),
and 1.0 pl of 10x T4 DNA ligase buffer were mixed and an-
nealed (90°C for 3 min, 0.1°C/s to 25°C, 25°C for 10 min).
Then, 4.8 ul of Cs (1.7 uM) was added to the above mixture
(4.2 pl) and incubated at 25°C for 10 min. After adding 1.0
ul of T4 DNA ligase (5.0 U/ul), the mixture (designated as
Mix-A) was incubated at 25°C for 30 min. In another tube,
1.6 pl of La (5.0 uM), 1.0 ul of 10x T4 DNA ligase buffer,

and 6.4 pl ©®AidL (1.5 uM) were added and annealed (90°C
for 3 min, 0.1°C/s to 25°C, 25°C for 10 min) to obtain a mix-
ture (designated as Mix-B). After 1.0 ul of T4 DNA ligase (5.0
U/ul) was added to Mix-A, Mix-B was added, and then incu-
bated at 25°C for 30 min, and then 65°C for 10 min. The final
concentrations of Cs, La, AidC69, “®?AidA, “®®AidL, and lig-
ase were 0.4 uM, 0.4 uM, 0.4 uM, 0.48 uM, 0.48 uM, and
0.5 U/ul, respectively. Then, to the above mixture (20 ul), 4.0
ul of EcoRI (20 U/ul), 4.0 pl of 10x rCutSmart buffer [500
mM KAc, 200 mM Tris—acetate, 100 mM Mg(Ac),, and 1000
pg/ml recombinant albumin, pH 7.9 at 25°C], and 12 ul of
water were added and incubated at 37°C for 60 min. Finally,



the solution was treated with 1.0 U/ul exonuclease I and 1.0
U/ ul exonuclease IIT using a protocol similar to that described
previously.

Cleavage of the dsDNA by Hinfl and BtsCl

Typical protocol for digestion by Hinfl (10 ul total vol-
ume): 2.5 pl of ligation products (0.2 uM in 1x T4 DNA
ligase buffer), 1 ul of Hinfl (0.5 U/ul or 10 U/ul), 1 ul of
rCutSmart buffer (10x), and 5.5 ul of H;O were mixed and
incubated at 37°C for a specified duration (e.g. 30 min or 12
h). The final concentrations of ligation products, Hinfl, and
rCutSmart buffer were 0.05 uM, 0.05 U/ul (or 4.0 U/ul), and
1x (50 mM KAc, 20 mM Tris—acetate, 10 mM Mg(Ac),, and
100 pg/ml recombinant albumin, pH 7.9 at 25°C), respec-
tively. Specific conditions for other experiments are provided
in the figure captions.

Typical protocol for digestion by B#sCI (10 ul total vol-
ume): 2.5 pl of topoisomers (0.4 uM in H,O), 1 pul of BzsCI
(0.5U/ul), 1 ul of rCutSmart buffer (10x), and 5.5 ul of H,O
were mixed. The reaction was incubated at 50°C for 30 min.
The final concentrations of topoisomers and BtsCI were 0.1
uM and 0.05 U/ul, respectively. Usually, a 0.5 pmol sample
was analyzed on polyacrylamide gel with temperature control
at 10-20°C.

Digestion of topoisomers by S1 nuclease

Typical protocol (10 ul total volume): 2.5 ul of topoisomers
(4 uM in H,0), 1 ul of S1 nuclease (0.1 U/ul), 2 ul of S1
nuclease buffer (5x), and 4.5 ul of H,O were mixed. The re-
action was incubated at 37°C for 30 min, and the enzyme was
removed by extraction using phenol and chloroform. The fi-
nal concentrations of topoisomers, S1 nuclease, and the buffer
were 1.0 uM, 0.01 U/ul,and 1 x (200 mM sodium acetate, 1.5
M NaCl, and 10 mM ZnSOy, pH 4.5), respectively.

Digestion of topoisomers by BAL31 nuclease
Typical protocol (10 pl total volume): 2.5 pl of topoisomers
(4 uM in H,O), 1 ul of BAL31 nuclease (0.001 U/ul), 5 ul of
BAL31 nuclease buffer (2x), and 1.5 ul of H,O were mixed.
The reaction was incubated at 30°C for 30 min, and the en-
zyme was removed by extraction using phenol and chloro-
form. The final concentrations of topoisomers, BAL31 nucle-
ase, and the buffer were 1.0 uM, 0.0001 U/ul, and 1x [20
mM Tris-HCI, pH 8.0, 600 mM NaCl, 12 mM CaCl,, 12
mM MgCl,, 1 mM ethylenediaminetetraacetic acid (EDTA)],
respectively.

Treatment of topoisomers with Topo-I

Typical protocol (10 pl total volume): 2.5 pl of topoisomers
(0.4 uM in H,0), 1 ul of Topo-I (0.1 U/ul), 1 ul of rCutSmart
buffer (10x), and.5 pul of HO were mixed. The reaction was
incubated at 37°C for 2 h. The final concentrations of topoi-
somers and Topo-I were 0.1 uM and 0.01 U/ul, respectively.
Specific conditions for other experiments are provided in the
figure captions.

