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Thrombin Binding Aptamer (TBA) is a monomolecular well-defined two G-tetrad antiparallel G-quadruplex
DNA that inhibits the activity of human a-thrombin. In this report, we synthesized a quasi-cross-shaped
platinum(i) compound (L',LPt) with one cyclometalated and two carbene ligands. We found L',LPt has
selective affinity to bind the TBA G-quadruplex. A fibrinogen clotting assay revealed that L'>LPt can
abrogate the inhibitory activity of TBA against thrombin. We solved the 1:1 L',LPt-TBA complex
structure by NMR, which revealed a unique self-adaptive property of L’,LPt upon binding to TBA. In the
complex, a carbene ligand of L',LPt rotates to pair with the cyclometalated ligand to form a plane
stacking over half of the TBA G-tetrad and covered by lateral TT loops. It is notable that the heavy atom
Pt stays out of the G-tetrad. Meanwhile, the other carbene ligand remains relatively perpendicular and

forms a hydrogen bond with a guanine to anchor the L',LPt position. This structure exhibits a quasi-
Received 27th February 2022 h d Ptl) d b d to the G drupl ith L “wall ted” bindi
Accepted 29th May 2022 cross-shape 1) compound bound to the G-quadruplex with an unusual “wall-mounte inding
mode. Our structures provide insights into the specific recognition of antiparallel G-quadruplex DNA by

DOI: 10.1039/d25c01196d a self-adaptive Pt(1) compound and useful information for the design of selective G-quadruplex targeting
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Introduction

G-quadruplexes (G4s) are four-stranded nucleic acid structures
formed by guanine-rich nucleic acids." Typically, four guanine
bases can self-assemble through a cyclic array of Hoogsteen
hydrogen bonds to form a G-quartet with a square planar struc-
ture, which is stabilized by cations, such as K" or Na*, in the center
of the tetrads.>* Two or more G-quartets are stacked together and
interconnected by loops of different length to form a G4.>°
Aptamers are single-stranded DNA or RNA sequences that
can selectively bind to a specific target, including proteins,
nucleic acids, cells, tissues and even organisms.””® Aptamers
with affinity for a desired target can be selected through
a process called SELEX (Systematic Evolution of Ligands by
EXponential enrichment).” Previous studies have demon-
strated that some aptamers can fold into a G4 structure.** The
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best-known example is the thrombin-binding aptamer (TBA),
a 15-mer DNA oligonucleotide with sequence of 5'-
GGTTGGTGTGGTTGG-3', which was discovered in 1992 for the
recognition of thrombin and is still the best studied anti-
thrombin aptamer.”” This aptamer is capable of inhibiting
fibrin clot formation by binding to human thrombin with high
selectivity and affinity."*** Therefore, TBA and its analogs were
considered as promising anticoagulant agents and clinical trials
have evaluated TBA as an anticoagulant for potential use in
acute cardiovascular settings, such as coronary artery bypass
graft (CABG) surgery."'” Due to the potential therapeutic
application, many research studies focused on improving its
pharmacological properties have been reported in recent
years.'**® Simultaneous antidote development is also crucial, as
anticoagulant treatment can have side effects such as hemor-
rhagic complications."*>°

Previous NMR and X-ray structural studies have demonstrated
that TBA adopts an antiparallel chair-like G4 structure, which
consists of two G-tetrads connected by a TGT loop on one side
and two TT loops on the opposite side.”**® Typically, the two TT
loops interact with human o-thrombin, which is the binding site
of fibrinogen.***” The G4 structure is of great importance to the
function of TBA. Hence, the TBA anticoagulant activity can be
inhibited by hybridization with some antidotes, such as
a complementary oligonucleotide or small-molecule ligands that
can disrupt the conformation of G4.**** Up to now, only a few TBA
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G4-binding small molecules have been reported, including
TMPyP,, thioflavin T (ThT) and N-methylmesoporphyrin IX
(NMM).>*#® To recognize and stabilize G4 structures, a series of
synthetic small molecules have been identified.*** In particular,
small molecules that have (a) a t-delocalized system, (b) a partial
positive charge in the centre of the molecular scaffold, and (c)
a positively charged substituent to interact with the grooves,
loops, and the negatively charged phosphate backbone prefer to
bind to G4 structures.**** Moreover, small molecule ligands that
stabilize the G4 structure could also be applied to regulate or
detect intracellular G4 formation.*** Current structural studies
of G4-binding small molecules have mainly focused on
compounds with a large planar group, which can form m-m
interactions with the guanine plane. Small molecules with non-
planar central core structures are rarely studied.

