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Supercoiled structures with multiple, continuous “figure-eight” conformations, such as complex DNA
plectonemes, are ubiquitous and play vital roles in biological systems. In comparison, synthetic small-
molecule supercoils with two or more crossings are scarce. Herein, we report a supercoiled plectoneme
structure with two crossings assembled by synergistic cation and anion coordination to a heterotopic
ligand, which contains an oligourea backbone for sulfate anion coordination and two pyridyl ends for
platinum(i) ion coordination. The supercoiled structure is confirmed by single-crystal diffraction to be a
racemic mixture with positive and negative crossings. Enantiopure supercoils can be induced by adeno-
sine monophosphate or inosine monophosphate binding inside the apical loops, resembling the polymer-
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Introduction

A supercoil refers to a higher-order structure resulting from
the twisting of a cyclic strand through Reidemeister moves,">
which leads to uniform or opposite crossings through type I or
type II moves, respectively (Fig. 1a).> Such conformations are
frequently seen in various systems, ranging from macro- and
supra-molecules to individual small molecules.*” In nature,
DNA supercoils (including toroidal and plectonemic
structures),®”® formed by DNA loops, are mostly uniformly and
negatively crossed (counterclockwise twist from the top view,
Fig. 1a). These tertiary structures, with a condensed space, are
critical for packaging, transcription and recombination of
DNAs.'"" Within supercoil topologies, figure-eight is the sim-
plest shape. Over the past decade, many abiotic structures with
figure-eight conformations (>100 examples) have been made
by inducing crossing via covalent bonds,"™® structural pre-
organization,”” ' or noncovalent interactions.>> > As more
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ase encapsulation in bacterial plectonemes that guides DNA and RNA synthesis.

crossings are introduced, the complexity and strain of the
supercoil would increase significantly, potentially leading to
new properties, such as enhanced mechanical strength or
chirality.>** However, creating supercoils with two or more
crossings presents significant challenges, and reported
examples are very limited.**°

Among the known synthetic supercoils, two plectonemes
resulting from type I Reidemeister move have been reported.
One is a molecular-motor-derived macrocycle, which can form
up to three crossings at the out-of-equilibrium state (under
light irradiation).>* The other is a thermodynamically stable,
racemic plectoneme with three crossings, obtained by post-
cyclization of a Cu'-coordinated duplex (Fig. 1b).*® On the
other hand, through type II Reidemeister move, large macro-
cycles can fold into a pseudo-plectoneme structure with oppo-
site coiling directions (positive and negative). Three such
examples have been documented, involving expanded porphyr-
ins,>” aromatic oligoamide macrocycles,®® and bispyrrolidi-
noindoline-based macrocycles.*’

Our previous studies have indicated that ortho-phenylene-
spaced oligourea ligands tend to form single helices (folda-
mers) upon coordination to anions,*’** which resembles the
terminal loop of DNA supercoils. This led us to propose that
by modifying the ends of the oligourea backbone, it would be
possible to create supercoiled structures through secondary
interactions, such as metal coordination. Cooperative anion
and metal coordination has proven to be a promising strategy
for accessing hierarchical assemblies.**™*° Inspired by these
findings, a family of oligourea ligands with varying chain
lengths (hexakisurea L', pentakisurea L> and tetrakisurea L)
were designed by incorporating pyridyl groups at both ends
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Fig. 1 (a) Schematic illustration of type | and type Il Reidemeister moves of macrocyclic molecules to yield supercoiled plectonemes and pseudo-
plectonemes. (b) Racemic plectoneme with three crossings made by the post-cyclization strategy. Reproduced from ref. 36 with permission from

John Wiley and Sons, copyright 2009. (c) This work: a one-pot strategy for making plectonemes driven by SO,

~ and Pt?>* coordination with hetero-

topic pyridyl-oligourea ligands. The chirality of supercoiling is indicated as (+) for positive crossing and (-) for negative crossing.*°

(Fig. 1c). As anticipated, upon further coordination with Pt**
cations, two sulfate-coordination single helices are linked to
form racemic supercoils (Fig. 1c), as confirmed by single
crystal structures. Moreover, the two apical loops of the pre-
pared supercoils can selectively bind adenosine monophos-
phate (AMP) and inosine monophosphate (IMP) nucleotides,
thus inducing enantiopure chiral supercoils.