Measurement of T,, by HRM

The Ty, values of topoisomers were determined by high-
resolution melting (HRM) method [39]. Preparation of the
sample (10 pl total volume): 2.5 ul of topoisomers (2.0 uM
in H,0), 1 ul of HEPES (100 mM, pH 7.0), 1 ul of MgCl,
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(100 mM), 0.5 ul of EvaGreen fluorescent dye (20x), and
5 ul of H,O were mixed. The final concentrations of topoi-
somers, HEPES, MgCl,, and EvaGreen fluorescent dye were
0.5 uM, 10 mM, 10 mM, and 1x, respectively. The mix-
ture was annealed in a PikoReal Real-Time PCR instrument
(Thermo Scientific, Finland) with a cooling rate of 0.1°C/s
from 90°C to 10°C. The fluorescence data were collected
over a temperature range of 10-95°C in 0.2°C increments.
At least three parallel tests were made for one plate, and
T values were calculated by the first derivatives of melting
curves.

Gel shift assay for binding of topoisomers with
antibody 222

Typical protocol and conditions (10 pl total volume): 2.5 ul
of topoisomers (0.40 uM in H,O), 1 ul of HEPES (100 mM,
pH 7.0), 1 ul of MgCl, (100 mM), 2.5 ul of Z-DNA-specific
antibody (Z22) (0.20, 0.40, 0.80, or 1.60 uM), and 3.0 ul of
H,0O were mixed. The reaction was incubated at 25°C for 2
h. The final concentrations of topoisomers, HEPES, MgCl,,
and Z22 were 0.5 uM, 10 mM, 10 mM, and 0.25-2.0 uM,
respectively. The products of hybrids were analyzed by 12%
native PAGE in 1x TBE running buffer (89 mM Tris, 89 mM
boric acid, and 2.0 mM EDTA, pH 8.3) at 20°C.

Circular dichroism spectroscopy

The sample was prepared as follows (300 pl total volume): 60
ul of topoisomers (20 uM in H,O), 30 ul of HEPES (100 mM,
pH 7.0), 30 ul of MgCl, (100 mM), and 180 ul of H,O were
mixed and annealed (80°C for 3 min, 0.1°C/s cooling, 25°C
for 30 min). The final concentrations of topoisomers, HEPES,
and MgCl, were 4.0 uM, 10 mM, and 10 mM, respectively.
The spectra were recorded from 220 to 330 nm at the speed
of 100 nm/min (JASCO Corporation, Japan). Quartz cuvette
with path length of 1 mm was used. Each CD spectrum pre-
sented here was an average of at least five scans. Samples were
equilibrated at each temperature for at least 3 min before the
analysis. The baseline was calibrated with the corresponding
buffer.

Difference spectra of Lk2 were obtained by subtracting
0.62x the spectrum of the corresponding Lk7 from the origi-
nal spectrum of Lk2, considering that the length of the B-DNA
portion in Lk is 62% of the total length (79 bp). The Ty, of
Z-DNA in Lk2 was obtained by calculating the first derivative
of the curve reflecting the CD signal change at 295 nm.

Results

Molecular design and preparation of eight
topoisomers of a 79-bp-long circular dsDNA

The isomers (Lk1-Lké6) of a 79-nt-long circular dsDNA are
prepared using well-designed aid-DNAs as shown in Fig. 2
and Table 1. The circular ssDNAs of Cs and Ca are prepared
from two fragments via a one-pot ligation approach (yield
>95%) developed by our group (Supplementary Fig. S2) [37].
It is obvious that the topoisomer of Lk7 (linking number is 7)
can be obtained by ligation after hybridization of Cs and La,
as the pitch of the B-DNA duplex is ~10.4 bp. In fact, only
one band of product (assigned as Lk7) was observed after lig-
ation, demonstrating that the yield for Lk7 was almost 100%
(lane 2 in Fig. 2D and E). When Cs and its circular comple-
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Table 1. Lengths for ssDNA and dsDNA parts of Cs and La after hybridization with aid-DNAs

Strategy Topoisomer Cs (5'-3') La (5'-3')
ssDNA for dsDNAP Unprotected AidC ssDNAs for dsDNAP Unprotected AidLd
catenane® (nt) (bp) ssDNAS (nt) (nt) catenane? (nt) (bp) ssDNAS (nt) (nt)
StrB Lk1 10 32 +32 S 64 10 + 10 20 + 20 19 20 + 20
Lk2 20 27 +27 5 54 10 + 10 20 +20 19 20 +20
Lk3 30 22 +22 5 44 15+ 15 20 +20 9 20 + 20
Lk4 45 14 + 15 5 29 22 +23 18 + 16 0 39
StrA LkS 46 33 0 33 79 0 0 0
Lké 59 20 0 20 79 0 0 0

3The ssDNA for the catenane refers to the single-stranded region that is not protected by aid-DNAs. For La (StrB), there are two ssDNA regions (x + y),
corresponding to the single-stranded portions near the 3’ and 5’ ends, respectively.

bFor both Cs and La, there are two dsDNA parts (x + y) for StrB.