We recently reported an electrically neutral and non-planar
platinum compound (Pt1) with a freely rotating N-heterocyclic
carbene ligand.*® This non-charged and non-planar platinum
compound is converted into a positive monovalent planar
structure upon binding to VEGF G4. The report highlights the G4
binding activated by adaptive ligand structural transformations
and G4 selectivity controlled by binding kinetics, which is a new
strategy for G4 selective binding. In this report, we synthesized
and characterized an organometallic platinum(u) bis-N-
heterocyclic carbene compound (L',LPt, Fig. 1A). FRET and CD
thermal melting assays revealed that the melting temperature
increase of TBA G4 (Fig. 1B) after L',LPt binding is clearly higher
than that of other G4 DNAs, which is indicative of L',LPt binding
to TBA G4 with a higher affinity. The solution structure of the
L',LPt-TBA G4 complex was determined by NMR spectroscopy. A
rotation of the carbene ligand was observed and the cross-shaped
L',LPt molecule bound to antiparallel TBA G4 in a unique half-
ligand to half-G-tetrad “wall-mounted” mode with lateral loop
interactions. Furthermore, we showed that L',LPt could abrogate
the interaction between the TBA aptamer and thrombin and
thereby restore the activity of thrombin.

Results and discussion
Binding of aptamer TBA G4 by L',LPt

The non-planar platinum compound L’,LPt, which is coordi-
nated by a cyclometalated ligand (L) and two rotated N-
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Fig. 1 (A) Schematic diagram of the chemical structure of L',LPt. (B)

The folding topology of TBA G4. Deep red box = (anti)-guanine, light
red box = (syn)-adenine, blue ball = thymine.
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heterocyclic carbene ligands (L'), was synthesized and charac-
terized (Fig. 1A, Scheme S1, Fig. S1-S3 and Table S1}). FRET and
CD melting assays were first applied to investigate the change in
L',LPt-induced thermal stability of various DNA oligonucleo-
tides (Fig. S4 and Table S27), including three three-G-tetrad
telomeric G4s (Tel26,® wtTel26,* and wtTel22 (ref. 40)), five
three-G-tetrad promoter G4s (c-myc,* Bcl2,** P1G4T,** VEGF*
and c-kit87up*), two three-G-tetrad intron G4s (MYT1L* and
CHLI1 (ref. 46)), two two-G-tetrad promoter G4s (c-kit* (ref. 47)
and HIV-PROL1 (ref. 48)), one two-G-tetrad aptamer G4 (TBA) and
one duplex DNA (F10T). The melting curves and melting
temperature change values (AT;,) of DNA after the addition of
1.0 equivalent of L',LPt were recorded (Fig. 24, S5, and S6, and
Tables S3 and $47).