Results and Discussion
Molecular design and anion coordination

The ligands L', L? and L? containing different oligourea moi-
eties (number of urea groups: 6, 5 and 4) and pyridyl terminal
groups were designed to study the effect of chain length on the
formation of supercoils. The oligourea backbone exhibits
strong anion coordination affinity, especially for oxoanions
(sulfate, phosphate; up to 10" M™" in DMSO0),***° thus pre-
organizing a coiled conformation for further assembly.
Platinum(u) was chosen as the metal center because of its
stable, square-planar coordination and predictable configur-
ation.” To reduce the electrostatic interaction between anion
and metal cation, the cis-Pt(PEt;),SO, complex®® was used
because sulfate ion exhibits relatively weak affinity with the
Pt** cation. All three new ligands were readily synthesized and
fully characterized by NMR and MS (see ESI, section S2t). The
coordination of the sulfate anion to the oligourea ligands (L',
L? and L?) led to the formation of single helices as confirmed

Inorg. Chem. Front.

by single crystal structures (Fig. S1-S31). The sulfate ion is
fully encapsulated inside the folded cavity through multiple
hydrogen bonds with oligourea groups, similar to previously
reported tetrakisurea ligands with other terminal groups.*"*>
Notably, the hexakisurea L' and pentakisurea L> are long
enough to facilitate the crossing of the two terminal pyridyl
groups (dy-x is 11.78 A and 11.42 A, respectively). In contrast,
the tetrakisurea backbone is too short for the pyridyls to cross.

Construction of supercoils from hexakisurea (L') and pentaki-
surea (L?) ligands

The co-assembly by anion coordination and metal coordi-
nation was next investigated. Addition of cis-Pt(PEt;),SO, into
the solution of ligand L', L? or L? in N,N-dimethylformamide
(DMF) caused precipitation, indicating the formation of supra-
molecular complexes. Fortunately, single crystals of these pro-
ducts were obtained by slow vapor diffusion of acetone to
dilute DMF solutions, and the structures unambiguously
confirm the formation of supercoiled plectonemes.

For the assembly of hexakisurea L' and cis-Pt(PEt;),SO,, a
supercoiled structure with two crossings is successfully
obtained with an overall 2:2:2 stoichiometry of ligand,
sulfate and Pt>* (Fig. 2a). Each sulfate anion is encapsulated
inside one terminal loop via eight hydrogen bonds with the
oligourea backbone and two water molecules. A square-planar
Pt*>" coordination geometry is illustrated with two triethyl-
phosphine ligands and two pyridyl units from two distinct
[SO,L']*™ helices, where the cis-configuration is retained. The

This journal is © the Partner Organisations 2025
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Fig. 2 Single crystal structure of supercoiled plectoneme Pt,L',(SO.).. (a) Racemic mixture of positively (+2) and negatively (—2) supercoiled plecto-
nemes. Writhe (Wr) represents the chirality and the number of crossings, a and f indicate the crossing angle and pitch angle, respectively, and a + 2
~ 180°.%% (b) Packing of two plectonemes with opposite crossings. Linear packing of racemic plectonemes was observed with alternating sequences
along the b axis in solid state. Solvent molecules and nonpolar hydrogen atoms are omitted for clarity.

Pt-N bond lengths are 2.078(4) A and 2.111(4) A, the angle of
N-Pt-N is 82.4(2)°, and the distance between two Pt atoms is
10.703(1) A. The overall size of the L*-based supercoil is about
26 Ax16 Ax 5 A.