“The unprotected ssDNA is the ssDNA part after hybridization with aid-DNAs.

dFor StrB (Lk1, Lk2, Lk3), two dsDNAs parts (x + y) are formed prior to ligation.

mentary strand (Ca) are mixed, LkO is obtained (with a yield
close to 100%) consisting of a Z-DNA part and a B-DNA
part, as reported previously [33].

The design principles for aid-DNAs used in the prepara-
tion of other topoisomers (Lk1-Lk6) are described as fol-
lows (Supplementary Fig. S3). By adjusting the length and
sequence of aid-DNA to prevent unexpected hybridization,
varying topoisomers (corresponding to the length of the hy-
bridization part between Cs and La) can be obtained. No-
tably, longer aid-DNA results in a shorter hybridization part,
and the obtained topoisomer has a smaller linking number
(Fig. 1C and D). For an aid-DNA that is complementary to
the circular ssDNA (Cs), it is designated as AidC, whereas
one complementary to the linear ssDNA (La), designated as
AidL. To prepare topoisomers with Lk1-Lk4, for example,
one AidC and one (for Lk4) or two (for Lk1-Lk3) AidLs are
used (StrB, Supplementary Fig. S3). For the preparation of
Lk1, Lk2, Lk3, and Lk4, the expected lengths of hybridiza-
tion parts between Cs and La are about 10, 21, 31, and 42 nt,
respectively. The topoisomers of Lk5 or Lké are expected to
be prepared by using only one short AidC (33 nt for LkS5, 20
nt for Lk6) on Cs (StrA). The expected hybridization lengths
between Cs and La after constraining are ~52 and 63 nt, re-
spectively (Supplementary Fig. S3).

In detail, for preparing topoisomers of Lk1-Lk6, the se-
quences of aid-DNAs were designed as shown in Fig. 2A-C
and Table 1 (see also the sequence in Supplementary Table S1).
Take Lk1 as an example (Fig. 2A): to remain a 10-nt-long
ssDNA part in Cs and in La for hybridization to form the
Lk1 topoisomer after ligation, AidC64 protects two 32-nt-
long parts on Cs, and “6*AidL? and “6*AidLP protect two
20-nt-long parts on La. In “*AidL? and “®*AidLP, the super-
script of C64 indicates that these two aid-DNA strands work
together with AidCé4 to control the linking number. Before
the hybridization of Cs and La, AidC64 forms two 32-bp-
long duplexes with Cs, and “**AidL?* and “*AidL" form two
20-bp-long duplexes with La to prevent undesired hybridiza-
tion between Cs and La. After hybridization between Cs and
AidCé64, a 5-nt-long internal loop is designed to bend this 64-
bp-long duplex so that the remaining 10-nt-long part is not
so taut. Following the mixing of protected Cs and La in the
presence of T4 DNA ligase, the hybridization between Cs and
La as well as ligation (for end-sealing) occurs simultaneously,
so that the topoisomer of Lkl can form. For the prepara-
tion of the topoisomers of Lk5 and Lk6, only one AidC is

used (Table 1 and Fig. 2C), because they require protection
of only 27-nt-long and 16-nt-long regions, respectively. As
shown in Fig. 2C, longer protected regions (using AidC33 and
AidC20) are designed to prevent complete displacement by
unprotected La.

The ligation products were analyzed by dPAGE using
strong denaturing conditions (25% formamide and 7.0 M
urea) to dissociate the 79-nt-long duplex (Fig. 2D and E). A
mixture of exonuclease I and exonuclease III was added to re-
move the linear ssDNAs (with free ends), and the undigested
one should correspond to the circular ssDNA. In the experi-
ments using AidCé64, AidC54, AidC44, and AidC29 in StrB
(together with corresponding aid-DNAs for La), several liga-
tion products not digested by the two exonucleases were ob-
served on 6% dPAGE (Fig. 2D), comparing lanes 3—6 (before
digestion) with lanes 8-11 (after digestion). Based on the se-
quence design, at least four topoisomers of Lk1-Lk4 should
be produced. From the difference in band intensity for these
four cases, four ligation products (P1-P4) were distinguished,
although we could not know their exact linking numbers only
from these results.

For the case using AidC33 in StrA (with no aid-DNA for
La), five new bands (P1-P35), including P3 and P4, were ob-
served after ligation (Fig. 2D and E). Since P7 had the same
mobility as Lk7 (see also lane 2 in Fig. 2D and E), it was as-
signed as the topoisomer of Lk7. As shown in Fig. 2F, for the
case using AidC20 in StrA (with no aid-DNA for La), P6 was
obtained as the main product (Supplementary Fig. S4), and it
was assigned as Lké6 (see Figs 3 and 4). Therefore, all seven
kinds of topoisomers (catenanes) may be produced.