We found that the stabilization temperatures of DNAs after
adding L',LPt were consistent between the FRET and CD
experiments, except for c-kit* G4. The lower FRET AT, of c-kit*
G4 is probably related to the labelled fluorophores in the c-kit*
DNA sequence, which affect its G4 structure. The results showed
that TBA G4 exhibited the largest ATy, value (12.4 °C in FRET,
16.4 °C in CD), Tel26, wtTel26, c-kit*, HIV-PRO1 and wtTel22
exhibited moderate AT, values, and other G4s exhibited rather
low ATy, values. To enable greater comparability, we conducted
FRET experiments at different concentrations of K" buffer to
make each DNA display similar initial T, values in the range of
63 £ 2 °C (Fig. S7 and S8, and Tables S5 and S67). The results of
AT, value remained similar. These results indicated that L',LPt
can better stabilize TBA G4 than other G4s. Moreover, the ATy,
value of duplex DNA was very low (0.0 °C in FRET, 0.2 °C in CD),
which is indicative of low affinity and no specific binding of
duplex DNA with L',LPt. By comparing the conformations of the
G4s used in these experiments, we found that the G4s with
lateral loops are more likely to be stabilized by L',LPt. In
particular, the two-G-tetrad antiparallel G4s with two lateral
loops on the same side have much higher AT, values than
those of other G4s.

FRET competitive experiments were carried out to explore
the selectivity of L',LPt between TBA and different kinds of
DNAs (Fig. S9 and Table S71). The results showed that after the
addition of 50 equivalents of duplex DNA (ds26) and non-
lateral-loop G4 DNA (VEGF), the stabilization of L',LPt to TBA
can still be maintained at 75.8% and 58.4%. In contrast, the G4
DNAs with lateral-loops (Tel26 and HIV-PRO1), especially the
two-G-tetrad G4 DNA with double lateral-loops (HIV-PRO1),
have a significant effect on the interaction of L',LPt and TBA G4.

To determine the secondary structural transformation and
stability of TBA G4 upon L’,LPt binding, CD spectra were
acquired for TBA G4 alone or in the presence of different
amounts of L',LPt (Fig. 2B and S10%). The CD spectrum of TBA
had two positive bands at 250 and 295 nm, and a negative band
at 270 nm, which are characteristic of typical antiparallel G4
folding. No significant change in the CD spectra was observed
when the L',LPt/TBA molar ratio was below 1:1. The CD
spectrum band intensities at 295 nm and 270 nm slightly
decreased with higher concentrations of L',LPt, suggesting
a partial denaturation of TBA. However, the thermal stability of
TBA increased when the ratio of L',LPt/TBA ranged from 0 to 1,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A) AT, value from FRET and CD melting of different G4s and duplex DNA. FRET data were tested in 0.40 uM DNA interacting with 0.40 uM

L/,LPtin 10 mM tris—HCl buffer (pH 7.4) containing 60 mM potassium cacodylate. CD melting data were tested in 3 uM DNA interacting with 3 uM
L'5LPtin 10 mM tris—HCland 100 mM KCl buffer (pH 7.4). (B) CD spectra of L',LPt titrated into TBA G4 DNA solution at different L',LPt/TBA ratios.
Conditions: pH 7.4, 10 mM tris—HCL, 100 mM KCl solution. (C) Top: ESI-MS titrations of 10 pm TBA with L',LPt in 150 mM ammonium acetate
(CHsCO,NH,) buffer (pH 7.4) showing a zoom-in of the 4~ charged state. Bottom: Quantification and fitting of the ESI-MS data based on the

number of bound ligands (0 L',LPt and 1 L/,LPt).

and basically remained unchanged at higher ratios. The CD
experiment results implied that the stoichiometry of the
binding between L',LPt and TBA G4 is 1 : 1. We also conducted
UV-Vis spectroscopy titration experiments (Fig. S11t). With the
addition of TBA G4, we observed a slight decrease in the UV/Vis
spectrum of L/,LPt at 318 nm.

ESI-MS was used to study the stoichiometries of the
complexes and determine their individual K,p, values.*** As
shown in the results (Fig. 2C and S12%), the ESI-MS spectra
exhibited clear ion peaks for free TBA G4 with different elec-
trical charges. After titrating L',LPt into the TBA G4 solution,
clear peaks for the 1 : 1 L',LPt-TBA G4 complex were observed.
We zoomed in on the 4~ charged state of the free TBA G4 and
the 1: 1 L',LPt-TBA G4 complex for the curve fitting procedure.
The ESI-MS spectra of TBA and L',LPt demonstrated that L',LPt
binds TBA G4 and forms a stable 1 : 1 complex with an apparent
DNA binding constant (K,pp) value of 9.30 x 10™° mol .