In the supercoiled structure, two crossings and three cav-
ities are clearly observed. Unlike the two sulfate-encapsulated
terminal cavities, the volume of the central cavity (~110 A%) is
too small to accommodate any guest. Notably, the two ligands
within one supercoil exhibit the same helical handedness,
either positive (+) or negative (), and the writhe (Wr) value
(denotes the chirality and number of crossings, Fig. 2a) is
determined to be +2 or —2. Therefore, a racemic mixture of (+,
+) and (-, —) supercoils is produced. Presumably, this orig-
inates from the racemic structure of the [SO,L']’” helix, as
seen in the crystal structure, which subsequently undergoes a
narcissistic self-sorting assembly upon Pt>* coordination. Such
racemic supercoils have been observed in Cu'-coordinated
duplexes with three crossings, in which only two cavities can
be identified with negligible volumes (no guest binding).

To further understand the supercoiled structure, the cross-
ing is analyzed in detail. The crossing angle (a, defined as the
crossover angle of the oligourea backbone, Fig. 2a) of the L'-
based supercoil is 136°, which is larger than those of most
B-DNA duplex-based supercoils (typically <90°).>*”* This is

This journal is © the Partner Organisations 2025

likely attributed to the relatively high flexibility and short
chain length of the oligourea backbone compared to B-DNA
duplex loops. Thus, a small pitch angle (5 = 23°, a + 2 ~ 180°)
is seen. In the structure, sulfate coordination is the main
driving force for the crossover of the oligourea backbone,
which is further stabilized by Pt** coordination. The two N
atoms (of urea, N-Ha) next to the terminal pyridine motif
exhibit the shortest distance for the crossing (~3.56 A).

Moreover, the L'-based individual supercoils are linearly
stacked along the ¢ axis with an alternating sequence of (+, +)
and (-, —) in the solid state (Fig. 2b and Fig. S57). The dis-
tances between the metal and the anion, ds...p, are determined
to be 8.2 A and 8.7 A. Two adjacent supercoils are linked
through multiple C-H---n interactions (between C-H of the
phenyl ring and the pyridine unit) and hydrogen bonds
(sulfate-water cluster and triethylphosphine).

The structure of the L'-based supercoil was carefully charac-
terized in solution based on NMR and MS techniques. First,
compared to the "H NMR spectrum of free ligand L' (Fig. 3a),
the signals of H' and H> on the terminal pyridyl group are
downfield shifted (Ad (H') = +0.06 ppm; AS (H?) = +0.10 ppm).
This corresponds to the Pt>" coordination and is consistent
with typical chemical shift changes seen in other Pt**-pyridyl
complexes.”>”> In contrast, these signals do not change for the

Inorg. Chem. Front.
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Fig. 3 (a) Stacked *H NMR spectra (1 mM, 400 MHz, DMSO-dg, 298 K) of LY, Pt,L1,(SO,),, and [SO4LY1?~ complexes. (b) Single crystal structure of
the single helix [SO4LY?", tetrabutylammonium countercation and solvent molecules are omitted for clarity. (c) 2D DOSY NMR (1 mM, 400 MHz,

DMSO-de, 298 K) and (d) ESI-MS spectra for the complex Pt2L12(SO4)2.

single helix of [SO4L']*". The signals of urea N-H groups are
all downfield shifted, indicating hydrogen bonding with the
sulfate anion. The NH proton Ha adjacent to the pyridyl group
is changed by ca. +1.13 ppm, which is smaller than that in the
sulfate-coordinated single helix [SO,L']™ (A§ = 1.70 ppm).
This is because the acidity of Ha becomes weaker after Pt>*
coordination. Additionally, the sulfate anion is well-wrapped
inside the cavity of a single helix via twelve hydrogen bonds
with all six urea moieties, as seen in the single crystal structure
(Fig. 3b). In contrast, water molecules also participate in
hydrogen bonding with sulfate in the crystal structure of L'-
based supercoils, which is consistent with the less downfield
chemical shift of Ha.