Verification of obtained catenanes as topoisomers

To determine whether the prepared seven catenanes (circular
dsDNAs) are topoisomers with different linking numbers, we
used the restriction enzyme Hinfl to check whether their di-
gested products were the same (Fig. 3A). As shown in Fig. 3B,
these catenanes had similar mobility on the native PAGE, sug-
gesting that they were topoisomers but not polymers of cate-
nanes (see also Supplementary Fig. S5A). After 30 min of di-
gestion by 0.05 U/ul Hinfl, the catenanes supposed to have
higher linking numbers were digested much more rapidly than
those with smaller linking numbers (comparing lanes 10-17
with lanes 4-9, Fig. 3B), which is reasonable probably because
digestion is more challenging for catenanes with a higher ra-
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Figure 3. Verification of obtained circular dsDNA as topoisomers. (A) Diagram illustrating the digestion of circular dsDNAs by restriction enzyme Hinfl,
with a nicked structure as the intermediate. (B) Analysis of cleaved products by Hinfl (8% PAGE). Lane 1: DNA ladder; lane 2: a mixture of all the
obtained circular dsDNA after digestion by exonucleases; lane 3: linear 79-bp dsDNA, lanes 4, 6, 8, 10, 12, 14, and 16: circular dsDNA before digestion by
Hinfl; lanes 5, 7,9, 11, 13, 15, and 17: after digestion by Hinfl. Conditions: 0.05 uM circular dsDNA, 0.05 U/l Hinfl, 37°C for 30 min. (C) Analysis of
products cleaved by Hinfl under more stringent conditions (4.0 U/l Hinfl at 37°C for 12 h). Other conditions and lane arrangements are the same as

shown in panel (B).

tio of Z-DNA parts [33]. Similar results were also observed
under varying conditions (Supplementary Fig. S5B).

Interestingly, for P6 (in the case of AidC20), two new bands
appeared after digestion (lane 15 in Fig. 3B). The band with
higher mobility runs with the same speed as other lanes (com-
paring lane 15 to lanes 13 and 17 in Fig. 3B), and the other
band shows much lower mobility, even lower than that be-
fore digestion (comparing lane 15 to lane 14). When dPAGE
containing 8.0 M urea (without formamide) was used, two
bands were also observed (Supplementary Fig. S5B). The band
with lower mobility could be assigned as circular dsDNA with
a nick, similar to a nicked plasmid. Given that the length is
only 79 bp and the DNA is highly rigid, the nucleotides flank-
ing the nick may dissociate due to the strong stress, making
further digestion by Hinfl more difficult. After 12 h of di-
gestion by 4.0 U/ul Hinfl, as expected, almost all catenanes
were digested completely, and the products had the same
mobility (Fig. 3C). The digestion products exhibited higher
mobility on the gel, because the circular dsDNA changed
to linear dsDNA by dsDNA cleavage. These results show
that all these catenanes are topoisomers with varying linking
numbers.

Separation of topoisomers and determination of
their linking numbers

To determine the topology (linking number) of each topoi-
somer, these isomers must be separated and, if necessary, pu-
rified. Fortunately, mobility for topoisomers of short ssDNA

catenanes varies greatly with their linking numbers on dPAGE
of varying concentrations, which can be used as the basis
for determining the linking number [40, 41]. At low concen-
tration (4%) of dPAGE, the topoisomers with higher link-
ing numbers (more compact structure) migrate more rapidly,
whereas at higher concentration (e.g. >10%) of dPAGE,
the topoisomers with smaller linking numbers migrate more
slowly in some cases [40, 41]. Fig. 4 shows our results for
further analysis and characterization of topoisomers (see also
Supplementary Fig. S6).

As shown in Fig. 4A, all seven topoisomers (Lk1-Lk7) were
separated by using 4% dPAGE, although Lk1 showed only
slightly lower mobility than Lk2 (lane 4). According to previ-
ously reported findings [40, 41], and the information shown
in Fig. 2D-F, the linking numbers of all topoisomers were
temporarily determined as shown labeled at the right side of
Fig. 4A. Similar results (larger Lk gives higher mobility) were
also obtained using 6% dPAGE (Fig. 2D). However, for 10%
dPAGE, topoisomers of Lk1, Lk2, Lk3, and Lk4 show similar
mobility (difficult to separate) (Fig. 4B). When 20% dPAGE
was used, all topoisomers could also be separated, but the
difference between each two isomers is very small even af-
ter running for 40 h (Supplementary Fig. S6C). These results
are consistent with the above linking number determination.
On the other hand, these results demonstrate again that it is
difficult to separate all of them clearly using a single PAGE.
In some cases, the interference of Cs and Ca must be con-
sidered (Supplementary Fig. S6D). The relative mobilities of
Lk1-Lk7 on dPAGE of varying concentrations are summa-
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bar represents the standard deviation.

rized in Fig. 4C. It is noteworthy that Lk1 and Lk2 showed
higher mobility than Lk3 on dPAGE of higher concentrations
(10%—-20%).