Moreover, ITC titration was also employed to examine the
interactions among the TBA aptamer, L',LPt and thrombin

© 2022 The Author(s). Published by the Royal Society of Chemistry

(Fig. 3). The combination ratio results verified that both the
binding ratios of L',LPt-TBA and TBA-thrombin were nearly
1.0, and the K, values of the dual system with L/,LPt-TBA and
TBA-thrombin were 1.83 x 10” mol™! and 8.46 x 10° mol™?,
respectively. We then added L/,LPt to the TBA-thrombin
complex and set N = 1 and K,.p = 1.83 x 10" mol~". The result
of Komea = 6.75x 10° mol™' is much lower than its original
intrinsic affinity. Therefore, L',LPt can competitively bind TBA
G4 against the TBA/thrombin system. The difference in
enthalpy changes between the binary system and ternary system
indicated that L',LPt caused a thermodynamic change after
addition to the TBA/thrombin complex. These results indicate
that L',LPt could compete with thrombin for the binding of TBA
G4.

NMR studies of L',LPt interaction with TBA G4

Subsequently, to further explore the binding mechanism, the
interaction between the organometallic compound L',LPt and
TBA G4 was analysed by NMR spectroscopy under

Chem. Sci., 2022, 13, 8371-8379 | 8373


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc01196d

Open Access Article. Published on 23 June 2022. Downloaded on 6/9/2026 2:44:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
Time (min) Time (min) Time (min) Time (min)
0 10 20 30 [ 10 20 30 40 10 20 30 40 0 10 30 0
0.20 - 1 0.00 4 o SR = 0.01 4 0.00 4 el 7T RS—
0.00 s s o ey o .\BHJ_< 0,00/ P AN*‘MM\,M,,.,\V» nm-r( [ (‘ [[rﬂlﬂ.
T L 020 |H \l‘wm“ H“\‘“ ‘
0204 | !l i \ 4 -0.01 4 I | 0.20 - i
o | | | o ‘ ‘ 1 o I
$ 040 11 ' ] @-ow- [ 80021 8030 =
grosm ‘ ‘ ] g—oso- ( ! §-oo:- g.um- ]
-0.80 4 | 4 -0.04 4 } -0.50 4 4
1004 | 1] -0.80 4 1 -0.05 060 - 4
204 . , : _— 100 i i -0.06 - o709 i . K
00+ amn® 00 T 0.0 00 T
z . € l". = = "/.,-!7
8§ 491 - 1 £ 40 o £ [ — g 254 s 1
B 3 8 0] man_ mmatE ety 4 8 i
€ 50 ] 3 . £ £ » ]
= = o - T 59 »”'N,=1.00
9 [ 3 - © 04 4 = u/
% 120 {1 5 o % % ] o/ Kig,=6.78E5M"
= N=1.015 £ 120 ¥ N=1.09 E E o/ DH,,=-5.036 keal/mol]
7 160 » N=1. ] an® : T 120 1 §-00] ¢ 1 4
E w®" K=1.83E7M" £ sl . K= 8.48E6 M g g A Ko= 1837 M
20y “TEe” AH=-20.19 kealimo] - AH=-17.35 keallmol ol sl ® AH,=20.19 kealimol ]
0.0 0'5 1’0 1‘5 20 00 05 1.0 15 20 25 0.0 05 1‘0 |'5 z'o 2‘5 0o 05 10 15 20
Molar Ratio Molar Ratio Molar Ratio Molar Ratio
L',LPt-TBA TBA-Thrombin L',LPt-Thrombin L', LPt-TBA-Thrombin

Fig. 3
syringe in PBS buffer (pH 7.4) at 25 °C.