2D diffusion-ordered spectroscopy (DOSY) and ESI-MS spec-
trometry provided further evidence for the formation of a
2:2:2 structure comprising two ligands, two sulfates and two
Pt>" ions. Only one species was seen in the DOSY spectrum
(Fig. 3¢) with a diffusion coefficient (D) of 1.09 x 107" m* s,
The calculated hydrodynamic diameter (d = 18.4 A) is compar-
able with the size of the obtained supercoil in the single
crystal structure (Fig. 2b). As observed from ESI-MS results, the
major peak at 1434.99 is assigned to the
[PtL"5(S0,4),Na,*" (Fig. 3d).

In the case of pentakisurea ligand L?, similar to L, racemic
supercoils were also obtained as suggested by the single crystal
structure (Fig. 4). Specifically, the pentakisurea chain is
uplifted with a relatively large helical pitch and longer Pt-Pt

complex

Inorg. Chem. Front.

separation (14.5 A versus 10.7 A for L*-based supercoils). The
shortest distance of the crossover is observed to be 5.0 A, pro-
ducing a larger central cavity for L>-based supercoils (volume
~250 A®) capable of encapsulating one acetone molecule
(circled in Fig. 4). Such guest binding in all three cavities has
never been observed in other supercoils before. In addition,
alternating packing of positively and negatively crossed super-
coils is also exhibited along the b axis in the solid state
(Fig. 4). Yet, the packing of L>-based supercoils is found to be
offset, with two adjacent supercoils interacting through mul-
tiple hydrogen bonds among sulfate-water clusters, triethyl-
phosphine, and oligourea units. The co-assembly driven by
anion coordination and metal coordination was also verified
by 'H, 2D NMR and mass spectrometry (section S67).

Upon further reducing the chain length of the oligourea
backbone to the tetrakisurea ligand L?, the supercoiled struc-
ture is not obtained. Instead, a macrocycle is formed with an
uncoiled conformation (Fig. S81). This is consistent with the
incomplete helical turn seen in the crystal structure of the
sulfate complex of L? (Fig. S31).

Compared to previously reported “figure-eight” strips, the
supercoils synthesized in this study exhibit a unique structure
with three consecutive circles. This configuration, featuring
two crossings, is rare and closely resembles the plectonemic
DNA loops induced by gyrase, which are typically found in
eukaryotes and bacteria.®>® The obtained supercoils are driven
by a combination of anion (sulfate) coordination and metal

This journal is © the Partner Organisations 2025
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Fig. 4 Supercoiled plectoneme based on ligand L2. Single crystal structures of (—, —) Pt,L2,(SO,4), and its dimeric packing are shown. Only negative

supercoiling is shown, and one acetone molecule (circled) is encapsulated inside the central cavity. Solvent molecules and nonpolar hydrogen

atoms are omitted for clarity.

(Pt*") coordination, with the former ensuring the supercoiling
(i.e., writhe = +2) and the latter accomplishing the linking. In
biology, one crucial function of plectonemic DNA loops is
associated with the initiation of transcription activated by poly-
merase, which is normally encapsulated (inside the apical
loops), transported, and subsequently released.’® Inspired by
this function, we examined the synthesized abiotic supercoils
for potential guest binding inside the end loops. Nucleotides
were targeted considering their phosphate head that bears
negative charges similar to sulfate for binding with the oli-
gourea unit, as well as their critical roles in DNA replication
and RNA transcription.””*® Nevertheless, for potential nucleo-
tide binding, the apical loops need to be activated by removing
the pre-bound sulfate anion beforehand.

To evacuate the apical loops of plectoneme, the triflate
anion (OTf~) was used to replace sulfate because of its rela-
tively low hydration enthalpy (—280 kJ mol™*, weak binding
affinity with oligourea). The plectonemes with triflate counter-
anions were successfully prepared either by adding Ba(OTf),
into the solution of the Pt,L",(SO4), complex or by mixing the
pyridyl-oligourea ligand with cis-Pt(PEt3),(OTf), (Fig. 5a).
Although single crystals were not obtained, the structure of the
[Pt,L*,(OTf),]*" complex was optimized by DFT calculations at
the theory level of M06-2X/6-31G* (Fig. 5b), which illustrates a
supercoiled conformation as a racemic mixture similar to that
of the sulfate analogue.