The selectivity for preparing each topoisomer is shown in
Table 2. For Lk2, Lk3, Lk4, and Lk7, the selectivity can be
higher than 75%, demonstrating that the topological con-
trol was very successful. The highest selectivity for prepar-
ing LkS was 52.0% with StrA using AidC33 (Table 2). For
preparing Lk1, the most difficult one, the selectivity was only
about 10% when using AidC64 (StrB). By using AidC104,
a 104-nt-long aid-DNA containing five phosphorothioated
modifications (Fig. SA and C), the selectivity was improved
to 31.6% (Fig. SE). It is noteworthy that AidC104 was cir-
cularized by T4 DNA ligase to utilize the topological con-
straint for preventing undesired strand displacement. After
circularization of La to form the Lk1 catenane, circularized
AidC104 was linearized by using I, at the phosphorothioated
sites, as we reported previously [38], followed by removal with
exonucleases.

To improve the selectivity for preparing Lk5, we further de-
signed a long aid-DNA of AidC69 (Fig. 5B and D), which
is circularized after hybridization using Cs as the template.
AidC69 first hybridizes to “®° AidA, leaving a 15-nt ssDNA re-
gion at each end. These two 15-nt regions can then hybridize
with Cs (as the scaffold) and be sealed by T4 DNA ligase. Ac-

Table 2. Selectivity of topoisomers prepared by StrA and StrB

Method Selectivity (%)?

Lk0 Lkl Lk2 1Lk3 Lk4 Lk5 Lk6 Lk7

StrB AidCé64 0 10.9 88.2 0 0 0 0 0.88
AidCs54 0 0 92.4 0 0 0 0 7.6
AidC44 0 0 29 926 0 .11 0 3.4
AidC29 0 0 0 3.04 75.8 0.89 146 5.8
StrA AidC33 0 0 0 242 123 52.0 17.1 1e.1
AidC20 0 0 0 0 1.7 37 913 34
StrC AidC104 0 31.6 35.0 28.5 0 0 0 4.8
StrD AidC69 0 0 0 3.7 15.7 80.7 0 0
No aid-DNA 0 0 0 0 0 0 0 100
Mix Cs and Ca 100 0 0 0 0 0 0 0

Selectivity = (yield of each topoisomer)/(yield of all topoisomer). Six parallel
experiments were performed for each sample, and the average value was used.
The standard deviations ranged from 0.2% to 6.0%.

cordingly, circularized AidC69 (forming a catenane with Cs)
is resistant to displacement by La due to the topological con-
straint. Then, the 59-nt ssDNA region on La (after being pro-
tected by C69AidL) hybridizes with Cs to form a 49-bp duplex
with a nick, which is further sealed by T4 DNA ligase. Finally,
the circularized AidCé69 is cleaved by EcoRI, followed by re-
moving with exonucleases (Fig. 5B and D). As shown in Fig.
SF, the selectivity was improved to 80.7% (Table 2).
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Purification of topoisomers and their digestion by
Topo-I

After purification by gel cutting and recovery of separated
topoisomers, they were analyzed using 6% dPAGE (Fig. 6A),
demonstrating that all these seven topoisomers (Lk1-Lk7)
were obtained with high purity (single band). On an 8% non-
denaturing PAGE, the difference in mobility of LkO-Lk7 (eight
topoisomers) was much smaller, indicating that their shapes
and sizes are similar, demonstrating again that they are topoi-
somers (Fig. 6B). Interestingly, Lk6 showed higher mobility
(lane 6, Fig. 6B), probably because this circular dsDNA has a
different shape or partially dissociates due to the strong topo-
logical constraint (Fig. 7A).

Treatment of these topoisomers with Topo-I was also car-
ried out (Fig. 6C and D). Topo-I can cut one of the two strands
of dsDNA, relax the stress, and reseal the nick. As expected,
for LkO-Lk5 with strong stress to unwind part of this dsDNA
(similar to the plasmid with high superhelical density), a new
product with the same mobility as Lk6 was obtained after
Topo-I’s catalysis (Fig. 6C). For both Lk6 and Lk7, no change
was observed even under much more stringent conditions (Fig.
6D). Obviously, topoisomers can be transferred to Lk6 (with a
similar topological stress as normal genome dsDNA i vivo)
by Topo-I. Under more stringent conditions, a high yield of
Lké was obtained from LkO-Lk3, although some differences
can be observed (Supplementary Fig. S7).

Z-DNA can form for Lk1-Lk6

In our previous studies, we reported that LkO topoisomer
forms a chimera consisting of a Z-DNA (left-handed DNA)

part and a B-DNA (right-handed DNA) part even under
low ionic strength (e.g. 1.0 M MgCl,) [15, 33]. In fact, we
introduced to Cs and La a 12-bp-long APP sequence (5'-
TGCGTGCGTGCG-3'/5'-CGCACGCACGCA-3') that read-
ily adopts Z-conformation (Fig. 1A and Supplementary Table
S1). Accordingly, we are interested in determining whether
Lk1-Lk6 can form partially Z-DNA structures (Fig. 7A). The
topoisomers of Lk4-Lk7 can reflect the in vivo situation of
genome dsDNA to some extent with varying superhelical den-
sity (4-6). The formation of Z-DNA was checked by gel shift
assay using Z22, an antibody specifically binding to Z-DNA
(Fig. 7B). For Lk1—Lk$5, the band intensity of the topoisomers
gradually decreased as the ratio of antibody to topoisomers in-
creased, which is consistent with our previous findings (Fig. 7B
and Supplementary Fig. S8). Interestingly, the binding of Z22
was also observed for Lk6 (0.1 uM), although it occurred only
at higher concentrations of Z22 (0.2 or 0.4 uM, 1:2 or 1:4,
lanes 21-25). This result is particularly noteworthy because
the Z-DNA part, if formed, is only 7 or 8 bp long (Table 3). Ta-
ble 3 summarizes the lengths of B-DNA and Z-DNA in Lk0-
Lké in theory. After incubation at high temperature (>85°C),
the band of topoisomers (not binding to Z22) reappeared,
likely due to dissociation and denaturation of Z22 (lanes 3
and 4 in Supplementary Fig. S8). As expected, no binding was
observed for Lk7 (lane 6 in Supplementary Fig. S8).