physiologically relevant K* conditions. 1D "H NMR titration
experiments were then executed (Fig. 4A). In the 1D NMR
spectra, eight imino signals were observed for free TBA G4 and
the signals were assigned (labelled in black) based on the re-
ported TBA G4 structure.”* As L',LPt was titrated into the TBA
sample, the chemical shifts of TBA G4 imino protons gradually
changed and a new set of distinct imino proton peaks (labelled
in blue) appeared until the L',LPt/TBA ratio reached 1 : 1. Even
after adding more equivalents of L',LPt compound at L',LPt/
TBA ratios of 2:1 and 3:1, the spectra retained the same

A

+3.0 eq. L',LPt

+2.0eq.L,LPt
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+1.0eq.L',LPt 6,14
/

15
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2148
15 5\
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124 12.2 12.0 11.8 11.6

ITC data and fitting curves of different titrations of L',LPt, TBA and thrombin at a cell concentration of 6 uM interacting with a 100 pM

pattern as for the 1:1 ratio. The results indicate that L',LPt
binds TBA G4 and can form a 1:1 stable complex, which is
consistent with the ESI-MS data (Fig. 2C and S127).

As the well-resolved 1D NMR spectra indicated that the
L/,LPt-TBA G4 complex was suitable for high resolution struc-
tural analysis, we decided to solve the solution structure of the
complex to understand how L/,LPt interacts with TBA G4. A full
set of 2D-NOESY, TOCSY and COSY NMR data on the 1:1
L/,LPt-TBA complex were recorded in 25 mM K-phosphate and
70 mM KCl buffer supplemented with 10% D,O (Fig. 4B and
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Fig. 4 (A) Imino proton regions of the 1D *H NMR titration spectra of TBA interacting with L',LPt. The imino proton assignments are labeled. (B)
The H1'-H6/H8 region of the 2D NOESY spectrum of the TBA G4 bond to 1.0 equivalents of L',LPt. The complete sequential assignment pathway
is shown. Residues with syn glycosidic conformations are marked in black, and those with anti glycosidic conformations are marked in blue. (C)
The chemical shift difference of TBA G4 protons between the free TBA and the 1: 1 L',LPt—-TBA complex. Conditions: 25 mM K-phosphate,

70 mM KCl solution, pH 7.0, 25 °C.

8374 | Chem. Sci, 2022, 13, 8371-8379

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc01196d

Open Access Article. Published on 23 June 2022. Downloaded on 6/9/2026 2:44:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

S13-516%). The proton assignments of the H1s and H8/H6s of
the free and bound TBA G4 were based on the previously re-
ported NMR structure of TBA G4,>* as displayed by the H1'-H6/
H8 (Fig. S13t) and H1-H6/H8/H1'/Me (Fig. S16%) regions. We
completely assigned all of the protons of TBA G4 by assigning
H1s and H8/H6s, followed by the sequential connectivity of H8/
He6-sugar protons and the sequential assignment method
(Tables S8 and S97). The protons of bound L',LPt were assigned
using TOCSY (Fig. S14t) and NOESY spectra.

Similar to the free TBA G4, the G1, G5, G10, and G14 residues
adopted a syn glycosidic conformation, which was reflected by
the high intensities of the H1'-H8 NOE cross-peaks (Fig. S177).
Moreover, the 1: 1 bound TBA G4 retained the same antipar-
allel folding as indicated by the similar characteristic guanine
H1-H8 proton connectivity patterns of the free TBA G4
(Fig. S161). Based on the complete NMR assignments, the
proton chemical shift differences between the free TBA G4 and
the 1:1 L',LPt-TBA G4 complex were calculated (Fig. 4C).
Significant proton chemical shift changes were found for the
T4, G5, G11, T12 and T13 residues, illustrating that these resi-
dues are involved in L',LPt binding and that large conforma-
tional changes of the T4 and T12-T13 loop regions are induced.
The intermolecular NOE cross-peaks between L',LPt and TBA
G4 were observed and summarized (Tables S10 and S117),
revealing specific binding of L',LPt with TBA G4.