The [Pt,L',(OTf),]*" complex was carefully characterized by
NMR spectroscopy and MS spectrometry. Importantly, accord-
ing to the "H NMR spectra (Fig. 5c), the N-H protons of oli-
gourea are obviously upfield shifted upon triflate coordination
compared to those of the sulfate-based supercoils. For
example, the proton Ha is upfield shifted by about 0.5 ppm

This journal is © the Partner Organisations 2025
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Fig. 5 (a) Schematic illustration for the preparation of a loosely super-
coiled structure with the OTf~ anion. (b) DFT-optimized structure for
the [Pt,LL,(OTf),]?* complex with a negatively supercoiled conformation
(M06-2X/6-31G*, implicit solvation: DMSO). (c) Stacked *H NMR spectra
(1 mM, 400 MHz, DMSO-ds, 298 K) of [Pt,L'»(OTf),1* and PtsL'5(SO4),
and 2D DOSY NMR signals of [Pt,L3,(OTF),12* (2 mM) are shown at the
bottom.
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(Fig. 5c), consistent with the weaker triflate coordination.
Notably, correlation signals between H> and N-H groups from
the oligourea backbone were seen in the 2D 'H-'H NOESY
spectrum (Fig. S25%), indicating the coiled conformation of
the ligand. Similar NOE correlation signals (H>-Hc) were also
seen in sulfate-based supercoils (Fig. S2371). All these results
consistently support a coiled conformation with end loops,
which are available for potential guest binding.

Subsequently, guest binding properties were investigated by
using phosphate-containing nucleotides. It is expected that, as
the chiral nucleotide was added to the racemic supercoils, its
phosphate head would bind to the oligourea loop, thus indu-
cing supramolecular chirality with a turned-on CD response
(Fig. 6a and S38t). This anion substitution occurs because the
phosphate head with two negative charges has stronger
binding affinity (similar to the sulfate anion binding constant,
up to 10’ M~" in DMSO) for oligourea than the monoanionic
triflate anion. According to the "H NMR spectra, the aromatic
peaks reside in a region similar to those of free plectonemes

+ Chiral nucleotide

View Article Online
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(Fig. S33 and S34t), suggesting the retention of the supercoiled
structure.

As desired, by adding AMP to the [Pt,L',(OTf),]*" complex
(Fig. 6b), a distinct CD signal in the region of 240-300 nm is
identified, indicating the generation of supramolecular chiral-
ity. The CD intensity reaches a plateau by adding two equiva-
lents of AMP, suggesting a 1:2 binding ratio of the supercoil
with AMP guests (Fig. S43 and S447). The Cotton effect corres-
ponds to the absorption band at 272 nm for the oligourea
backbone, which is hypochromatically shifted to 256 nm in
the [Pt,L',(OTf),]** complex. This suggests the interaction
between the monophosphate head group and the oligourea
loop, consistent with the induction of chiral crossings. The
encapsulation of AMP is also supported by ESI-MS, where a
major peak at m/z 1684.44 is assigned to the
[Pt,L',(AMP),Na,]** complex (Fig. S461). In contrast, the
addition of adenosine triphosphate (ATP) and adenosine
diphosphate (ADP) into the solution of [Pt,L';(OTf),]**
resulted in a negligible CD response (Fig. 6b). This suggests

CD on

(@) Racemic, CD off
]
o) ' (o
]
I
o | Ko

A AMP  IMP

OH OH
b
(b) 8 —ATP
—_ADP

_ 4 —_AWP
[@)]
(0]
g o)
E o P sssattnc
()
o

4.