The formation of Z-DNA in Lk2 and Lké (using Lk7 as
the control) was also confirmed by measuring circular dichro-
ism (CD) at 20°C (Fig. 7C). After subtracting the CD signal
of B-form DNA in Lk2, the difference spectrum (red line) dis-
played a pattern similar to that of Z-DNA, which was also
observed previously (the positive Cotton at 264 nm and the
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Figure 7. Assessment of Z-DNA formation and its position in topoisomers. (A) Structures of topoisomers containing Z-DNA parts of varying lengths. (B)
Gel shift assay for the binding of Z22 to topoisomers. Conditions: 0.1 uM topoisomers; molar ratio (topoisomer to Z22): 1:0.5, 1:1, 1:2, or 1:4; incubated
at 25°C for 2 h; 12% PAGE (20°C). (C) CD spectra of Lk2, Lk6, and Lk7 at 20°C. The difference spectrum (CD of Z-DNA segment in Lk2 (CD x, — 0.62 x
CD\k7) is shown (red line), and a typical CD spectrum of Z-DNA was obtained. (D) CD of Lk2 at varying temperatures (20-80°C). (E) Change of CD values
for Lk2 at 295 nm with temperature, and the first derivative curve with a peak (T,,) at 71.0°C. (F) Proposed positions of Z-DNA. The black arcs represent
the regions of Z-DNA sequences in each topoisomer (the number indicates the linking number). The recognition sites of the restriction enzymes Hinfl
and BtsCl are shown in dashed boxes. The black letters represent the APP sequences. (G, H) Digestion results (12% PAGE) for Hinfl and BtsCl,
respectively. Conditions: 0.1 uM topoisomer, 0.05 U/l Hinfl or BtsCl, incubated at 37°C (Hinfl) or 50°C (BtsCl) for 30 min.

negative Cotton at 295 nm) [15, 33]. From the CD spectrum
change with temperature (Fig. 7D) and the CD value at 295
nm with temperature (Fig. 7E), the melting temperature (Ty,)
of Lk2 was 71.0°C. These results demonstrate that Z-DNA
in Lk2 remains stable at least below 60°C, because the CD
signal belonging to Z-DNA was clearly observed at this tem-
perature (Fig. 7D). However, for Lk6, no obvious difference
was observed compared with Lk7, indicating that the poten-
tially formed 7- or 8-bp-long Z-DNA may not be so stable
(Table 3), and exists in equilibrium between partial dissocia-

tion and Z-DNA formation (Fig. 7A). It is also consistent with
the results shown in Fig. 7B; i.e. Z22 can bind to Lké and sta-
bilize the Z-DNA duplex at higher concentrations of Z22. The
structures of LkO—Lk5 and Lk7 are presumed to be ring- or
fusiform-shaped, with a diameter of ~10.5 nm.

Interestingly, no obvious CD change (neither wavelength
shift nor CD values) with temperature within the range of
20°C-80°C was observed for Lk6 (Supplementary Fig. S9A).
It indicates that the thermal stability of Lké6 is above 80°C at
least partially (e.g. a part of the 20-bp segment dissociates, and
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Table 3. Calculated Z-DNA length of topoisomers prepared by StrA and

StrB

Topoisomer® Lk0O Lkl ILk2 1ILk3 1Lk4 1Lk5 Lkeé Lk7
Turn number of 3.5 3.0 2.6 2.0 1.6 1.2 0.7 0
Z-DNA

Length of Z-DNA 42 36 30 24 20 14 7or8 0
(bp)

Length of B-DNA 35 41 47 53 57 63 69 74
(bp)

Superhelical - -0.87 -0.73 —0.60 —0.47 —0.33 —0.20 —0.067
density®

3Two B-Z junctions (1 bp each) are present for LkO-Lké6.
bCalculated using (Lk — Lkg)/Lko (Lko = 7.5). The values of superhelical density
do not reflect the real density (number) of the supercoils.

the remaining 59-bp duplex forms). It is noteworthy that Lk6
(an ssDNA catenane) should have a Ty, even higher than a lin-
ear 59-bp dsDNA, because the two strands of Lké6 cannot sep-
arate freely even after complete melting. More interestingly,
an obvious CD change was observed for Lk7 within the range
of 220-260 nm, when the temperature increased from 65°C
to 75°C (Supplementary Fig. S9B). This suggests that part of
Lk7 (e.g. 20 bp) may dissociate (with a similar structure as
Lké, but the dissociate parts also wind in a right-handed way
and contribute to the linking number) at temperatures above
65°C, due to the strong bending stress in the mini-dsDNA of
only 79 bp (Supplementary Fig. S9C).