Solution structure of the 1 : 1 L',LPt-TBA G4 complex

We calculated the solution structure of the 1:1 L',LPt-TBA
complex using NMR NOE restraints (Table S127). The ensemble

L'2LPt

y T4
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$614° 11 Piggten,
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S t Ty

Fig. 5
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of the 10 lowest-energy structures is presented in stereo view
(Fig. 5A). A representative structure is also shown (Fig. 5B). Both
the L',LPt compound and TBA G4 undergo large structural
changes to form a stable complex structure.

As shown in the complex (Fig. 5B), the L',LPt compound
adopts a non-planar cross-shape conformation. The carbene
ligand L'-1 of L/,LPt rotates to form a plane with the cyclo-
metalated ligand L (Fig. 5C). This cyclometalated-carbene
ligand plane is embedded and stacks on G5 and G11, covering
half of the external G-tetrad of TBA G4 (Fig. 5C), which is further
covered by the lateral T4, T12 and T13 residues (Fig. 5D and E).
In particular, the cyclometalated ligand L of L’,LPt stacks over
G5, whereas the rotated carbene ligand L'-1 of L',LPt stacks over
the G11 residue with the pyridine of the carbene ligand tilting. It
is notable that the heavy atom Pt stays out of the G-tetrad, which
is disadvantageous for ligand binding. Intriguingly, the other
carbene ligand L'-2 is relatively perpendicular to the L-L'-1
plane and stretches along the G4 groove forming a hydrogen
bond between the N atom of pyridine and the NH, group of G11
in the external G-tetrad (Fig. 5F), which anchors the L',LPt
position to achieve strong binding to G4. Therefore, the cross-
shape organometallic compound L',LPt adaptively adopts an
unusual half-ligand to half-G-tetrad “wall-mounted” mode
bound to antiparallel TBA G4 through both m-stacking and
hydrogen bonding with the same G-tetrad.

The lateral loops T12-T13 and T3-T4 of TBA G4 also display
important conformational changes induced by L’,LPt binding.
In the NMR structure of free TBA G4 (ref. 21) (Fig. 6A), the T4
and T13 residues form hydrogen bonded T4-T13 base pair

carbene ligand L'-2

L"2LPt

(A) The ensemble of the superimposed 10 NMR restraint-refined structures of the 1 : 1 L',LPt—TBA complex in the stereo view (PDB ID

7V3T). (B) A representative structure of the 1 : 1 complex shown in stereo view. (C—E) Different views of the L';LPt-induced binding pockets. (F)
Potential hydrogen bonding between the L',LPt carbene ligand L'-2 and G11 of TBA G4. The distance between the N atom on the pyridine of the
carbene ligand L’-2 and the H atom on the NH, of the G11 base is 2.0 A.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Free L'2LPt

Fig. 6

L"2LPt-TBA complex

Bound L"2LPt
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Overlapping structures of free TBA
G4 and L"2LPt-TBA complex

Overlapping structures of
free and bound L"2LPt

(A) Overlapping structures of free TBA G4 (PDB ID 148D) and 1 : 1 L',LPt—TBA G4 complex (PDB ID 7V3T) showing the structural changes

of TBA G4. (B) Overlapping structures of free and bound L',LPt showing structural changes upon TBA G4 binding.

stacks on top of the G-tetrad and the T3 and T12 residues are
more dynamic in conformation. Upon binding to L’,LPt, the T4-
T13 base pair is destroyed and the lateral TT loops are reor-
iented to form a new binding pocket. In the complex structure
(Fig. 5D and E), the T12-T13 residues cover and stack with the
carbene ligand L'-1 and the T4 residue stacks on the cyclo-
metalated ligand L to stabilize the entire L',LPt-TBA G4
complex structure, whereas the T3 residue is flexible toward the
outside of the G-tetrad.