_8 s s

540 280 320 360

Wavelength (nm)

rac-[Pt,L1,(OTf),]?*

240 280 320 360
Wavelength (nm)

Fig. 6 (a) Schematic illustration for the chiral induction of a supercoiled plectoneme by guest nucleotide binding. Chemical structures for mono-
phosphate nucleotides are shown below. CD responses of the rac-[Pt,L',(OTf),]>* complex (5 uM) in the presence of (b) AMP, ADP, and ATP, and (c)
AMP, IMP, and other monophosphate nucleotides. Two equivalents of nucleotides were added, and tetrabutylammonium (TBA) was used as the

counter-cation for nucleotide salts (1% v/v DMSO/CHzCN).
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Fig. 7 DFT-optimized structure of AMP C (+, +) L -based supercoils showing positively crossed conformation (M06-2X/6-31G*, implicit solvation:
CH3CN) and the multiple hydrogen bonding network of the phosphate head group and the oligourea backbone.

that the supercoils may be employed to selectively recognize
AMP over ATP and ADP by CD spectroscopy.

To gain more structural information on AMP binding with
the supercoils, quantum calculations were performed at the
MO06-2X/6-31G* level (implicit solvation, CH3;CN). Both posi-
tively and negatively supercoiled conformations in the pres-
ence of AMP were optimized, and their CD spectra were then
obtained by TD-DFT calculations. Specifically, the positively
supercoiled AMP C (+, +) Pt,L', complex is more energy
favored by 126 k] mol™" than that of the negatively supercoiled
AMP C (-, —) Pt,L", complex (M06-2X/6-31G*). In addition, the
calculated CD spectrum of (AMP), C (+, +) L"-based supercoils
clearly matches the experimental spectrum (Fig. S50-S52+1 and
Fig. 6b), indicating that the positively supercoiled plectoneme
is favored upon AMP binding. As illustrated in Fig. 7, AMP is
bound by a hydrogen bond network (13 x H-bonds) with the
oligourea backbone. These include ten hydrogen bonds
between the phosphate head group and urea units (N-H---O-
P), two hydrogen bonds between the hydroxyl group from the
sugar unit and urea (N-H---O-C), and one hydrogen bond
between the amino group of the base and the urea carbonyl
(N-H---0=C).

The recognition properties of the supercoils with nucleo-
tides were also studied for five other monophosphate nucleo-
tides with various base moieties, i.e., IMP, xanthosine mono-
phosphate (XMP), guanosine monophosphate (GMP), cytidine
monophosphate (CMP), and uridine monophosphate (UMP).
Only the addition of the IMP nucleotide could induce a dis-
tinct Cotton effect in the region of 240-300 nm, while adding
all four of the other nucleotides results in a negligible CD
response (Fig. 6¢). Nearly opposite Cotton effects are recorded
by adding AMP and IMP into the rac-supercoils. AMP binding
induces the maximum positive Cotton effect (+7.9 mdeg) at

This journal is © the Partner Organisations 2025

259 nm and the minimum negative Cotton effect (—5.3 mdeg)
at 279 nm. IMP binding induces the maximum positive Cotton
effect (+4.7 mdeg) at 286 nm and the minimum negative
Cotton effect (—5.8 mdeg) at 261 nm. Although AMP and IMP
contain the same stereocenter of the sugar moiety, the base
unit likely guides the ultimate chirality of supercoils. Overall,
the loop-activated supercoils could be utilized to differentiate
monophosphate nucleotides from the di- and tri-phosphate
analogues. Such selective nucleotide binding clearly resembles
the polymerase binding by plectonemic DNA loops as demon-
strated in bacteria.”®

Conclusions

In summary, we have developed a novel approach for synthesizing
supercoils with two crossings by cooperative coordination of
anions (sulfate) and metals (Pt*") using oligourea—pyridyl ligands.
Moreover, enantiopure supercoils were induced upon binding of
adenosine monophosphate or inosine monophosphate to the
terminal loops, which closely mimics the polymerase encapsula-
tion in DNA supercoils found in bacteria. Given the structural
complexity and adaptability of these supercoils, this work paves
the way for the molecular design of high-level topologies,
advanced materials, and the development of synthetic systems
that replicate biological processes.
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