It is well known that, compared with non-APP sequences,
APP sequences prefer to form Z-DNA, as the APP sequence
promotes the formation of alternating anti and sy conforma-
tions corresponding to the glycosidic bonds. Accordingly, we
hypothesize that Z-DNA is formed preferably around the APP
sequence (Fig. 7F). Two restriction endonucleases (Hinfl and
BisClI) were used to preliminarily determine the position of the
Z-DNA part (difficult to digest compared with B-DNA). As
expected, the digestion was more difficult for Lk0—Lk4 com-
pared with Lk5—Lk7 by Hinfl, whose recognition site is close
to the APP sequence (Fig. 7G). On the other hand, no obvious
difference was observed for digestion by BtsCI, whose recog-
nition site is at the position far from the APP site (Fig. 7H).
We also tried the digestion by S1 nuclease and BAL 31, two
ssDNA-specific endonucleases. Compared with Lk7, all other
topoisomers were digested more easily, demonstrating that the
B-Z junction can be specifically digested by ssDNA-specific
endonucleases (Supplementary Fig. S10). No obvious differ-
ence was observed for topoisomers of Lk1 to Lké6. The result
that no random digestion was observed for Lké6 indicates that
the Z-DNA may also form, at least to some extent, at 37°C
(the temperature for S1 digestion). Collectively, the Z-DNA
part (14-36 bp) can form under physiological ionic conditions
(around the APP sequence) for topoisomers of Lk1-LkS5. For
Lké6, Z-DNA can form but not so stable.

Discussion

In this study, as a model of a short dsDNA circle with different
topological constraints, we prepared, for the first time, all the
topoisomers (LkO-Lk7) of a 79-bp-long circular dsDNA by
using aid-DNA to prevent undesired hybridization. All these
topoisomers were separated by PAGE and purified (Fig. 4).
Compared with longer circular dsDNA, the 79-bp one is very
difficult to form negative supercoils (neither the toroid style
nor the plectoneme style) due to the rigidity of dsDNA (with
the persistence length of 50 nm or 150 bp), so that allow-

ing us to simplify the structural analysis (e.g. mainly consid-
ering the partial formation of Z-DNA or dissociation). For a
longer circular dsDNA like a plasmid, the topology is more
easily transmitted or converted to other forms. The topoiso-
mers we constructed can be used to study the effect of superhe-
lical density on the structure of dsDNA, including unwinding
or Z-DNA formation. Accordingly, we overcame significant
challenges and completed this challenge. Obviously, our ap-
proach offers advantages over previously reported methods
[32, 35, 36].

Because two strands (79 nt) are fully complementary, strict
control over the linking number or hybridization length is ex-
tremely difficult due to the strand displacement by aid-DNA.
The timing of ligation is very important but difficult to con-
trol. If the ligation is too slow, strand displacement occurs;
if the ligation is too fast, insufficient hybridization between
Cs and La occurs. In addition, even when the hybridization
is strictly controlled, the Lk can also change (£1) depending
on the direction in which one strand (La) stretches below or
above another strand (Cs) (Supplementary Fig. S3G). As a re-
sult, even in the presence of aid-DNAs, selectivity >90% was
only achieved for Lk2, Lk3, and Lké6 besides Lk0 and Lk7 (Ta-
ble 2). The relative simplicity for preparing Lk2 and Lk3 can
be explained by the large length difference between the duplex
for protection and the duplex for forming the catenane (Figs
2 and 3). The long protecting duplex formed with aid-DNA
is difficult to displace due to its high stability. Unexpectedly,
high selectivity (91.3%) of Lké was obtained, although the
duplex for protection was only 20 bp, probably because the
strand displacement was slow due to the topological disadvan-
tage. However, for other topoisomers of Lk1, Lk4, and Lk35,
only mixtures (containing at least two undesired topoisomers)
were obtained even under the protection of well-designed aid-
DNAs. Although StrB is more suitable for the preparation of
smaller Lk topoisomers, two aid-DNAs are required to pro-
tect each strand. We tried to use only one longer AidC as StrA,
a variety of redundant topological isomers appeared (data not
shown). Fortunately, the selectivity for Lk1 and Lk5 was im-
proved greatly by using a newly designed strategy using the
topological constraint by circularizing the aid-DNA during
the preparing process (Fig. 5).