“Wall-mounted” binding mode of L’,LPt to antiparallel TBA
G4

In the 1:1 L/,LPt-TBA complex structure, the orientation and
position of the L/,LPt compound is well defined. The L/,LPt
molecule is coordinated by a cyclometalated ligand and two
carbene ligands. This two carbene ligands can be rotated, which
is quite different from the unchanged or slightly changed small
molecules in most previous reports.*** Through structure
calculation and optimization, the L',LPt compound was found
to have a non-planar structure (Fig. 6B), which is not a tradi-
tional ligand conformation for strong G4 binding. However,
L/,LPt adjusts to a cross-shape conformation to bind TBA G4
and form a well-defined complex structure. This conforma-
tional adjustment upon G4 binding is significant for specific G4
interactions.

It is worth noting that TBA has an approximate 2-fold
symmetry coincident with the helix axis apart from the TGT
loop. Because the TGT loop does not interact with L',LPt, it
seems that two practically equivalent binding modes of the

8376 | Chem. Sci., 2022, 13, 8371-8379

ligand to TBA are possible. However, in the free TBA G4 solution
structure, the conformations of these two binding sites are
different, which results in a large difference in the binding
affinity. In the solution structure of TBA,** the two TT loops (T3-
T4, T12-T13) are not in the same conformation (Fig. S18A and
Bt). T4 and T13 are well-defined and stacked on the G2-G5-
G11-G14 G-tetrad, and T3 is on top of G2 and T4, whereas T12
shows much flexibility. From the top view (Fig. S18Bt), we see
that the G2-G14 side is more buried and covered by T3, T12 and
T13. In contrast, the G5-G11 side is exposed, so L',LPt has
greater potential for interacting and stacking with G5 and G11
(Fig. S18C and D). Moreover, the TGT loop is on the G5-G11
side. Because of the topological and steric effect of the TGT
loop, the groove on the G5-G11 side is wider than that on the
G2-G14 side (Fig. S18Bt). As a result, the G5-G11 side has
a wider groove to accommodate the L',LPt ligand and is more
exposed, which creates a higher affinity for ligand binding than
the G2-G14 side. Importantly, after binding one L',LPt
compound, it is difficult to bind another L’,LPt compound on
the G2-G14 side because of steric hindrance by the G2-G5-G11-
G14 G-tetrad. Consequently, we found one strong binding and
obtained only one stable L',LPt-TBA solution structure.

This is the first solution structure of small molecules
binding to antiparallel DNA G4 with two G-tetrad layers. In
particular, the NMR solution structure revealed that L',LPt
binds to antiparallel TBA in a very unique half-ligand to half-G-
tetrad “wall-mounted” binding mode, which is significantly
different from the previously reported w-delocalized molecules.
The half-G-tetrad binding structure is reported in the solution

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc01196d

Open Access Article. Published on 23 June 2022. Downloaded on 6/9/2026 2:44:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

structure of a 2 : 1 quindoline-c-MYC complex.** The quindo-
lines are stacked with two of the four guanines from each
external tetrad with crescent-shaped cyclic fused rings.
However, L',LPt interacted with two guanines with its two
separated ligands, i.e. the cyclometalated ligand and carbene
ligand stacked with G5 and G11 residues respectively in the
external G-tetrad.

The common strategy for targeting G4 is to design small
molecules with a planar aromatic central core. From the ob-
tained complex structure, we found that non-planar small
molecules could also bind G4 in an induced-fit manner through
a “wall-mounted” binding mode, different from most G4
ligands. Previous reports have shown a similar “wall-mounted”
binding mode that is formed by the interactions of the ruthe-
nium polypyridyl compounds with telomeric G4s in two crystal
structures.®®® Both reports utilize a large planar automatic
ligand to bind to the G-tetrad via - stacking, whereas other
ligands and metallic ruthenium centers are positioned on the
G4 groove, without hydrogen bonding. No structural changes of
these ruthenium compounds were observed. The ruthenium
centers are also outside of the G-tetrad, similar to our “wall-
mounted” mode. Thus, in future development, we believe that
the non-planar small molecules will provide a complementary
design principle for compounds targeting G4 or similar
biomolecules, and the “wall-mounted” mode could be
a possible interaction for these ligands and G4s.