The characterization of the linking numbers of the pro-
duced topoisomers is based on the following facts. At first, a
higher linking number corresponds to higher mobility on 4%
dPAGE (Fig. 6A), when the denaturing conditions are strong
enough (in the presence of 30% formamide), which has also
been confirmed by several reports [40, 41]. Second, Lk7 can
be determined, because the largest linking number for a 79-nt-
long is 7 when spontaneously ligated. Third, Lk6é could also
be determined, because all topoisomers with a smaller linking
number were converted to this structure by Topo-I. When cal-
culating using the formula of (Lk — Lkg)/Lko, the superhelical
density of Lk6 is ~-20%. Fourth, it is well known that Lk1
is difficult to obtain, because a duplex of 10 bp is not stable
enough. Only 31.6% selectivity was achieved after using the
strategy shown in Fig. 5A. Accordingly, it can be determined
as Lk1. The remaining four bands should be corresponding to
Lk2-LkS5 (Fig. 6A).

It is interesting that the six topoisomers of LkO-Lk5 can be
converted by Topo-I to Lk6, demonstrating that they are the
substrates of this enzyme. In other words, these results demon-
strate that these topoisomers do not form unusual structures
that Topo-I cannot bind. This is further supported by the fact
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that they can be digested by a restriction enzyme. It is note-
worthy that these topoisomers are typically nicked by the re-
striction enzyme initially because of the strong binding stress,
before both strands are cut, as has been previously reported
[42]. This is clearly illustrated by the results shown in Fig.
7G (lane 11). Considering that very high superhelical density
(referring to the absolute value) may occur during DNA repli-
cation and transcription, these topoisomers can be used as a
model to study the iz vivo characteristics of topoisomerases.

As we reported previously for LkO [15, 33], topoisomers
of Lk1-Lké6 can also partially form Z-DNA due to topolog-
ical constraints, although a higher concentration of Z22 was
required to observe the gel shift for Lké (Fig. 7B-E). Only
7-8-bp Z-DNA can form, and this may be the reason that ob-
vious signals of Z-DNA were observed for Lk6. Because the
T, values were above 60°C in most cases, we believe that Z-
DNA forms first before the binding of Z22. Even for Lk6, 222
can stabilize the Z-DNA after binding, but does not induce Z-
DNA formation. It is well known that Z22 cannot bind to B-
DNA duplex under normal concentrations. It can be inferred
that the local high superhelical density caused by transcrip-
tion (or replication) may be relieved by forming Z-DNA (not
necessary to be APP sequence). The formation of a Z-DNA
duplex can improve the stability of genome DNA compared
with the ssDNA state. These Z-DNA regions can later be con-
verted to B-DNA by Topo-I. On the other hand, if the Z-to-B
transition does not occur in a timely manner, the transcribed
RNA may invade, leading to the formation of an R-loop.

The T, values were also measured for all topoisomers
of LkO—Lk7 by HRM within the range of 20-80°C
(Supplementary Fig. S11). For LkO, a clear sigmoid shape
of the melting curve was observed with a T, of ~69°C
(Supplementary Fig. S11A). In contrast, the sigmoid shapes
were less pronounced for the other topoisomers, and what
we could know is that their T, values were all above 60°C,
but precise values could not be obtained. A possible explana-
tion is that, even after partially melting, a dynamic equilibrium
of duplex formation and dissociation occurs at varying posi-
tions (similar to a bubble moving around within the duplex).
We believe that the duplex only dissociates partially even at
80°C, because the two strands in single-strand state can still
wind around each other in right-handed, left-handed, or par-
allel manner (Supplementary Fig. S12). It is noteworthy that
the dye (EvaGreen) we used cannot bind strongly at a temper-
ature above 80°C, even if the duplex forms stably.

At present, there is almost no effective method to study the
effect of DNA topology on molecular biological processes,
such as R-loop formation [44, 45]. On the other hand, it is
well known that dsDNA must open and form bubbles to some
extent for replication, transcription, gene regulation, and even
for chromatin remodeling. The structures we have constructed
are a type of mimicry of these bubbles with varying lengths
or topological stress strengths. For example, if the bubble is
too big, the possibility of R-loop formation may increase sig-
nificantly. This may explain why Lk2 cannot transcribe ef-
ficiently, although the short R-loop (if formed) is not stable
enough to inhibit transcription (Supplementary Fig. $13). In
contrast, both Lk6 and Lk7 can transcribe efficiently, indicat-
ing that transcription can initiate without the promoter [43].
One possibility is that the promoter merely serves to posi-
tion the transcription start site. Once a bubble is generated,
the transcription can occur, which is partly supported by our
model.

Preparation of short circular dsDNA topoisomers 13

In summary, we used a short circular dsDNA of 79 bp as a
model to prepare eight topoisomers with varying linking num-
bers (0-7) by using well-designed aid-DNAs to prevent unde-
sired hybridization prior to ligation. Except for Lk1, all other
topoisomers were obtained with a selectivity above 75%. For
Lk2, Lk3, and Lké, the selectivity exceeded 90%. All topoiso-
mers were separated and purified by PAGE, and they can be
used as excellent materials for studying DNA topology. Topoi-
somers of LkO—Lk1 can form a partially Z-DNA conforma-
tion, which are stable at ionic strengths close to those in the
cellular environment. Clarification of the biological functions
of topological constraints, as well as Z-DNA, becomes possi-
ble using our strategy. These topoisomers also hold promise
as materials for the diagnosis or therapy of Z-DNA-related
diseases.
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