Competitive binding of the platinum compound and
thrombin to the TBA aptamer

TBA G4 is a potent inhibitor of thrombin, and it has been re-
ported that the anti-thrombin effects of aptamers can be
antagonized.** We then preliminarily explored the effects of
L'’LPt-binding on the inhibitory activity of TBA G4 against
thrombin.

As thrombin could induce fibrinogen to coagulate, we con-
ducted a fibrinogen clotting assay using a thrombin, TBA and
L',LPt ternary system (Fig. 7 and Table S137). As shown in the
results, the fibrinogen clotting time is approximately 15 s in the
system with only thrombin. The clotting time substantially
increased to 52.7 + 2.3 s, 97.4 + 2.4 s and 133.8 + 3.1 s when
adding 200, 500, and 1000 nM TBA, respectively, which is
indicative of the inhibition of thrombin activity by TBA G4. After
incubation with L/,LPt, the fibrinogen clotting time was
significantly reduced, implying that the recovery of thrombin
activity was influenced by L/,LPt. Typically, the reduction in
fibrinogen clotting time is correlated with the increasing
amount of L',LPt. Under incubation with a 3.0 L/,LPt/TBA ratio
of L/,LPt, the thrombin clotting time decreased to 29.3 + 0.9 s,
38.8 £ 3.0 s and 55.6 £ 3.9 s respectively, which indicated that
the thrombin activity recovered by almost 50%. We also used
two typical G4 binders TMPyP, and PDS as control in this
experiment. The result showed that the TMPyP, had less effect
on clotting time than PDS and the recovery of coagulation time
of both TMPyP, and PDS is weaker than L',LPt. This may be due
to the fact that these two typical G4 binders interact with the G-
tetrad plane and have fewer interactions with the TT loop

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

~150- 0

° B 200 nM
£ I 500 nM
=

o

(8]

C

(3]

9 504

£

S

[T = - - - - - - =

Fig. 7 Fibrinogen clotting time of thrombin alone (1.0 ml of PBS
containing 2.0 mg ml™ of fibrinogen added to 100 ul/10 NIH per ml of
human thrombin) or in the presence of 0, 200, 500 and 1000 nM
concentrations of TBA and different equivalents of L',LPt. TMPyP,4 and
PDS were used as positive control. The bars of the control and vehicle
represent the fibrinogen clotting time values of the system in the
absence of any L,LPt/TBA and diluted with the buffer alone,
respectively.

structure of TBA, which is the binding site of TBA and
thrombin. These data clearly demonstrated that L',LPt-binding
abrogates the thrombin-TBA interaction and releases TBA-
inactivated thrombin.

Conclusion

In this study, we identified a quasi-cross-shaped Pt compound,
L',LPt, with a non-planar central core, which has a strong
affinity for the DNA G4 aptamer TBA. The identification and
characterization of this new half-ligand to half-G-tetrad “wall-
mounted” binding mode between the small non-planar mole-
cule L',LPt and the antiparallel TBA G4 are of great importance.
Currently, the structure-based design of small molecules
interacting with unimolecular G4 is focused on the develop-
ment of ligands with planar cyclic fused rings that interact with
the external G-tetrads. Here we found that the non-planar small
molecules could also bind G4 with high selectivity. The ob-
tained L',LPt-TBA complex structure is not only the first solu-
tion complex structure of a small molecule bound to
intramolecular antiparallel G4 through both m-stacking and
hydrogen bonding within a G-tetrad, but also provides a new
paradigm for designing G4-specific targeting non-planar small
molecules.

Data availability

Experimental data associated with the article can be found in
the ESL.T The coordinates for the structure of the 1: 1 L/,LPt-
TBA G4 complex (accession code 7V3T) have been deposited in
the Protein Data Bank.
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